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Preface

Botany is the branch of biology that studies plant life. Various agricultural products as well as medicinal 
and recreational drugs are directly derived from plants. Alcoholic beverages and stimulants such as caffeine, 
tea, chocolate and nicotine are also derived from plants. Besides such applications, plants are utilized for 
the production of dyes and pigments, sugar, cotton, rope, oil, wax, rubber, etc. The technological tools of 
optical microscopy, electron microscopy, live cell imaging, molecular genetic analysis are significant to the 
development of botany. Due to the rise of molecular scale biological approaches of genomics, metabolomics 
and proteomics, various aspects of plant genome, physiology, morphology and behavior of plants are now 
explored in a detailed manner. This book brings forth some of the most innovative concepts and elucidates 
the unexplored aspects of botany. It strives to provide a fair idea about this discipline and to help develop 
a better understanding of the latest advances within this field. It is an essential guide for both academicians 
and those who wish to pursue this discipline further.

This book is the end result of constructive efforts and intensive research done by experts in this field. The 
aim of this book is to enlighten the readers with recent information in this area of research. The information 
provided in this profound book would serve as a valuable reference to students and researchers in this field.

At the end, I would like to thank all the authors for devoting their precious time and providing their valuable 
contribution to this book. I would also like to express my gratitude to my fellow colleagues who encouraged 
me throughout the process.

Editor
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Effects of water availability and pest pressures 
on tea (Camellia sinensis) growth and functional 
quality

Selena Ahmed1,2*, Colin M. Orians2, Timothy S. Griffin3, Sarabeth Buckley4, Uchenna Unachukwu5,
Anne Elise Stratton2, John Richard Stepp6, Albert Robbat Jr.7, Sean Cash3 and Edward J. Kennelly5,8

1 Sustainable Food and Bioenergy Systems Program, Department of Health and Human Development, Montana State University,
Bozeman, MT 59715, USA
2 Department of Biology, Tufts University, Medford, MA 02155, USA
3 Friedman School of Nutrition Science and Policy, Tufts University, Boston, MA 02111, USA
4 Department of Earth Sciences, Boston University, Boston, MA 02215, USA
5 Department of Biochemistry, The Graduate Center of the City University of New York, New York, NY 10016, USA
6 Department of Anthropology, University of Gainesville, Gainesville, FL 32611, USA
7 Department of Chemistry, Tufts University, Medford, MA 02155, USA
8 Department of Biological Sciences, Lehman College, Bronx, NY 10468, USA

Abstract. Extreme shifts in water availability linked to global climate change are impacting crops worldwide. The
present study examines the direct and interactive effects of water availability and pest pressures on tea (Camellia
sinensis; Theaceae) growth and functional quality. Manipulative greenhouse experiments were used to measure
the effects of variable water availability and pest pressures simulated by jasmonic acid (JA) on tea leaf growth and
secondary metabolites that determine tea quality. Water treatments were simulated to replicate ideal tea growing
conditions and extreme precipitation events in tropical southwestern China, a major centre of tea production. Results
show that higher water availability and JA significantly increased the growth of new leaves while their interactive
effect was not significant. The effect of water availability and JA on tea quality varied with individual secondary
metabolites. Higher water availability significantly increased total methylxanthine concentrations of tea leaves but
there was no significant effect of JA treatments or the interaction of water and JA. Water availability, JA treatments
or their interactive effects had no effect on the concentrations of epigallocatechin 3-gallate. In contrast, increased
water availability resulted in significantly lower concentrations of epicatechin 3-gallate but the effect of JA and the
interactive effects of water and JA were not significant. Lastly, higher water availability resulted in significantly higher
total phenolic concentrations but there was no significant impact of JA and their interaction. These findings point to
the fascinating dynamics of climate change effects on tea plants with offsetting interactions between precipitation
and pest pressures within agro-ecosystems, and the need for future climate studies to examine interactive biotic and
abiotic effects.

Keywords: Camellia sinensis; catechins; climate change; herbivory; methylxanthines; precipitation; tea; total phenolic
concentrations.

* Corresponding author’s e-mail address: selena.ahmed@montana.edu
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Introduction
Crops around the world are being impacted by extreme
shifts in water availability linked to global climate change.
For example, droughts and floods are reducing the yields
of many crops (Porter and Semenov 2005; Lobell et al.
2011) as well as altering their quality (Coley 1998;
Jamieson et al. 2012). In fact, precipitation is the most
important climatic determinant, along with temperature,
for plant growth and survival (Boisvenue and Running
2006). Future climatic projections show strong precipita-
tion heterogeneity depending on geographic location, in-
cluding an increase in the number of heavy precipitation
events as well as longer and more intense droughts
(Orlowsky and Seneviratne 2012; Seneviratne et al.
2012). Crop performance is further impacted by indirect
climatic influences via alterations in ecological interac-
tions such as pest pressures (Berggren et al. 2009;
Brenes-Arguedas et al. 2009; Schepp 2009). Although
the magnitude and direction of future climatic-induced
alterations to water availability remain uncertain, it is
recognized that these changes will be notable and
often exceed plant adaptive capacity (IPCC 2007).

Given present and future water availability scenarios,
research is needed to understand crop responses to
both direct and indirect effects of climate change for fu-
ture food security. While previous research has documen-
ted the impact of extreme precipitation events on crop
yields (Ewert et al. 2005; Porter and Semenov 2005;
Nelson et al. 2009; Schlenker and Lobell 2010; Lobell
et al. 2011), less is known about the direct and interactive
effects of water availability and pest pressures on crop
quality. Crop quality is largely determined by nutrient
and secondary metabolite profiles via their effects on
functional and sensory characteristics for human consu-
mers. Secondary metabolites serve as defence com-
pounds in plants that vary in concentration with a
range of environmental, genetic and management condi-
tions, including water availability and pest pressures
(Herms and Mattson 1992; Glynn et al. 2007; Gutbrodt
et al. 2011, 2012; Tharayil et al. 2011; Atkinson and
Urwin 2012; Kruidhof et al. 2012; Ahmed et al. 2013).
Changes induced by both water availability and pest pres-
sures are mediated via signalling pathways (Atkinson and
Urwin 2012) that can cause an increase or decrease in the
concentrations of secondary metabolites (Gutbrodt et al.
2011; Kruidhof et al. 2012).

The present study examines the direct and interactive
effects of water availability and pest pressures on the
functional quality of tea (Camellia sinensis; Theaceae).
Tea plants, the source of the world’s most widely con-
sumed beverage after water, are geographically located
in high-risk regions for climate change. Our preliminary

work has suggested that tea functional quality drops sig-
nificantly with extreme precipitation events that accom-
pany the annual onset of the East Asian monsoon and
that monsoon patterns are shifting. Tea functional quality
is largely determined by polyphenolic catechin and
methylxanthine secondary metabolites that are
responsible for its antioxidant, anti-inflammatory, cardio-
protective and stimulant properties for human con-
sumers (Lin et al. 2003). Catechins and methylxanthines
are found in the highest concentrations in young expand-
ing leaves, those harvested for commercial tea, and
human consumers are able to perceive changes in the
concentrations of these metabolites by their bitterness,
astringency and sweet aftertaste (Ahmed et al. 2010).
Since the concentrations of these compounds are pre-
dicted to increase following herbivory, increasing pest
pressures during the rainy season (Coley 1998) could off-
set the effects of heavy rainfall.

In this study, manipulative greenhouse experiments
were used to measure the effects of variable water avail-
ability and pest pressures on secondary metabolites that
determine tea quality. Water treatments were simulated
to replicate ideal tea growing conditions and extreme
precipitation events in tropical southwestern China, a
major centre of tea production located in a high-risk re-
gion for climate change (Maplecroft 2011). Pest pressures
were experimentally simulated here through the applica-
tion of the plant hormone jasmonic acid (JA) to young tea
leaves (McDowell and Dangl 2000; Kruidhof et al. 2012). It
is well known that an increase in water availability can
cause an increase in growth and a decline in secondary
metabolites (Brenes-Arguedas et al. 2006); whether
simulated pest pressures would counter this response
is unknown. We hypothesized that increased water avail-
ability would indeed lead to lower concentrations of tea
secondary metabolites, but that simulated pest pressures
would offset these direct effects of water availability.

Methods

Plant material

Tea plants (C. sinensis; Theaceae) of �2 years of age were
purchased from Logee’s Greenhouse (Danielson, CT, USA).
Plants were transplanted into 6-inch plastic pots (total
volume 1800 mL) with four drainage holes at the base
of each pot. A total of 1300 mL of soil mix that comprised
50 % pearlite and 50 % peat moss was added to each pot.
The soil mixture was selected to facilitate quick drainage.
Plants were fertilized (Osmocote& Plus 15-9-12, Marys-
ville, OH, USA) 1 week prior to the experimental period.
A total of 120 tea plants were included in the experiment.

2 Botany: Growth and Developments of Plants
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Greenhouse set-up

Tea plants were maintained and treated at the green-
house facility of the Weld Hill Research Building at the
Arnold Arboretum, Harvard University (Jamaica Plain,
MA, USA). One greenhouse room was used for the present
experiment. Temperature, humidity and shade conditions
were selected to reflect ideal tea growing conditions.
The temperature was maintained at a range of 20–22 8C
with a humidity range of 60–70 % and steady air circula-
tion. Shade was set at 50 % over-storey density. Plants
were randomly assigned to each water availability and
pest pressure treatment and were labelled with treat-
ment identifiers. Tea plants were moved on a weekly
basis to eliminate any possible location effects within
the greenhouse.

Water availability treatments

Water availability treatments involved altering the soil
moisture content of tea plants to simulate conditions
that exist during the spring harvest in tropical south-
western China and extreme precipitation events of
drought and heavy monsoon rains (Dou et al. 2007), here-
after termed moderate water, low water and high water,
respectively. A total of 120 tea plants were treated under
each of the three water availability treatments (40 tea
plants per treatment) on the basis of field capacity of
the experimental soil mixture (32 %) as well as soil mois-
ture of field conditions at the reference location in south-
western China during mean and extreme precipitation
levels. The moderate-water treatment was maintained
at 12–16 % soil moisture content with drainage, the low-
water treatment was maintained at 4–8 % soil moisture
content with drainage and the high-water treatment was
maintained at 28–32 % soil moisture content with no
drainage. Water treatments were applied for 6 weeks
before experimental harvest to quantify leaf secondary
metabolites.

Simulated pest pressure treatments with JA

The application of JA to tea leaves was used to simulate
pest pressure on the basis of previous studies that have
shown JA application to produce induced resistance,
marked by an upregulation of secondary metabolic activ-
ity that simulates plant response by actual herbivory
leaves (McDowell and Dangl 2000; Kruidhof et al. 2012).
Using standard methods (Babst et al. 2005), half of the
plants randomly assigned to each of the three water
availability treatments were designated as having the
presence of pest pressure and treated with a solution of
0.125 % JA and 0.0625 % Triton X-100 surfactant (both
purchased from Sigma-Aldrich Co. LLC, St Louis, MO,
USA) in distilled water prior to the experimental period
and then 2 days prior to the harvest period. Triton was

added to the solution to improve the penetration of the
JA through the waxy cuticles of tea leaves. Jasmonic
acid was applied to the upper and lower surface of the
newest leaf on each branch of tea plants designated
with the presence of pest pressure. The plants designated
with the absence of pest pressure were treated with a so-
lution of 0.0625 % Triton surfactant in distilled water.

Plant growth

Growth was measured by quantifying the number of new
leaves and the height of tea plants during the experimen-
tal period.

Sample collection

A sub-sample of 40 tea plants equally representing each
of the water availability and pest pressure treatments was
harvested by clipping three new leaves at their base using
sharp shearing scissors. Samples were stored on ice and
transferred to a lyophilizer (VirTis, SP Scientific) for a dry-
ing period of 48 h. Dry weights were recorded upon
removal from the lyophilizer.

Sample extraction

Leaf material was finely ground using a ball mill (Kleco
pulverizer). Twenty milligrams of pulverized leaf material
from each sample were extracted in 1.5 mL of 80 % aque-
ous HPLC-grade methanol (Fisher Scientific). The resulting
mixture was vortexed for 30 s (Genie 2) and sonicated for
30 min at 20 8C (Quantrex 280, L&R Ultrasonics). Samples
were centrifuged following sonication for 15 min at
15 000 rpm (Marathin Micro A, Fisher Scientific) and the
supernatant was transferred to high-performance liquid
chromatography (HPLC) vials for analyses of tea quality.

Chemical analyses of tea functional quality

Tea quality was measured using HPLC to determine the
concentration of eight antioxidant polyphenol com-
pounds and three methylxanthine compounds linked to
tea functional quality, including its health claims and
stimulant properties. Individual methylxanthine com-
pounds were aggregated into a measure of total methyl-
xanthine concentrations (TMCs). In addition, total phenolic
concentrations (TPCs) of tea leaves were measured. High-
performance liquid chromatography was performed as
previously described to measure antioxidant polyphenol
and methylxanthine secondary metabolites (Unachukwu
et al. 2010). The polyphenols measured include catechin
(C), catechin gallate (CG), epicatechin 3-gallate (ECG), epi-
gallocatechin (EGC), epigallocatechin 3-gallate (EGCG),
gallic acid (GA) and gallocatechin 3-gallate (GCG; Chro-
maDex). The methylxanthines measured include caffeine,
theobromine and theophylline (ChromaDex). A Waters
2695 (Milford, MA, USA) module equipped with a 996

3Effects of water availability and pest pressures on tea (Camellia sinensis) growth and functional quality
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photodiode array detector and a 4 mm, 250 × 4.6 mm ID,
C-18 Synergi Fusion, reversed-phase column (Phenom-
enex, Torrance, CA, USA) was used for the HPLC analysis.
Prior to the experimental run, the HPLC method was vali-
dated with respect to accuracy, precision, sensitivity and
selectivity. For each sample, 5 mL were injected using a
mobile phase of 0.05 % (v/v) trifluoroacetic acid in dis-
tilled water (Solvent A) and 0.05 % (v/v) trifluoroacetic
acid in acetonitrile (Solvent B). The solvent gradient was
set at a flow rate of 1 mL min21 as follows: 12–21 % Solv-
ent B from 0 to 25 min; 21–25 % Solvent B from 25 to
30 min. The column and autosampler temperatures
were maintained at 38 and 4 8C, respectively. At the
end of each run, the column was flushed with 100 % Solv-
ent B for 10 min and was re-equilibrated for 5 min to
starting conditions. Spectra were recorded from 254 to
400 nm and relevant peaks were detected at 280 nm on
the basis of characteristic absorbance spectra and reten-
tion time. Analyte concentrations were determined using
peak areas and the linearity determined by plotting signal
versus concentration standard curve equations with the
limit of detection and the limit of quantification in the
ranges of 0.05–1 and 0.1–5 g mL21, respectively.

Total phenolic concentration was determined spectro-
photometrically using Folin–Ciocalteau reagent as previ-
ously described (Unachukwu et al. 2010). Samples were
analysed in triplicate. Absorbance values were measured
at 765 nm using a Benchmark Plus microplate spectrom-
eter (Bio-Rad) and results expressed as gallic acid equiva-
lents (GAE) in mg g21 dry plant material. The concentration
of polyphenols in tea samples was derived from a standard
curve of GA concentration versus absorbance between
31.25 and 500 g mL21.

Statistical analysis

A fit model using a standard least squares means person-
ality function and analysis of variance was performed
using JMP 10.0 (SAS Institute Inc.) to determine how
leaf growth and secondary metabolite concentrations
vary among the precipitation and JA treatments. Data
were analysed for the overall effect of water availability,
JA treatment and their interactive effects. In addition, a
multiple comparison using the least squares means
Tukey’s HSD method was applied to look at the difference
between the three water availability treatments.

Results

Plant growth

Both higher water availability (P , 0.001) and JA (P , 0.001)
significantly increased the growth of new leaves while
their interactive effect was not significant (P ¼ 0.94;
Fig. 1). Overall, high-water plants had significantly more

leaves than moderate-water plants (P , 0.0001) and low-
water plants (P , 0.0001). The moderate-water plants
and low-water plants did not differ significantly in the
growth of new leaves (P ¼ 0.24). Tea plants under the JA
treatments had a significantly greater number of new
leaves compared with plants that were not treated with
JA (P ¼ 0.0003). Higher water availability (P ¼ 0.001) but
not JA (P ¼ 0.54) or their interaction (P ¼ 0.90) resulted
in significantly increased plant height (Fig. 2). The high–
water-availability plants had significantly greater leaf
growth than the low-water plants (P ¼ 0.001) but did not
differ significantly from the moderate-water-availability
plants (0.059). While the low-water plants differed signifi-
cantly in leaf growth from the high-water plants, they did
not differ from the moderate-water plants (P ¼ 0.22).

Chemical analyses of tea functional quality

Higher water availability (P , 0.001) significantly in-
creased TMCs of tea plants but there was no significant
effect of JA treatments (P ¼ 0.53) or the interaction be-
tween water and JA (P ¼ 0.06; Fig. 3). High-water plants
(P , 0.0217) and moderate-water plants (P , 0.0009)
had significantly higher concentrations of TMC compared
with low-water plants but did not differ significantly
from each other (P ¼ 0.41). For the concentrations of
EGCG, there was no significant effect for water availability

Figure 1. Effects of water availability and JA on leaf growth. Higher
water availability (P , 0.001) and JA (P , 0.001) significantly in-
creased the growth of new leaves while their interactive effect was
not significant (P ¼ 0.94). Values are means+1 standard error.

4 Botany: Growth and Developments of Plants
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WT(P ¼ 0.37), JA treatments (P ¼ 0.95) or their interactive ef-
fects (P ¼ 0.68; Fig. 4). Neither the low-water (P ¼ 0.28)
nor the high-water (P ¼ 0.49) treatments were signifi-
cantly different from the moderate-water plants for
EGCG concentrations. Additionally, there was no signifi-
cant difference in EGCG concentrations between high-
and low-water plants (P ¼ 0.8891). In contrast, for ECG
concentrations (Fig. 5), increased water availability (P ¼
0.02) resulted in significantly lower ECG but the effect of
JA (P ¼ 0.982) and the interactive effects of water and
JA were not significant (P ¼ 0.138). The high-water-
availability treatments had significantly greater ECG con-
centrations compared with the low-water treatments
(P ¼ 0.0117) but did not differ significantly from the
moderate-water treatments (P ¼ 0.29). While the high-
and low-water treatments differed significantly in their
ECG concentrations, the moderate-water treatment did
not differ significantly from either (P ¼ 0.29). For TPC,
higher water availability resulted in significantly higher
TPC (P , 0.0001) but there was no significant impact of
JA (P ¼ 0.89) and their interaction (0.09; Fig. 6). High-
water treatments had significantly greater TPC com-
pared with moderate-water treatments (P ¼ 0010) and
low-water treatments (P , 0.0001). Moderate-water
treatments had significantly higher TPC compared with
low-water treatments (P ¼ 0.0107).

Figure 3. Effects of water availability and JA on TMC. Higher water
availability (P , 0.001) significantly increased the TMCs of tea plants
but there was no significant effect of JA treatments (P ¼ 0.53) or the
interaction between water and JA (P ¼ 0.06). Values are means+1
standard error.

Figure 2. Effects of water availability and JA on plant height. Higher
water availability (P ¼ 0.001) but not JA (P ¼ 0.54) or their inter-
action (P ¼ 0.90) resulted in significantly increased plant height.
Values are means+1 standard error.

Figure 4. Effects of water availability and JA on the concentration of
EGCG. Higher water availability (P ¼ 0.37), JA treatments (P ¼ 0.95)
and their interactive effects had no significant effect on concentra-
tions of EGCG. Values are means+1 standard error.

5Effects of water availability and pest pressures on tea (Camellia sinensis) growth and functional quality
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WTDiscussion
This study supports the view that an increase in water
availability results in a significant increase in growth of
potted tea plants on the basis of both plant height and
new leaves while the effects on secondary metabolites
vary depending on chemical class. Higher water availabil-
ity increased TMCs, decreased ECG levels and decreased
TPCs of tea leaves. Epigallocatechin 3-gallate was the
only tea functional quality parameter measured that
was not significantly impacted by water availability treat-
ments. Surprisingly, pest pressures as simulated by JA
increased plant growth on the basis of new leaves, indi-
cating that potted tea plants in a greenhouse setting
may respond to pest pressures by prioritizing new leaf
growth. Unexpectedly, JA had no significant effect on sec-
ondary metabolite chemistry. However, the interactive ef-
fects of water availability and simulated pest pressures
show a trend to offset the direct effects of water availabil-
ity on TMC and TPC. These findings point to the fascinating
dynamics of climate change effects on tea plants with off-
setting interactions within agro-ecosystems and the need
for future climate studies to examine climate variables and
pest pressures as well as their interactive effects.

In general, our findings concur with previous studies
which found that altered water availability is a key driver
of plant performance (Gulati and Ravindranath 1996;

Dou et al. 2007) and significantly impacts both growth
and secondary metabolite concentrations of tea plants
(Gulati and Ravindranath 1996; Yao et al. 2005; Schepp
2009; Honow et al. 2010; CIAT 2011). Given the slow-
growing nature of woody tea plants, the less notable
effect of the treatments on plant height compared with
leaves is expected. The reduced growth of plants under
drought treatment in this study concurs with the widely
accepted recognition that lower soil moisture content
reduces photosynthesis, growth and survivability of
plants (Kozlowski et al. 1991; Condit 1998). Shrubs with
shallow roots, such as clonal tea shrubs, are particularly
susceptible to drought effects and show severe water
stress during the dry season (Tobin et al. 1997). Plants
may respond to drought by closing their stomata to re-
duce water loss at the cost of eventually facing carbon
starvation, or may keep their stomates open and face
the risk of hydraulic failure (Zeppel et al. 2011).

The variability of the response of specific secondary
metabolite concentrations to water variability empha-
sizes the complex changes in tea functional quality with
forecasted climate change and concurs with studies
showing idiosyncratic responses of individual compounds
to environmental stress (Glynn et al. 2007). Caffeine is the
primary secondary metabolite responsible for tea’s
stimulant properties and contributes to its bitter taste.
Epicatechin 3-gallate and EGCG are prominent poly-
phenolic catechins in tea that contribute to tea’s bitter

Figure 5. Effects of water availability and JA on the concentration of
ECG. Higher water availability (P ¼ 0.02) resulted in significantly
lower ECG but the effect of JA (P ¼ 0.982) and their interactive
effects were not significant (P ¼ 0.138). Values are means+1
standard error.

Figure 6. Effects of water availability and JA on TPC. Higher water
availability (P , 0.0001) resulted in significantly higher TPC but
there was no significant impact of JA (P ¼ 0.89) and their interaction
(0.09). Values are means+1 standard error.

6 Botany: Growth and Developments of Plants
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taste as well as its sweet aftertaste, which is highly desir-
able. In addition, these compounds contribute to its anti-
oxidant and anti-inflammatory properties and other
medicinal attributes. Total phenolic concentration and
antioxidant activity further contribute to the overall func-
tional properties of tea. Consumers can discern changes
in these compounds that influence their purchasing deci-
sions (Ahmed et al. 2010). The methylxanthine caffeine is
a nitrogen-based compound, while individual poly-
phenolic catechins along with the cumulative TPC meas-
ure represent carbon-based compounds.

We expected JA treatments to result in a large increase
in these key secondary metabolites (Karban and Baldwin
1997; Kruidhof et al. 2012). Kruidhof et al. showed that
proteinase inhibitors are highly induced by a second jas-
monate, methyl jasmonate (124 % increase). Interesting-
ly, they found that proteinase inhibitors were not
expressed in glasshouse-grown plants. They suggest
that the UV filtering properties prevent expression. Al-
though they did not induce these glasshouse-grown
plants with methyl jasmonate, it is possible that induction
of many compounds is dependent on light quality. We
suggest that future experiments should test the effects
of jasmonates and pest pressures on tea plants grown
in the field. Furthermore, this study used JA to simulate
pest pressures that may provide an indication of what
might happen when leaf-chewing caterpillars attack the
plant. Tea is also attacked by leaf-sucking herbivores such
as leaf hoppers, which induce different signalling path-
ways and thus may have very different effects on tea sec-
ondary chemistry and ultimately tea quality.

The significant impact of water availability on tea func-
tional quality found in this study represents a conservative
estimate of what would happen under field conditions,
as manipulative studies are likely to underestimate plant
responses to climate change for at least two reasons
(Wolkovich et al. 2012). Field plants are exposed to many
abiotic stressors (e.g. wind) that change plant chemistry
and being older plants they typically have higher concen-
trations of many secondary metabolites. In addition, the
interaction with additional climate variables, including
temperature and carbon dioxide levels, would further ex-
acerbate complexity with opposing or enhancing effects.
In summary, future studies are needed that examine the
interactive effects of multiple climatic factors with special-
ist tea pests in both controlled and field conditions.

Conclusions
This study provides some of the first evidence on the
multi-directionality of shifts in water availability, pest
pressures and their interactive effects on tea quality.
While numerous studies have documented the impact

of climate change on crop yield, this study contributes
to the knowledge gap on climate effects on crop quality
that are crucial to examine for food security. Results indi-
cate that while extreme drought and precipitation condi-
tions might decrease or increase plant growth and
functional quality, pest pressures may offset these ef-
fects. For example, drought conditions may result in a
decline of both tea growth and stimulant properties of
tea but pest pressures may offset these effects. If the
changes in tea functional quality with water availability
and herbivore pressures are indicative of broader climate
change, tea production areas face increased heterogen-
eity with forecasted prolonged and more frequent
droughts along with increased heavy precipitation events
(Orlowsky and Seneviratne 2012; Seneviratne et al. 2012).
Future research in both controlled and natural settings
across spatial and temporal scales is needed to better
understand the interplay between a range of climatic
conditions, tea plants, herbivore pressures and other
multi-trophic interactions.
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Bark and leaf chlorophyll fluorescence are linked
to wood structural changes in Eucalyptus saligna
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Abstract. Wood structure and wood anatomy are usually considered to be largely independent of the physiological
processes that govern tree growth. This paper reports a statistical relationship between leaf and bark chlorophyll fluor-
escence and wood density. A relationship between leaf and bark chlorophyll fluorescence and the quantity of wood
decay in a tree is also described. There was a statistically significant relationship between the leaf chlorophyll fluor-
escence parameter Fv/Fm and wood density and the quantity of wood decay in summer, but not in spring or autumn.
Leaf chlorophyll fluorescence at 0.05 ms (the O step) could predict the quantity of wood decay in trees in spring. Bark
chlorophyll fluorescence could predict wood density in spring using the Fv/Fm parameter, but not in summer or au-
tumn. There was a consistent statistical relationship in spring, summer and autumn between the bark chlorophyll
fluorescence parameter Fv/Fm and wood decay. This study indicates a relationship between chlorophyll fluorescence
and wood structural changes, particularly with bark chlorenchyma.

Keywords: Bark; chlorophyll fluorescence; photosynthesis; stress physiology; wood decay; wood structure.

Introduction
Tree physiology and wood structure and anatomy are
often considered to be independent, as wood occurs pri-
marily in what is sometimes described as the non-
functioning heartwood of the tree (Zweifel et al. 2006).
On the other hand, wood as a tissue (i.e. the secondary
xylem of trees) determines long-distance water transport
in trees. During water transport, if xylem vessels are under
water stress, air bubbles in the xylem can expand due to
tension, a process known as cavitation (Hacke et al. 2001;
Taiz and Zeiger 2010). Once a xylem vessel cavitates it fills
with water vapour and then forms an embolism in quick
succession, slowing xylem hydraulic conductivity (Tyree
and Sperry 1989). Therefore, wood density is increasingly

being measured in conjunction with water-use proper-
ties, as low stem wood density can make angiosperms
more vulnerable to cavitation, especially during drought
(Hacke et al. 2001; Holste et al. 2006; Bobich et al.
2010). However, conifers do not necessarily follow this
pattern as their xylem conduits are shorter and narrower.
In a study of Picea abies (Norway spruce), wood density
was unrelated to xylem cavitation (Rosner et al. 2007).
The relationship between wood decay and physiological
measurements not directly related to water use has rarely
been assessed. Wood structural changes are frequently
caused by wood decay organisms (Rayner and Boddy
1988). Decayed wood shows decreased density as a result
of degradation by fungi or bacteria (Harris et al. 2004).
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Weight loss or dry weight is a common means by which to
evaluate wood decay, particularly in the early stages of
decay (Wilcox 1978; Pandey and Pitman 2003; Wei et al.
2010). Despite ongoing methodological difficulties, wood
decay can be quantified by a variety of methods, such as
with devices using electrical conductivity, drilling resist-
ance, core sampling or acoustic methods (Johnstone
et al. 2010a). It appears logical that wood decay, leading
to decreased wood density, can affect tree water trans-
port and, consequently, canopy physiology, mainly
under periods of increased demand on water transport.
Because wood decay involves invading organisms such
as fungi or bacteria, it may also be speculated that bio-
chemical changes (e.g. defence reactions) can affect
the physiological function of other tissues.

Trees have chlorenchyma, i.e. photosynthetically active
tissue, in their bark below the rhytidomal or outer perider-
mal layers (Strain and Johnson 1963; Pfanz et al. 2002).
Such cortical or peridermal chlorenchyma is able to utilize
CO2 from gaseous xylem efflux and from mitochondrial
respiration to photosynthesize (Wittmann et al. 2006;
Pfanz 2008). Bark photosynthesis can be strongly shade
adapted, particularly in deciduous trees (Pfanz et al.
2002; Damesin 2003; Manetas 2004). Eucalyptus globulus
bark behaved as a shade leaf in a study by Eyles et al.
(2009); however, Tausz et al. (2005) found that parts of
sun-exposed Eucalyptus nitens bark had photosynthetic
pigments of similar quantity and composition to that of
sun leaves. Bark photosynthetic activity in stems is gener-
ally lower than in the leaves of broadleaf trees such as
Betula pendula, Quercus robur and Fagus sylvatica, but
it could be a way of improving the carbon balance of
stems, particularly where water is limiting (Wittmann
and Pfanz 2008b).

Chlorophyll fluorescence (CF) is an excellent tool to
assess the physiological state of photosynthetic tissues
(Govindjee 2004). Fv/Fm is the most commonly cited CF
parameter, where Fv is the difference between maximum
(Fm) and minimum (Fo) fluorescence (Maxwell and John-
son 2000). Fv/Fm is the theoretical measure of the quan-
tum efficiency of photosystem II (PSII) if all the PSII
reaction centres are open (Maxwell and Johnson 2000).
The average Fv/Fm value for healthy tissues is believed
to be around 0.83 (Bjorkman and Demmig 1987; Johnson
et al. 1993). Decreased values indicating reduced max-
imum quantum efficiency commonly occur upon impact
of environmental stress. Fv/Fm is therefore commonly
used to assess stress impacts on plants (Maxwell and
Johnson 2000).

The analysis of the intermediate data points of the fast
fluorescence rise (i.e. the determination of Fm in the cal-
culation of Fv/Fm) is called the O–J–I–P polyphasic fast
fluorescence rise analysis or the O–K–J–I–P polyphasic

fast fluorescence rise analysis (Susplugas et al. 2000;
Strasser and Stirbet 2001; Govindjee 2004; Strasser et al.
2004; Percival 2005). The phases are O at the origin
(0.05 ms), K at �0.2 ms, J at �2 ms, I at �20 ms and P
at �200 ms, depending on the curve (Strasser and Stirbet
2001). O or Fo fluorescence is measured when all the plas-
toquinone QA electron carrier molecules are in their oxi-
dized state (Krause and Weis 1984; Percival 2005). The K
step, not apparent in all cases, may be the result of an im-
balance in electron flow coming to the reaction centre
from PSII in some species of plants (Strasser et al.
2004). The O–J phase is believed to represent the reduc-
tion of the QA molecule from QA to QA

2 (Hsu and Leu 2003;
Strasser et al. 2004; Percival 2005). J–I may be fluores-
cence from the abaxial layer of the sample in some plants
(Hsu and Leu 2003), or both the J–I and I–P phases could
reflect the existence of fast and slow reducing plastoqui-
none centres (Percival 2005). P or Fm occurs when all the
plastoquinone QA electron carrier molecules are in their
reduced state (Krause and Weis 1984; Percival 2005).
The characteristics of the fast fluorescence rise also
change upon stress impact, and are therefore used to as-
sess stress impacts on plants.

There is evidence that leaf photosynthetic capacity and
the hydraulic properties of tree stems are related (Bro-
dribb and Feild 2000; Brodribb et al. 2007), yet any direct
relationship between wood properties or wood decay and
photosynthetic properties has rarely been examined. The
symptoms of ‘esca’ disease in Vitis vinifera (grapevines)
and CF parameters have been linked (Christen et al.
2007). Esca disease infects the xylem and causes the
white rot decay and/or necrosis of woody tissues and,
subsequently, wilting of the leaves. However, no investi-
gations using tree species prior to the current study
have attempted to relate photosynthetic properties to
wood decay.

In a previous study, the authors investigated a relation-
ship between crown condition and leaf and bark CF (John-
stone et al. 2012). There was little evidence to support a
relationship between leaf CF and crown condition. On the
other hand, there was a strong relationship between
bark CF and crown condition. The current study uses the
leaf and bark CF data from the above-mentioned study,
but compares it with wood density and wood decay. In
this study, the relationship between CF and wood struc-
tural properties is examined, rather than CF and growth
parameters.

The current study investigated plantation-grown Euca-
lyptus saligna trees exhibiting a range of wood decay
from virtually none to moderately decayed. We chose
trees already decayed as inducing decay in trees can be
a slow process, dependent on tree species and the causal
agent of decay (Schwarze 2008). Trees were chosen to

11Bark and leaf chlorophyll fluorescence are linked to wood structural changes in Eucalyptus saligna

__________________________ WORLD TECHNOLOGIES __________________________



WT

represent the best possible range of decay under other-
wise uniform conditions. We examined the relationships
between wood decay and density and CF in leaf and
bark tissues to test the following hypotheses: (i) increas-
ing wood decay is related to stress symptoms in leaves,
particularly in summer when demand on xylem water
transport is greatest, and (ii) increasing wood decay is
related to stress symptoms in bark chlorenchyma.

Methods
The trees used in this study were E. saligna (Bateman’s
Bay). They were �20 years old in 2008, between 17 and
27 m high, and with diameters at 1.3 m of between 142
and 318 mm. The 36 selected trees were part of a larger
species/provenance study covering a total area of �10 ha
in a eucalypt plantation at Tostaree in rural Victoria,
Australia (latitude 37847′; longitude 148811′). Sample
trees were chosen to represent a range of wood decay
and excluded any break or edge trees. In this investiga-
tion, CF measurements in both leaves and bark were com-
pared with wood density and the percentage of decay
over three seasons (spring, summer and autumn).

Chlorophyll fluorescence measurements

Chlorophyll fluorescence data were collected and ana-
lysed according to the method described in Johnstone
et al. (2012). Branches �10 mm in diameter were har-
vested from the upper canopy with a 12-gauge shotgun
in the morning, between 0600 and 0800 h depending on
the season. Leaf fluorescence measurements were taken
between 13 September and 21 September 2007 (spring),
28 January and 1 February 2008 (summer) and 5 April and
13 April 2008 (autumn). Most eucalypts can have two or
three different leaf ages present in the crown at any one
season, with leaves lasting up to 18 months. Eucalypts
have opportunistic crown phenology dependent on their
environmental conditions (Jacobs 1955).

Leaf CF measurements were taken on mature sun
leaves from upper canopy branches using a Hansatech-
handy plant efficiency analyser (Hansatech Instruments,
King’s Lynn, Norfolk, UK). Ten leaves from each tree were
dark adapted for 30 min with leaf clips. A saturating flash
of red light onto the leaf after the period of darkness in-
duced a time-dependent fluorescence kinetic known as
the Kautsky effect (Govindjee 2004; Percival 2005). All
trees were tested within 2–3 h of being harvested as re-
commended by Epron and Dreyer (1992).

Bark CF testing was performed in a 350-mm strip in a
cross-section of the trunk on the north half of the trees,
35 mm apart. The test area on the bark was circular and
4.5 mm in diameter. Eight to 10 tests were performed on
each tree after material had been dark adapted for

30 min. The bark was not damaged or removed in any
way. Test results were excluded if the bark was damaged,
decorticating or had only recently been exposed to sun-
light. The height at which trees were measured was vari-
able as it was necessary to measure above the sock of
rough bark at the base. Bark fluorescence measurements
were taken between 24 September and 28 September
2007 (spring), 22 January and 26 January 2008 (summer)
and 31 March and 4 April 2008 (autumn).

The CF data were averaged from 8–10 measurements
from each tree in each tissue (bark and leaf) and in each
season. The ratio Fv/Fm was calculated from the raw CF
data. Fv/Fm is a derived measure Fv ¼ Fm 2 Fo, where Fv

is the difference between maximum (Fm) and minimum
(Fo) CF (Maxwell and Johnson 2000). In addition to calcu-
lating the Fv/Fm ratio, time data taken over a 1-s period
were logarithmically transformed and the O–J–I–P CF
phases were allocated following the method devised by
Strasser and Stirbet (2001).

Each polyphasic increase in fluorescence was charac-
terized by examining logarithmic graphs for each season
and in both leaf and bark tissues. After an exponential rise
in graphed data, each phase was deemed complete, with
the next phase being deemed to start at the critical point
(O, J, I or P). Every step is followed by a characteristic tem-
porary decrease or dip (Strasser et al. 2004). There was no
‘K’ step observed on the graphs. ‘O’ was at the origin,
taken at 0.05 ms, as in many other studies (Krause and
Weis 1984; Susplugas et al. 2000; Strasser and Stirbet
2001; Govindjee 2004; Strasser et al. 2004; Percival
2005). The O–J phase was characterized as ending at
4 ms (J step). The ‘I’ step in leaf fluorescence data was
observed at 60 ms and in bark at 90 ms. The ‘P’ step
was observed at �700 ms on leaf fluorescence graphs,
previously observed at 200–300 ms in other studies.
The ‘P’ step was not observed in bark fluorescence as
the last recording point taken by the instrument was at
1000 ms, and fluorescence was still increasing at this
time. The JIP test was not applied to the data; compari-
sons were made using the raw fluorescence values for
O (0.05 ms all data), J (4 ms all data), I (60 ms leaf data,
90 ms bark data), P (700 ms leaf data) and the 1000 ms
data point on bark.

Wood density measurement and wood decay
estimation

The 36 E. saligna were tested for basic wood density from
a small sample collected from the trunk at 1.5 m in height
from the trees when they were felled in 2008. Basic wood
density was estimated as oven dry mass of wood/volume
of wood when ‘green’ (Walker et al. 1993). Wood decay in
the trees was quantified using the Resi system utilizing
the IML-Resi constant feed drill described in Johnstone
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et al. (2007, 2010b). The method begins with cross-
sectional drilling measurements of the trunk at 0.3 m.
The method combines the IML-Resi raw data and Shigo’s
(1979) compartmentalization of decay in trees (CODIT)
model to predict the quantity of wood decay beyond
the linear drill locations of the IML-Resi. The method re-
lied on the experienced use of the IML-Resi, knowledge
of models of decay in trees and image analysis software
(Johnstone et al. 2007, 2010b).

Statistical analysis of data

A comparison was made between spring, summer and
autumn CF data and wood density and wood decay
data using simple linear regression analysis. Simple linear
regression analyses were performed using the software
package SAS (Statistical Analysis System) version 9.2
(SAS Institute Inc., Cary, NC, USA). Although multiple
comparisons were made, Bonferroni corrections were
not applied in order to maximize statistical power and
minimize Type II errors in the analysis (Moran 2003).

One tree had no leaves and could not be included in leaf
CF analysis, and the bark of this tree had died by the au-
tumn sampling date. Data more than two standard devia-
tions away from the next nearest result were considered
outliers and eliminated from analysis, resulting in 34–35
individual replicate trees for regression analysis.

Results

Comparing leaf and bark fluorescence and basic
wood density

There was a statistically significant and positive relation-
ship between summer leaf Fv/Fm and basic wood density
(Table 1 and Fig. 1A). There was a statistically significant

and positive relationship between spring bark Fv/Fm and
basic wood density (Table 1 and Fig. 1B). There was no
statistical relationship between spring and autumn leaf
Fv/Fm or summer and autumn bark Fv/Fm and basic
wood density (Table 1). There was no statistical relation-
ship between spring, summer and autumn leaf CF at the
O, J, I or P step and basic wood density (Table 2). There
was also no statistically significant relationship between
spring, summer and autumn bark CF at the O, J, I or
1000 ms step and basic wood density (Table 2).

Comparing leaf and bark fluorescence
and wood decay

There was a statistically significant and positive relation-
ship between spring leaf CF at the O step and wood decay
(Table 3 and Fig. 2A). There was a statistically significant
and negative relationship between the summer leaf Fv/Fm

ratio and wood decay (Table 3). There was a statistically
significant and negative relationship between spring,
summer and autumn bark Fv/Fm and wood decay
(Table 3 and Fig. 2B).

There was no statistically significant relationship be-
tween the spring leaf Fv/Fm ratio or CF at the J, I and P
step and wood decay (Table 4). There was no statistically
significant relationship between summer leaf CF at the O,
J, I, and P step and wood decay (Table 4). There was no
statistically significant relationship between autumn
leaf CF and wood decay (Table 4). There was no statistic-
ally significant relationship between bark CF at the O, J, I
or 1000 ms step and wood decay, in spring, summer or
autumn (Table 4).

Discussion
Weight loss or its corollary wood density has been used to
assess wood decay for many years (Kennedy 1958; Wilcox
1978; Wei et al. 2010). Wood decay organisms can be
responsible for weight losses as small as 5 % or less
(Noguchi et al. 1986). In instances of very early decay,
even a light microscope may not be able to detect
wood decay visually (Wilcox 1978). Hence there is clearly
a strong relationship between measured wood density
and wood decay, even in assumed sound or intact wood.

There was a statistically significant and positive rela-
tionship between summer leaf Fv/Fm and basic wood
density, but not in spring or autumn. In this study, the
summer period of investigation coincided with maximum
seasonal tree stress in southern Australia, when the
mean average maximum temperature at the test site in
January 2008 was 27 8C (minimum average 16 8C, Bureau
of Metrology Australia 2008). However, summer predawn
leaf and stem water potentials were not significantly dif-
ferent from spring values, although values of around
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Table 1. Summarized results from simple linear regression analyses
comparing spring, summer and autumn leaf or bark Fv/Fm with basic
wood density data. n, the number of samples; P, the probability for
the t-test that the coefficient of the independent variable is equal
to zero; r2, the variation in the dependent variable that can be
explained by the fluorescence data. aThe dependent variable is the
spring basic wood density data in all cases. bThe statistical
relationship is significant and positive. Bold values indicate
statistical significance.

Independent variablea n P r2

Spring leaf fluorescence—Fv/Fm 34 0.531 0.012

Summer leaf fluorescence—Fv/Fm 34 0.001b 0.291

Autumn leaf fluorescence—Fv/Fm 35 0.387 0.023

Spring bark fluorescence—Fv/Fm 35 0.035b 0.128

Summer bark fluorescence—Fv/Fm 35 0.512 0.013

Autumn bark fluorescence—Fv/Fm 35 0.249 0.040
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1.2 MPa for all trees in summer indicated mild to moder-
ate drought stress at this site (White et al. 2000; John-
stone et al. 2012). Predawn water potentials did not
show a relationship with wood density or decay, but
water potentials were not measured during the day
when water deficit becomes more noticeable. Summer
leaf CF at the O step also correlated with a visual vitality
measurement in summer (Johnstone et al. 2012), which
suggests that the trees were suffering some type of stress
during the seasonal summer drought and that the leaf O
step was sensitive to the stress. Wood density is some-
times measured in conjunction with other parameters
for assessing the water status of trees (O’Grady et al.
2009; Gotsch et al. 2010). Low stem wood density in an-
giosperms is sometimes thought to be indicative of in-
creased vulnerability to xylem cavitation during drought
stress (Holste et al. 2006; Bobich et al. 2010). If
cavitation is occurring in the xylem of the E. saligna in
the current study, it could establish a favourable environ-
ment for fungal pathogens (Rayner and Boddy 1988), or
the pathogens may assist with the cavitation process
(Tyree and Sperry 1989; Tyree and Zimmermann 2002).
This may explain why there is a relationship between
leaf CF and wood decay in two seasons (spring and sum-
mer) rather than just one as was the case with wood
density.

Changes in the availability of water for the E. saligna
may have contributed directly to the relationship be-
tween photosynthetic efficiency and wood decay discov-
ered in this study. The water saturation of wood has long
been known to prevent the development of wood decay,
and air is necessary for the development of decay in wood
(Rayner and Boddy 1988). The barrier zones in Shigo’s
CODIT model (Shigo 1979) are said to be a response to
xylem embolism by Rayner and Boddy (1988), rather
than the incursion of decay organisms per se. Cavitation

during moisture stress is one way a xylem vessel can
develop an embolism (Tyree and Sperry 1989). The direct
relationship between xylem cavitation and wood decay
has not been evaluated, but the introduction of a gaseous
phase during the compartmentalization process, accord-
ing to Rayner and Boddy (1988), is a primary component
in the development of wood decay in trees. It is when tree
wood dries out that compartmentalization barriers are
breached (Rayner and Boddy 1988).

Trees with lower wood density have also been asso-
ciated with an increased risk of cavitation (Holste
et al. 2006; Bobich et al. 2010). Therefore, it is not surprising
that in this study, in the hot Australian summer, E. saligna
showed an inverse relationship between leaf CF and wood
density, and an even stronger relationship between leaf CF
and wood decay. Unlike many other studies, the link be-
tween moisture stress, cavitation, embolism and wood
density/decay described here is a within-species effect, ra-
ther than the ecological inter-species effect of low wood
density and water relations/growth discussed in other
studies (Bucci et al. 2004; O’Grady et al. 2009). The lower
density wood is produced due to stressful environmental
conditions or is a result of very early wood decay in the
E. saligna; there are no genetic differences or predisposi-
tions at play. The link between wood density, leaf CF and
wood decay within species established in this study has
not been previously reported.

There was a statistically significant and positive rela-
tionship between leaf CF values at the ‘O’ step and
wood decay in spring. The O–J step is believed to repre-
sent the reduction of the plastoquinone QA molecule
from QA to QA

2 between PSII and photosystem I (PSI)
(Hsu and Leu 2003; Strasser et al. 2004; Percival 2005);
therefore, it appears that the reduction of QA between
PSII and PSI during leaf photosynthesis is associated
with wood decay in E. saligna. Fv/Fm is the theoretical

Figure 1. (A) Basic wood density in kg m23 versus summer leaf Fv/Fm. Trend line ¼ linear regression, P ¼ 0.001, r2 ¼ 0.291. Fv/Fm ratio data begin
at 0.820, and basic density data begin at 400 kg m23. (B) Basic wood density in kg m23 versus spring bark Fv/Fm. Fv/Fm ratio data begin at 0.7900,
and basic density data begin at 400 kg m23. Trend line ¼ linear regression, P ¼ 0.035, r2 ¼ 0.128.
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measure of the quantum efficiency of PSII if all the PSII
reaction centres are open (Maxwell and Johnson 2000).
There was a significant and negative relationship be-
tween the leaf CF Fv/Fm ratio and wood decay in summer,
suggesting that wood decay may also be associated with
the quantum efficiency of PSII in leaves.

This study further emphasizes the link between the op-
eration of photosynthesis in leaves and environmental
stress. The O step in the OJIP fluorescence transient in
leaves, which relates to the part of the photosynthetic
light reaction where plastoquinone QA electron carrier
molecules are in their oxidized state between PSII and
PSI, is particularly affected by moisture stress in other

studies of trees (Epron et al. 1992; Percival and Sheriffs
2002). This study establishes a new link between the
quantum efficiency of PSII (Fv/Fm) in leaves, wood density
and wood decay. The study also establishes a new and
consistent pattern of correlation between the quantum
efficiency of PSII (Fv/Fm) in bark and environmental stress,
wood decay and to a lesser extent wood density. Further
research could examine the link between the quantum
efficiency of PSII in bark in relation to other tree species,
and other environmental stressors.

Christen et al. (2007) investigated the esca disease in V.
vinifera (grapevines) and the relationship between the
white rot decay and/or necrosis of woody tissues, the wilt-
ing of leaves and CF parameters. They used four categor-
ies of white rot decay and eight categories of necrosis,
rather than percentages of decay. Necrosis and white
rot were more widespread in Cabernet Sauvignon than
in Merlot plants. The more decayed Cabernet Sauvignon
plants showed decreased efficiency in PSII and the
PIABS (performance index) value according to the CF re-
sults, compared with the Merlot population. However,
the statistical relationship between CF and wood decay
was only significant at a cultivar level in V. vinifera, rather
than at an individual plant level, as was the case in the
E. saligna from the current study.
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Table 2. Summarized results from simple linear regression analyses
comparing spring, summer and autumn leaf or bark net chlorophyll
fluorescence with basic wood density data. Results from these
analyses were not significant. n, the number of samples; P, the
probability for the t-test that the coefficient of the independent
variable is equal to zero; r2, the variation in the dependent variable
that can be explained by the fluorescence data. aThe dependent
variable is the spring basic wood density data in all cases.

Independent variablea n P r2

Spring leaf fluorescence—‘O’ step 34 0.741 0.004

Spring leaf fluorescence—‘J’ step 34 0.620 0.008

Spring leaf fluorescence—‘I’ step 34 0.462 0.017

Spring leaf fluorescence—‘P’ step 34 0.891 0.001

Spring bark fluorescence—‘O’ step 35 0.702 0.005

Spring bark fluorescence—‘J’ step 35 0.691 0.005

Spring bark fluorescence—‘I’ step 35 0.298 0.033

Spring bark fluorescence—1000 ms 35 0.173 0.056

Summer leaf fluorescence—‘O’ step 34 0.072 0.097

Summer leaf fluorescence—‘J’ step 34 0.085 0.090

Summer leaf fluorescence—‘I’ step 34 0.134 0.069

Summer leaf fluorescence—‘P’ step 34 0.913 0.000

Summer bark fluorescence—‘O’ step 35 0.309 0.031

Summer bark fluorescence—‘J’ step 35 0.832 0.001

Summer bark fluorescence—‘I’ step 35 0.256 0.039

Summer bark fluorescence—1000 ms 35 0.191 0.051

Autumn leaf fluorescence—‘O’ step 34 0.810 0.002

Autumn leaf fluorescence—‘J’ step 34 0.558 0.011

Autumn leaf fluorescence—‘I’ step 34 0.905 0.001

Autumn leaf fluorescence—‘P’ step 34 0.747 0.003

Autumn bark fluorescence—‘O’ step 35 0.427 0.020

Autumn bark fluorescence—‘J’ step 35 0.461 0.017

Autumn bark fluorescence—‘I’ step 35 0.734 0.004

Autumn bark fluorescence—1000 ms 35 0.828 0.002
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Table 3. Summarized results from simple linear regression analyses
comparing spring, summer and autumn leaf or bark Fv/Fm and ‘O’
step fluorescence values with wood decay data. n, the number of
samples; P, the probability for the t-test that the coefficient of the
independent variable is equal to zero; r2, the variation in the
dependent variable that can be explained by the fluorescence
data. aThe dependent variable is wood decay in all cases. bThe
statistical relationship is significant and positive. cThe statistical
relationship is significant and negative. Bold values indicate
statistical significance.

Independent variablea n P r2

Spring leaf fluorescence—Fv/Fm 34 0.505 0.014

Spring leaf fluorescence—‘O’ step 34 0.004b 0.230

Spring bark fluorescence—Fv/Fm 35 0.036b 0.127

Spring bark fluorescence—‘O’ step 35 0.363 0.025

Summer leaf fluorescence—Fv/Fm 34 0.025c 0.148

Summer leaf fluorescence—‘O’ step 34 0.080 0.093

Summer bark fluorescence—Fv/Fm 35 0.037b 0.125

Summer bark fluorescence—‘O’ step 35 0.101 0.079

Autumn leaf fluorescence—Fv/Fm 35 0.853 0.001

Autumn leaf fluorescence—‘O’ step 34 0.870 0.001

Autumn bark fluorescence—Fv/Fm 35 0.034b 0.129

Autumn bark fluorescence—‘O’ step 35 0.363 0.025

15Bark and leaf chlorophyll fluorescence are linked to wood structural changes in Eucalyptus saligna

__________________________ WORLD TECHNOLOGIES __________________________



WT
The question as to why trees with decreased photosyn-

thetic efficiency are more decayed is not easy to answer.
Lorio (1986) suggested that the production of oleoresin, a

protective agent against Dendroctonus frontalis (south-
ern pine beetle) in Pinus taeda (loblolly pine), is lower in
suppressed trees when the production of wood is de-
pressed. Hence, one reason why E. saligna trees with de-
creased photosynthetic efficiency may be more decayed
may be because when the growth of wood is depressed,
the synthesis of protective chemical compounds pro-
duced in the wood is also decreased. In addition, research
on the progression of wood decay in trees suggests that
the origin of wood decay can be in the sapwood, rather
than from saprotrophic growth in non-functioning heart-
wood (Boddy and Rayner 1983; Parfitt et al. 2010). It is
possible that during the seasonal challenge inherent in
hot summers, there is pressure on photosynthesis as a re-
sult of stomatal closure and the resultant high light stress
on photosystems (Faria et al. 1998). Therefore, under such
conditions trees with partly decayed primary xylem suffer
more because they may have to close their stomata more
or more often because their water transport system is less
efficient.

Induction curves did not reach their maximum in the
bark fluorescence measurements; however, high Fv/Fm

ratios indicate that values were close to maximum and
were not significantly biased by low light intensities
(Johnstone et al. 2012). Bark Fv/Fm ratios were negatively
correlated with wood density in E. saligna in spring only,
and in this instance the bark CF statistical relationships
were weaker than those for leaf CF (Tables 1 and 2). The
statistical relationships between bark Fv/Fm ratios and
wood decay were weak but more consistent over three
seasons than correlations with leaf parameters (Tables 3
and 4). Therefore, PSII in leaves may be more sensitive to
the immediate effects of water flow disruption than bark
photosynthesis, but the longer-term sustained effects of
moisture stress, such as cavitation and the subsequent

Figure 2. (A) Percentage of decay using the Resi system versus spring leaf chlorophyll fluorescence at the ‘O’ step in millivolts. Chlorophyll fluor-
escence data begin at 100 mV. Trend line ¼ linear regression, P ¼ 0.004, r2 ¼ 0.230. (B) Percentage of decay using the Resi system versus sum-
mer bark Fv/Fm. Fv/Fm ratio data begin at 0.800. Trend line ¼ linear regression, P ¼ 0.021, r2 ¼ 0.148.
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Table 4. Summarized results from simple linear regression analyses
comparing spring, summer and autumn leaf or bark ‘J’, ‘I’, ‘P’ or
1000 ms fluorescence values with wood decay data. Results from
these analyses were not significant. n, the number of samples;
P, the probability for the t-test that the coefficient of the
independent variable is equal to zero; r2, the variation in the
dependent variable that can be explained by the fluorescence
data. aThe dependent variable is the wood decay data in all cases.

Independent variablea n P r2

Spring leaf fluorescence—‘J’ step 34 0.076 0.095

Spring leaf fluorescence—‘I’ step 34 0.456 0.018

Spring leaf fluorescence—‘P’ step 34 0.158 0.062

Spring bark fluorescence—‘J’ step 35 0.207 0.048

Spring bark fluorescence—‘I’ step 35 0.617 0.008

Spring bark fluorescence—1000 ms 35 0.901 0.001

Summer leaf fluorescence—‘J’ step 34 0.104 0.081

Summer leaf fluorescence—‘I’ step 34 0.452 0.018

Summer leaf fluorescence—‘P’ step 34 0.660 0.006

Summer bark fluorescence—‘J’ step 35 0.095 0.082

Summer bark fluorescence—‘I’ step 35 0.295 0.033

Summer bark fluorescence—1000 ms 35 0.430 0.019

Autumn leaf fluorescence—‘J’ step 34 0.969 0.000

Autumn leaf fluorescence—‘I’ step 34 0.350 0.027

Autumn leaf fluorescence—‘P’ step 34 0.319 0.031

Autumn bark fluorescence—‘J’ step 35 0.478 0.015

Autumn bark fluorescence—‘I’ step 35 0.691 0.005

Autumn bark fluorescence—1000 ms 35 0.987 0.000
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entry of wood decay pathogens, affect PSII in bark in a
more consistent pattern than in the leaves. Stem photo-
synthesis is believed to use gaseous xylem efflux as a
source of CO2 (Pfanz 2008); therefore, if the xylem is not
fully functioning it may affect the health of bark chlor-
enchyma, and thus PSII. Some tree species have been
found to have elevated CO2 in decayed wood tissues,
while CO2 was depressed in winter in other species (Ray-
ner and Boddy 1988); thus the complex interactions of
the metabolism of xylem, bark and wood decay organ-
isms warrant further investigation.

The transpirational xylem stream supplies inorganic
nutrients (and water) to bark chlorenchyma (Pfanz
2008), so if the xylem stream is disrupted it may affect
stem photosynthesis. Eucalyptus sp. may be sensitive to
factors that affect stem photosynthesis as stem photo-
synthesis may be a more important source of photo-
synthates for them than for other broadleaved trees,
because they have a low leaf area index and are prone
to defoliation by insects, diseases or drought (Tausz
et al. 2005; Eyles et al. 2009). Interestingly, unlike
the leaf CF measurements, only the quantum efficiency
(Fv/Fm) of PSII within bark chlorenchyma was associated
with wood decay; the reduction of the plastoquinone QA

molecule between PSII and PSI (O–J step) was not
affected.

The PIABS CF value has been used to successfully quan-
tify drought stress in trees (Percival and AlBalushi 2007;
Swoczyna et al. 2010). The PIABS value was not calculated
in the current study, as it is not as widely used as the Fv/Fm

value. Future studies could examine the effect of wood
decay and wood density in trees on the PIABS value in
relation to bark photosynthesis and other derived mea-
sures that form part of the ‘JIP test’, such as the apparent
rates of photosynthetic electron transport and non-
photochemical quenching (Lüttge et al. 2003).

Conclusions
The CF measurements in this study clearly support the hy-
pothesis that there is a relationship between CF and wood
structural changes. The results suggest that when photo-
synthesis is impaired, trees are more prone to wood decay
and low wood density. Although chlorenchymes are pre-
sent in bark and indeed in many woody tree tissues (Pfanz
et al. 2002), it may not be possible to test trunk tissue in
many tree species due to peridermal thickening (Aschan
et al. 2001). However in some studies photosynthesis has
been measured successfully in stems (Damesin 2003;
Wittmann and Pfanz 2008a). This raises the possibility
of testing larger branches on many temperate species
where the bark is not as thick as on the trunk of the
tree. This study showed that the reduced functioning of

PSII in bark chlorenchyma in particular is an indication
that a tree may have a larger quantity of decay in the
xylem tissues.
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Influence of root-bed size on the response of 
tobacco to elevated CO2 as mediated by 
cytokinins
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Abstract. The extent of growth stimulation of C3 plants by elevated CO2 is modulated by environmental factors.
Under optimized environmental conditions (high light, continuous water and nutrient supply, and others), we analysed
the effect of an elevated CO2 atmosphere (700 ppm, EC) and the importance of root-bed size on the growth of tobacco.
Biomass production was consistently higher under EC. However, the stimulation was overridden by root-bed volumes
that restricted root growth. Maximum growth and biomass production were obtained at a root bed of 15 L at ambient
and elevated CO2 concentrations. Starting with seed germination, the plants were strictly maintained under ambient
or elevated CO2 until flowering. Thus, the well-known acclimation effect of growth to enhanced CO2 did not occur. The
relative growth rates of EC plants exceeded those of ambient-CO2 plants only during the initial phases of germination
and seedling establishment. This was sufficient for a persistently higher absolute biomass production by EC plants
in non-limiting root-bed volumes. Both the size of the root bed and the CO2 concentration influenced the quantitative
cytokinin patterns, particularly in the meristematic tissues of shoots, but to a smaller extent in stems, leaves and
roots. In spite of the generally low cytokinin concentrations in roots, the amounts of cytokinins moving from the
root to the shoot were substantially higher in high-CO2 plants. Because the cytokinin patterns of the (xylem) fluid
in the stems did not match those of the shoot meristems, it is assumed that cytokinins as long-distance signals
from the roots stimulate meristematic activity in the shoot apex and the sink leaves. Subsequently, the meristems
are able to synthesize those phytohormones that are required for the cell cycle. Root-borne cytokinins entering the
shoot appear to be one of the major control points for the integration of various environmental cues into one signal
for optimized growth.

Keywords: Biomass portioning; C/N ratio; cytokinins; elevated CO2; growth; root-bed volume; tobacco.

Introduction
Current CO2 scenarios (IPCC 2013) predict CO2 concentra-
tions of 700 ppm at the end of the 21st century (Prentice
et al. 2001). Such an increase will affect natural and agri-
cultural ecosystems as ‘green CO2 sinks’ (Drake et al.
1997; Krupa 2003; Lindroth 2010; Hikosaka et al. 2011)
and thus may have far-reaching economic and political

consequences. Knowledge of the reaction of plants to
elevated CO2 concentrations is essential for assessing
the potential capacity of green CO2 sinks.

In numerous laboratory and field studies, different
responses of plants to elevated CO2 concentrations
have been observed (Makino and Mae 1999; Poorter and
Navas 2003; Long et al. 2006; for a review see Körner
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2006). Apart from the CO2 concentration itself, these
effects were modulated by a variety of factors, e.g. light
intensity, temperature, and water and nutrient (especially
nitrogen) supply (McConnaughay et al. 1993; Stitt and
Krapp 1999; Ainsworth and Long 2005; Johnsen 2006;
Reich et al. 2006; for a review see Kant et al. 2012). Differ-
ences in the reactions of plants to elevated CO2 depend
also on the experimental approach: chamber studies
with plants grown in pots versus field studies using free-
air concentration enrichment (Long et al. 2006; Ainsworth
et al. 2008).

For C3 plants, an initial and transitory increase of the
rates of photosynthesis and plant growth was generally
observed upon exposure to elevated CO2 concentrations,
a phenomenon that has been termed ‘acclimation’ (Long
et al. 2004). Acclimation to elevated CO2 results from a
decrease of Rubisco activity, for which several explana-
tions have been presented, in particular an internal feed-
back mechanism termed ‘sink limitation’. If production of
photosynthates in the leaves exceeds utilization by the
various sink activities of a plant, e.g. root and shoot
growth, export via the phloem decreases and carbohy-
drates accumulate as starch in the chloroplasts (Thomas
and Strain 1991). This in turn inhibits chloroplastic metab-
olism, in particular photosynthesis (Stitt 1991; Paul and
Foyer 2001). Thus, the response of a plant to elevated
CO2 should be governed by the activities of its sinks
(Reekie et al. 1998). High sink activities can only be
expected under optimal growth conditions, which hardly
occur in nature. Under optimal light, high CO2 concentra-
tion and sufficient water supply, macronutrients may
readily become limiting. Deterioration of the plant’s
nutrient status (in particular nitrogen) due to an attenu-
ation of nutrient uptake might affect growth and thus
sink activities, and in turn cause ‘acclimation’ to elevated
CO2 (Makino et al. 1997; Nakano et al. 1997; Sicher and
Bunce 1997; Curtis et al. 2000). Decreasing nutrient uptake
could result from a declining nutrient concentration in the
root bed (Geiger et al. 1999; Stitt and Krapp 1999) or by a
dwindling uptake capacity of the roots (Thomas and Strain
1991). Both reasons often coincide in pot experiments with
too small root-bed volumes that restrict root growth (Arp
1991; Berntson et al. 1993; McConnaughay et al. 1993;
Rabha and Uprety 1998; Zhu et al. 2006; Yang et al. 2007,
2010). This is important as elevated CO2 concentrations
stimulate root growth, in particular fine root production
(Norby et al. 2004; Stiling et al. 2013), and thus a small
root-bed size should restrict root growth much more at ele-
vated than at ambient CO2 concentrations.

Both increased root growth in response to elevated CO2

on the one hand and limited root growth by root-bed size
on the other hand must be balanced by the plant. It must
be able to recognize the ‘nutrient status’ of the root and of

the shoot and ‘translate’ this information into a growth
response (Berntson et al. 1993; McConnaughay et al.
1993). To adapt growth to the resource status, plants
rely on specific long-distance growth signals that mediate
the communication between the root and the shoot. At
least with respect to nitrogen as the most important
macronutrient, translation of the ‘resource status’ of the
root into a long-distance signal—cytokinins—has been
shown (Beck and Wagner 1994; Beck 1999; Yong et al.
2000; Miyawaki et al. 2004).

Cytokinins are mitogenic signals that control the cell
cycle (Francis and Sorrell 2001; Hartig and Beck 2005;
Harashima and Schnittger 2010; Dudits et al. 2011) and
thus activity of meristems. Reduced cytokinin contents
in transgenic tobacco and Arabidopsis plants resulted in
slow-growing, stunted shoots with small leaves but an
enhanced root system (Werner et al. 2001, 2003, 2008;
Yang et al. 2003).

Of course, cytokinins are not the only long-distance
and cellular signals that adapt plant growth to its
resource status, but they may be the most prominent
ones. Evidence is increasing that it is not the cytokinin
load exported from the root to the shoot which directly
controls the activity of the shoot meristems, but that
the meristematic cells convert such exogenous into
intracellular cytokinin signals, which however are
also under the control of other signals (Bürkle et al.
2003; Motyka et al. 2003). Bishopp et al. (2011) showed
that cytokinins moving from the shoot to the root via
the phloem play a role in vascular patterning of the
root apex.

In the present study, the growth response of tobacco
plants to an elevated CO2 concentration was analysed
under controlled conditions (optimal water and nutrient
supply as well as light conditions). In contrast to similar
studies reported so far, an optimized nutrient solution
was continuously flushed, day and night, through the
root beds of pure quartz sand, keeping the nutrient
concentration around the roots constant and thus avoiding
effects of changing nutrient concentrations.

With that approach, especially the improved nutrient
supply, the following hypotheses were examined: (i)
under our conditions, the size of the root bed is the crucial
factor that controls growth of the plant under ambient as
well as elevated CO2 concentrations, and therefore (ii) ac-
climation of plants to elevated CO2 can be prevented by a
sufficiently large root bed. (iii) We further hypothesize that
cytokinins are involved in growth stimulation under condi-
tions where acclimation is avoided. To this end, cytokinins
in different plant parts and in the xylem sap were quanti-
fied comparing tobacco plants grown under ambient and
elevated CO2 and cultivated in growth limiting and non-
limiting root beds.
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Methods

Plant growth and experimental setup

Plant growth. Nicotiana tabacum cv. Samsun was grown
in two accurately controlled walk-in climate chambers
(York International, volume 11.5 m3). The light period
of 14 h at 26 8C and 70 % relative humidity was
followed by a 10-h dark period at 19 8C and 60 %
relative humidity. The light intensity at the top of the
pots was 700 mmol photons m22 s21 (MT 400 DL/BH
E-40 lamps; Iwasaki Electric Co., Tokyo, Japan). The dark
phase included 30 min ‘dawn’ and ‘dusk’ with increasing
or decreasing light intensities. The CO2 concentration
in the control chamber was 360 ppm (atmospheric
ambient concentration, ‘AC’) whereas in the other
chamber a permanent CO2 concentration of 700 ppm
CO2 (elevated, ‘EC’) was provided (the CO2 concentration
was automatically controlled with a gas exchange
analyser, BINOS; Leybold-Heraeus).

Tobacco seeds were germinated in transparent boxes
(Phytotray II; Sigma) on agar in the respective climate
chambers at 360 or 700 ppm CO2. The medium for ger-
mination contained 0.5 % (w/v) inorganic Murashige–
Skoog medium, pH 5.7 (Murashige and Skoog 1962),
and 0.5 % (w/v) agar to which a small quantity of active
carbon powder was added to avoid infestation by fungi.
After sowing, the boxes were closed and covered with a
net (mesh size 8 mm) to mitigate illumination strength.
After 1 week, the boxes were opened once per day to
allow exchange with the atmosphere of the climate
chamber.

Twelve to 15 days after sowing, when the cotyledons
had completely unfolded, the seedlings were transferred
to sand culture. The root bed consisted of pure quartz
sand (grain size 0.7–1.2 mm) that—after washing with
one pot volume of deionized water—was rinsed with half
of the pot volume of diluted nutrient solution (nutrient
solution : water ¼ 1 : 3). The nutrient solution contained
3 mM K2HPO4, 4 mM KNO3, 4 mM Mg(NO3)2, 2 mM MgSO4,
4 mM CaSO4, 0.02 mM Fe-EDTA, 50 mM KCl, 20 mM H3BO4,

2 mM MnSO4, 2 mM ZnSO4, 0.5 mM CuSO4 and 0.5 mM
MoO3 (pH 6.0, adjusted with H2SO4; Dertinger et al. 2003).
After transfer to the sand culture, the pots were initially
covered with cellophane for maintaining high air humidity.

Two days later, the cellophane was replaced by a
shading net, under which the plantlets were kept for
12 days. The root bed was continuously percolated with
nutrient solution with a pump (IPC-N; Ismatec Laborator-
iumstechnik GmbH, Wertheim, Germany). To maintain the
nutrient concentration around the roots constant, the
root bed was percolated with 300 mL of nutrient solution
per 1 L of root-bed volume and day. During the first
2 weeks, the plantlets were supplied with a half concen-
trated nutrient solution. Thereafter, undiluted nutrient
solution was supplied. To provide equal growth conditions
for all plants, the pots were turned around and their
places in the climate chambers were exchanged twice
a week.

Experimental setup. For close comparison, tobacco plants
were cultivated at the same time under the two CO2

concentrations in pots of 1, 5, 10, 15 and 20 L volume
until an age of 61 days. Five replicates were grown per
pot volume (triplicates in the 20-L pot experiment). A
more detailed time kinetics of growth and biomass
partitioning under AC and EC was made with the plants
in the 15-L pots.

Biomass (dry weights) and relative growth rates (RGRs)
of the plantlets were investigated at the ages of 1, 2, 3, 4,
5, 6, 7, 8, 9, 12 and 15 days after sowing in 5-fold
replicates samples of 10 plants each. The older plants
were examined in triplicate at 21, 28, 35, 42, 48 and
61 days after sowing. The leaves were numbered from
the bottom to the top, beginning with the first leaf follow-
ing the cotyledons. For comparing parameters of older
plants, the parameter ‘physiological age’ was used,
which was defined by the number of leaves and the
area of the biggest leaf (see Table 1).

Xylem sap was collected at two sites of 35-day-old
plants: at the base of the stem just above leaf 4 and at

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Number of leaves, leaf length, leaf width and plant age of N. tabacum cv. Samsun grown at 360 and 700 ppm CO2, respectively, in 15-L
sand culture. The leaves were counted from bottom to top. Leaf length and leaf width of the biggest leaf per plant were determined.

Number of leaves Biggest leaf

(leaf number)

Leaf length 3 leaf width (mm 3 mm) Plant age

(days)
360 ppm CO2 700 ppm CO2 360 ppm CO2 700 ppm CO2

11 12 7 105 × 80 130 × 100 28

15 16 8 170 × 125 195 × 145 35

22 23 9 210 × 180 250 × 200 42

25 25 10 240 × 200 280 × 220 49
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the petiole of a source leaf (leaf 8). The effect of transpir-
ation (measured with a porometer) was compensated by
pressurizing the root with nitrogen in a root pressure
chamber (Passioura 1980). Before cutting, the pressure
in the root chamber was slightly higher than necessary
for compensating the transpiration to avoid embolism.
Immediately after cutting, the flow rate was adjusted
by reducing the pressure on the root. The first 100 mL
of the sap samples were discarded. Xylem sap was
subsequently collected for 1 h and stored at 220 8C
until cytokinin analysis.

Measurements

Leaf area was calculated by the following equation:

leaf area = 0.74 × length × width

[see Supporting Information].
Plants were consistently harvested in the middle of the

light period. Dry weights were determined after drying
the material at 80 8C to constant weight. Relative growth
rate was calculated by the equation

R = ln(dw1/dw0)/(t1 − t0)

where dw1 is the dry weight of the plant at the time of
measurement t1 and dw0 the dry weight at the starting
time t0.

Carbon and nitrogen contents were determined with
an element analyser (CHN-O-Rapid; Elementar Analyse-
systeme GmbH, Hanau, Germany). The dried material
was homogenized in a ball mill (Schwingmühle
MM2000; Retsch GmbH & Co. KG, Haan, Germany) and ali-
quots of the powder were analysed. Acetanilide (71.09 %
carbon and 10.36 % nitrogen) was used as the standard.

For cytokinin analysis, the procedure of Wagner and
Beck (1993) modified by Hartig and Beck (2005) was
followed. This method is more complex than the currently
used detection by liquid chromatography-mass spec-
trometry. It has carefully been elaborated for several
plant tissues—among others for tobacco—and for ana-
lysis of xylem sap using cross-reactivity of the diverse
antibodies as internal control [see Supporting Informa-
tion]. It separates the cytokinins (also the aromatic
ones), its nucleotides and glucosides and thus provides
a comprehensive view of the entire cytokinin pattern.
Plant material, as shown in Supporting Information,
was extracted with 80 % aqueous methanol in the cold
and the extracts were purified by reverse-phase (RP) col-
umn chromatography (Bakerbond speTM octadecyl (C18)
disposable extraction column; J. T. Baker, Deventer,
Holland) with 80 % methanol. The cytokinins were
fractionated by anion exchange chromatography on a
DEAE SephadexTM A-25 column (Amersham Pharmacia

Biotech AB, Uppsala, Sweden) into two fractions, using
40 mM NH4OAc buffer (pH 6.5) as the eluent: fraction (i)
containing the bases (t-Z, DHZ, IP) + ribosides (t-ZR,
DHZR, IPA) + glucosides (Z9G, ZOG, ZROG, DHZ9G,
DHZOG, DHZROG) and fraction (ii) with the nucleotides
(ZN, DHZN, IPN). To collect fraction (i), a 1.5-mL RP cart-
ridge (Sep-Pakw; Waters Corporation, Milford, MA, USA)
was coupled to the anion exchange column. The nucleo-
tides were subsequently eluted from the anion exchanger
with 6 % formic acid (v/v) into another RP cartridge from
which they were collected with 80 % aqueous methanol.
The individual cytokinins were separated by preparative
RP-HPLC (column: 250 mm long, 4.6 mm i.d., 5 mm
Hypersilw ODS; Muderer & Wochele, Berlin, Germany)
and collected in 36 fractions. Elution was carried out
with a gradient of acetonitrile as the non-polar phase
and 0.1 % (v/v) aqueous triethylammonium acetate in bi-
distilled water, pH 6, as the polar phase (for the protocol,
see Wagner and Beck 1993). The different cytokinins
were quantified by competitive enzyme-linked immuno-
sorbent assay (ELISA) using three phosphatase-coupled
antibodies (anti-t-ZR, anti-DHZR and anti-IPA; Wagner
and Beck 1993). The bases and 9-glucosides could be
determined due to their cross-reactivity with the three
antibodies (Weiler and Zenk 1976; Wagner and Beck
1993). The O-glucosides, which did not show cross-
reactivity, were quantified as free bases or ribosides after
removal of the O-glucosyl residues with b-glucosidase
(Wang et al. 1977). The nucleotides were analysed as ri-
bosides after dephosphorylation with alkaline phosphat-
ase followed by ELISA.

The yield of the whole procedure determined with in-
ternal standards was more than 90 % and the reliability
of the ELISA was examined according to Pengelly (1986)
and Crozier et al. (1986). The sources of the chemicals and
the standard substances as well as the preparation of
the standard solutions have been described in detail by
Wagner and Beck (1993).

Statistics

The approach encompassed two variables: two CO2

concentrations and five different volumes of the root
beds. Assessment of the effects of root-bed size on
plant growth required comparison under identical envir-
onmental conditions, i.e. five root-bed variants (with
replications) each under ambient and elevated CO2, re-
spectively. Owing to spatial limitations, the entire setup
encompassing the subprojects ‘Age-dependence of the
effect of the CO2 concentration on the growth of tobacco
plants’ and ‘Cytokinin patterns in tobacco plants grown
under limiting/non-limiting root-bed conditions and at
ambient or elevated CO2’ could be performed only once.
Therefore, the question of pseudoreplication (Hurlbert
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1984; Waller et al. 2013) arises. Since we had only two
walk-in climate chambers with sophisticated control of
environmental parameters, we cannot principally rule
out pseudoreplication of the CO2 effect with our sample
and replication sets. However, due to the fact that for
a given root-bed volume all environmental factors
including the composition of the root bed were carefully
controlled and maintained while only the CO2 concentra-
tion was different, we think that the presented results are
trustworthy. Furthermore, the CO2 concentrations were
addressed as ‘ambient’ and ‘elevated’ and correlations
with the absolute values of these concentrations were
not established, and thus the danger of erroneous results
due to pseudoreplication should be low.

Statistical analyses were carried out with SigmaStat
(Systat Software GmbH, Germany). The number of replicates
varied between 3 and 30 (and between 2 and 5 for cytokinin
determination), as shown in the figures. As the data were not
Gaussian distributed and the variances were not homoge-
neous (as tested by Kolmogorov–Smirnov’s test), statistical
differences between data from AC and EC plants (weights,
shoot–root and shoot– leaf ratios, the leaves’ carbon
and nitrogen contents and their ratios, and the concentra-
tion of cytokinins) were examined using the Wilcoxon–
Mann–Whitney test. Statistically significant results were
indicated in the figures by asterisks: 0 , P ≤ 0.05*,
0.05 , P ≤ 0.01** and 0.01 , P ≤ 0.001***.

Results

Influence of root-bed volume and CO2

concentration on plant growth rates, morphology,
biomass production and carbon/nitrogen status

Tobacco plants were grown under ambient or elevated
CO2 concentration in root-bed volumes ranging from 1
to 20 L. Figure 1A illustrates that the size of the plants
and the leaf areas of the 61-day-old plants increased
with the pot size of up to 15 L. The dry weights of plants
increased linearly with the pot size at both CO2 concen-
trations (Fig. 1D). At the same pot size, plants grown at
elevated CO2 (Fig. 1C) were larger and had higher dry
weights, but had only one leaf more than plants grown
at ambient CO2 (Fig. 1B). The pot size of 15 L was optimal
for growth at both CO2 concentrations and a further
increase to 20 L had no further effect on the size and
biomass production.

Depending on their position on the stem and their
physiological role as source, expanding or sink leaves,
the net CO2 uptake rates of the individual leaves differed.
While the CO2 concentration had no influence on net CO2

uptake by older, fully expanded leaves, younger, still
growing leaves showed higher assimilation rates under
elevated CO2 [see Supporting Information].

In order to investigate the influence of root-bed size at
ambient and elevated CO2 on biomass partitioning, the
shoot and root dry weights were determined (Fig. 1E).
All plants allocated more biomass to the shoot than to
the root.

Alleviating root growth limitation by increasing the
volume of the root bed and promoting root growth by
elevated CO2 should result in enhanced nutrient uptake
from the continuously supplied nutrients. This was exam-
ined by the carbon/nitrogen (C/N) ratio of the plants, of
which three leaves (leaves 6, mature; 10, still expanding;
and 20, young) were selected for determination of their
carbon and nitrogen contents (Fig. 2A–C). Mainly due to
the enhanced nitrogen content, the C/N ratios declined
with increasing root-bed volumes, demonstrating the
expected effect (Fig. 2C). Leaves of high-CO2 plants had
consistently higher C/N ratios than those of ambient-CO2

plants. At both CO2 conditions, the C/N ratios increased
with leaf age.

Cytokinin patterns in tobacco plants grown
under limiting/non-limiting root-bed conditions
and at ambient or elevated CO2

Cytokinins are known as signals from the root to the
shoot, which respond to the supply of nutrients to and
their concentrations in the root. However, also the meris-
tems of the shoot are capable of cytokinin production and
the fully expanded leaves, which upon transpiration
receive cytokinins via the xylem sap, must be able to
metabolize these phytohormones or reload it to the
phloem (Beck 1999; Yong et al. 2000). For a better under-
standing of the effect of root growth restriction and the
response to the CO2 concentration on the cytokinin sig-
nal, we investigated (i) the cytokinin patterns of tobacco
plants grown in a restricted or optimal root-bed volume
under ambient or elevated CO2 and (ii) examined the
effect of the CO2 concentration separately in an experi-
ment designed for an assessment of the significance of
cytokinins as a root signal.

Cytokinin patterns in organs of tobacco plants. Cytokinins
of plants from 1- and 15-L pots that had been grown
in the described climate chambers under 360 and
700 ppm CO2, respectively, were analysed (Fig. 3).

The age of 42 days was chosen, as it still represents the
late phase of vegetative growth. For the sake of clarity,
the concentrations of the so-called active cytokinins,
namely the free bases and the ribosides of each of the
three examined cytokinin families, were combined (Mok
and Mok 2001). Nucleotides which by dephosphorylation
can readily give rise to active cytokinin species as well as
the inactive glucosylated species are shown separately.
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A clear positive effect of root-bed size was observed

in the concentrations of members of all three cytokinin
families in the meristematic tissues of the shoot, namely
the apices and the unfolding small leaves around the
shoot apex (‘sink leaves’). On average, concentrations
were up to 6-fold higher in meristems of plants from
the 15-L pots, with extremes of 28- and 35-fold higher
concentrations for individual cytokinin species (compare
Fig. 3A and B and Fig. 3C and D). trans-Z and its derivatives

were the most prominent cytokinin species in apices
and sink leaves with concentrations up to 37 pmol g21

fresh weight (t-zeatinriboside) in plants from 1-L pots
(Fig. 3A) and up to 140 pmol g21 fresh weight (t-zeatin)
in those from 15-L pots (Fig. 3B). Concentrations of
dihydrozeatin and isopentenyladenine and their deriva-
tives were on average 4- to 5-fold lower. Cytokinin con-
centrations were much lower in mature leaves, stems
and roots, and with one exception (t-zeatinriboside in

Figure 1. (A) Sixty-one-day-old tobacco plants grown in different pot volumes at 700 ppm CO2, (B) 35-day-old tobacco plants grown at 350 ppm
or (C) at 700 ppm CO2. (D) Dry weights of entire 61-day-old tobacco plants grown at 360 ppm (open circles) or 700 ppm CO2 (closed circles),
respectively (means of n ¼ 5 and n ¼ 3 for the 20-L pot and standard deviation), and (E) shoot (open upright triangle, black upright triangle)
and root (open inverted triangle, black inverted triangle) dry weights of the 61-day-old tobacco plants grown in the indicated pot volumes under
ambient (360 ppm; open upright triangle, open inverted triangle) and elevated (700 ppm; black upright triangle, black inverted triangle) CO2

concentrations. Mean values+ standard deviation are presented (n ¼ 5 for 1-, 5-, 10- and 15-L pots, n ¼ 3 for 20-L pots). Asterisks show stat-
istical significances between plants grown under the two CO2 concentrations.
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the stems of plants from 15-L pots) out of more than 100
values lower than 2.5 pmol g21 fresh weight. Differences
between the cytokinin concentrations in mature leaves,
stems and roots of plants from 1- and 15-L pots were
small with a slightly higher concentration in plants
from the larger pots. The concentrations in roots as the
major cytokinin-producing organs were surprisingly
low, whereby representatives of the isopentenyladenine
group equalled those of the t-Z family. It should be
mentioned, however, that the concentrations do not
reflect the total amounts, which—due to the different
biomasses—are less conclusive. Substantial concentra-
tions of the inactive O- and N-glycosides of the t-zeatin
and dihydrozeatin families were not found in any of the
organs, irrespective of pot size or CO2 concentration.
Also, a consistent effect of CO2 concentration on the
cytokinin patterns could not be detected in spite of
several significant differences in the concentrations of
individual cytokinin species.

Effect of CO2 concentration on cytokinin signal

While an increase of root-bed size had only a small posi-
tive effect on cytokinin concentrations in the roots, a
strong effect was observed in the shoot apex and the
sink leaves. Also, the difference between the cytokinin
concentrations in ambient- and high-CO2 plants from
the same root-bed volume was negligible in the roots
but high in the meristematic tissues of the shoot. Thus,
the question arises as to how cytokinin translocation
from the roots by the xylem stream can control growth
and development of the shoot. Using the root pressure
chamber (Passioura 1980), we collected xylem fluid
from 35-day-old tobacco plants grown in root beds of
10 L in the described climate chambers. The technical
limitation in this experiment was the size and number
of root pressure chambers. Xylem fluid from the entire
stem was collected for 1 h at the natural flow rates
above the fourth node and from comparable plants
from the petiole of a mature leaf (leaf 8). The cytokinin

Figure 2. (A and B) Carbon and nitrogen content (%), and (C) C/N ratio of leaves 6, 10 and 20 (numbered from the bottom) of 61-day-old tobacco
plants grown in different pot volumes under ambient (360 ppm) and elevated (700 ppm) CO2 concentration (means of n ¼ 5 and standard de-
viation). Asterisks as in Fig. 1.
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patterns of these xylem fluids [Supporting Information]
were compared with those of the roots and the corre-
sponding mature leaves, respectively (Table 2). Multiplica-
tion of the cytokinin concentrations with the fresh weight

of the investigated plant organs yielded the total amounts.
Likewise, the flow rates of cytokinins were calculated from
the concentrations in the xylem fluid and the respective
measured transpiration rates. The cytokinin concentrations

Figure 3. Concentrations of cytokinins in the apices (A, B), sink leaves (C, D), source leaves (E, F), stems (G, H) and roots (I, J) of 42-day-old tobacco
plants grown in 1-L sand (A, C, E, G, I) or 15-L sand culture (B, D, F, H, J) under 360 and 700 ppm CO2, respectively (means of at least two inde-
pendent experiments+ standard deviation). The concentrations of the free bases and ribosides as well as of the glucosides of each of the mea-
sured families were combined. Z, members of the t-zeatin family; DHZ, members of the dihydrozeatin family; IP, members of the
isopentenyladenine family.
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WTin the transpiration stream and the total amounts of trans-
ported cytokinins were higher in the high-CO2 plants than in
the ambient-CO2 plants. The cytokinin patterns in the fluid
from the base of the stem did not exactly match the pat-
terns in the root where the concentrations and amounts
of the t-zeatin group were significantly higher. Comparison
of the cytokinin patterns of the xylem fluids from the pe-
tioles of mature leaf no. 8 with those of the fluids collected
at the bottom of the stems showed two major differences:
the concentrations of the cytokinins were considerably
lower and the xylem fluid in the petiole appeared to be sub-
stantially depleted of the dihydrozeatin and the isopenteny-
ladenine cytokinins [Supporting Information]. But the
quantitative cytokinin patterns in the xylem fluid from the
petioles from ambient- and high-CO2 plants were almost
identical.

Age dependence of the effect of CO2 concentration
on the growth of tobacco plants

The results described so far revealed a growth-stimulating
effect of elevated CO2 on the growth of tobacco plants.
However, the question remained about the onset and
age dependence of that effect. Germination, seedling de-
velopment and growth of tobacco plants were therefore
followed under ambient or elevated CO2 concentrations
at a sufficiently large root bed (Fig. 4). Germination (on
agar) started 3 days after sowing irrespective of the CO2

concentration (Fig. 4A). Under both CO2 concentrations,
apparent RGRs increased from day 1 to day 4 mainly due
to water uptake. Thereafter, RGR decreased to zero prior to

unfolding of the cotyledons (Fig. 4C). After development of
the cotyledons (days 6 and 7 under elevated CO2 and days
7 and 8 under ambient CO2), the seed coat was shed de-
creasing RGR to values below zero, which also indicated
biomass loss by respiration. After the start of photosyn-
thesis, dry weights and RGRs increased substantially,
whereby the increase at elevated CO2 showed a head
start of 1 day over that at ambient CO2. Already 8 days
after sowing, seedlings grown under 700 ppm CO2 were
significantly heavier than those grown under 360 ppm
CO2. The higher initial RGR of high-CO2 seedlings, however,
was caught up within 24 h by the ambient-CO2 plantlets,
leading to equal RGRs from day 9 to day 13 after sowing.
Nevertheless, the initially higher RGR of the high-CO2

seedlings was sufficient to produce higher biomasses
than the ambient-CO2 plants during the entire pre-
flowering development.

After transfer of the seedlings from agar to the 15-L
sand culture, a third wave of increasing and decreasing
RGRs was observed for both sets of plants between day
15 and day 21 after sowing (Fig. 4C). The maximum RGR
of the high-CO2 plantlets exceeded that of the plantlets
grown under ambient CO2 until day 22 while it was slight-
ly lower during the following 2 weeks. From day 35 to day
61, the RGRs of plants of both sets were identical but
decreased slightly.

Taken together, absolute biomass production was
consistently higher under elevated than under ambient
CO2. However, the major effects of elevated CO2 on RGR
were observed during unfolding of the cotyledons and
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Table 2. Effect of CO2 concentration on the concentration of cytokinins (Cks; Z, members of the t-zeatin family; DHZ, members of the
dihydrozeatin family; IP, members of the isopentenyladenine family) in mature leaves and roots as well as the xylem sap of petioles from
mature leaves and stems (see explanations in the text for further details on the collection of xylem sap) from 35-day-old tobacco plants
grown in root beds of 10 L. Units corresponding to italic values are indicated in italics.

Cks in mature leaf (pmol g FW21)

(pmol leaf21)

Transpiration

(nL cm22 s21)

(mL h21 leaf21)

Cks in xylem sap (nM)

(pmol leaf21 h21)

Z DHZ IP Z DHZ IP

360 1.11 1.76 2.31 10.6+1.6 0.89 0.44 0.42

4.91 7.80 10.23 5.51+0.92 4.73 2.42 2.31

700 0.78 1.17 1.51 8.04+1.61 0.74 0.44 0.28

7.58 11.37 14.68 5.84+1.11 4.32 2.57 1.63

Cks in the roots (pmol g FW21)

(pmol per root system)

Transpiration

(mL h21 shoot21)

Cks in xylem sap (nM)

(pmol shoot21 h21)

Z DHZ IP Z DHZ IP

360 11.1 4.3 4.3 15.2+0.68 4.5 3.3 4.3

160 62.1 62.5 68.2 49.9 64.6

700 7.7 1.9 2.1 14.5+2.37 6.2 3.8 4.7

193 47.3 53.3 90.0 55.2 67.4
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WTafter transfer of the seedlings from the agar to the sand
culture.

Biomass allocation within the shoot and
morphological characterization of tobacco plants
grown at ambient or elevated CO2 concentrations

As shown before, the effect of elevated CO2 on growth
and biomass production differed with the developmental
stages of the plants. In order to examine the morpho-
logical differences of plants grown at ambient or elevated
CO2 in more detail, the leaf number and leaf size of the
plants (grown in 15-L pots) were examined at the ages
of 28, 35, 42 and 49 days (Table 1). Plants grown under
elevated CO2 concentration developed faster until the
age of 42 days since they had one leaf more than those
under ambient CO2. Elevated CO2 also stimulated the
expansion of individual leaves (Table 1). However, the
final leaf number at the emergence of flower buds was
not increased by elevated CO2: at the age of 49 days,
plants under both growth conditions had an equal leaf
number.

Biomass allocation to the stem and leaves, expressed
as the stem/:leaves ratio (St/L in Fig. 5), was initially iden-
tical in high-CO2 and ambient-CO2 plants (Fig. 5). From 42
days on, the high-CO2 plants allocated more biomass to
the stem than the ambient-CO2 plants. These differences
were significant and increased slightly with plant age.

Influence of CO2 concentration on the nutrient
status of tobacco leaves

The C/N ratios of two leaves each (leaves 6 and 10) were
determined at the ages of 35, 42 and 61 days (Fig. 6). The
contents of both carbon and nitrogen of all leaves
decreased with age (Fig. 6A and B), but the carbon con-
tent of the EC leaves decreased less than that of the AC
plants. An effect of the CO2 concentration on the nitrogen
content was only observed in young leaves, the nitrogen
content of which was lower in the high-CO2 plants. Since

Figure 5. Stem:leaves ratios (St/L) of tobacco plants grown in 15-L
sand culture under ambient (360 ppm) and elevated (700 ppm)
CO2 concentration at different plant ages (means of n ¼ 5 and
standard deviation). Asterisks as in Fig. 2.

Figure 4. Increase of dry weights and the RGRs of tobacco plants after germination and growth under ambient (360 ppm) and elevated
(700 ppm) CO2 concentration. (A) Dry weights (mg) of the seedlings after sowing (mean of n ¼ 30 and standard deviation), (B) dry weights
(g) of the tobacco plants after transfer to 15-L sand culture (mean of n ¼ 5 and standard deviation) and (C) RGR (g g21 day21) calculated
from the dry weights. Asterisks as in Fig. 2.
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the age-dependent decrease of the portion of carbon was
considerably larger than that of nitrogen in high-CO2

plants, the C/N ratio decreased substantially with increas-
ing plant age. This decrease was less pronounced in
ambient-CO2 plants (Fig. 6C).

Discussion
In the present comprehensive study, the question of
pseudoreplication must be addressed (see also the
subsection Statistics): rather than duplicating the entire
experimental setup, replicates were confined to the
(great number of) samples. This appears permissible, as
the results are interpreted to reflect the plants’ response
to an elevated but not to a particular CO2 concentration.
In addition, growth conditions were carefully controlled
during the entire experiment to minimize errors resulting
from an unexpected environmental factor. Although the
problem of pseudoreplication (sensu Hurlbert 1984) thus
cannot be principally ruled out, the results are not at odds
with the general view of the effects of an increasing CO2

atmosphere on the growth of plants. They provide, how-
ever, further insight into the role of nutrient acquisition in
the response of the plant to an improved carbon source
and in the signals involved in the adaptation of plants
to the expected future environment.

Elevated CO2 concentration enhanced growth at all
root-bed sizes by a factor of between 2.1 and 1.6, with a
mean of 1.8. Root-bed volumes smaller than 15 L greatly
inhibited biomass production irrespective of the CO2 con-
centration. When reviewing the effects of elevated CO2 on
photosynthesis and biomass production of a variety of
plants that were cultivated under controlled conditions
in different root-bed volumes or in the field, Arp (1991)
found a significant negative effect of a small root bed
on both parameters, especially under high CO2. Small

pots inhibit root growth and thus reduce its sink strength
for biomass allocation. This effect was taken as evidence
of a feedback regulation of a plant’s photosynthetic rate
by the demand of its sinks (Thomas and Strain 1991). On
that background, root-bed restriction and elevated CO2

should result in an additive negative effect, as was
observed by Arp (1991) as well as in our study by a stron-
ger inhibition of biomass production at elevated than
under ambient CO2 (steeper slope at elevated CO2 in
Fig. 1D). Because our tobacco plants were grown from
the very beginning, i.e. seed germination, under the two
CO2 concentrations, the so-called acclimation at the
transition from ambient to high CO2 could neither be
expected nor was it observed during plant development
(Fig. 4).

Our experiments showed that irrespective of the CO2

concentration, biomass allocation to the root increased
with decreasing restriction of root growth by the pot
(Fig. 1E). While this observation could be expected,
another finding was at first glance surprising: the alloca-
tion of biomass to the root was higher under elevated
than under ambient CO2. With one exception: the smal-
lest pot, where the high-CO2 plants had a higher
shoot-to-root biomass ratio. A lower ratio of shoot-to-
root biomass in high-CO2 plants than in ambient-CO2

plants has been observed with a variety of plant species
(for reviews, see Pritchard et al. 1999; Stitt and Krapp
1999; Yong et al. 2000; Yang et al. 2010; Wang et al.
2013) and appears to be a general phenomenon irre-
spective of root-bed size. Data from forested ecosystems
revealed that elevated CO2 leads to an increased fine root
production (Norby et al. 2004; Stiling et al. 2013) and to
deeper rooting (for a review, see Iversen 2010). Conse-
quently, the negative impact of a limiting root-bed size
on root growth should be more pronounced at elevated
CO2, which was indeed observed. But the increase of

Figure 6. Age-dependent change of (A) carbon and (B) nitrogen content (%), and (C) C/N ratio of leaf 6 and leaf 10 of tobacco plants grown in
15-L sand culture under ambient (360 ppm) and elevated (700 ppm) CO2 concentrations (means of n ¼ 3 and standard deviation). Asterisks as in
Fig. 1.

30 Botany: Growth and Developments of Plants

__________________________ WORLD TECHNOLOGIES __________________________



WT

limitation under high CO2 was not as strong as supposed
because the rates of net CO2 uptake of older, fully ex-
panded leaves did not respond to the CO2 concentration
[see Supporting Information]. A reason for that might be
seen in a partial closure of the stomates of the high-CO2

leaves as a response to the elevated CO2 concentration.
This explanation was corroborated by the transpiration
rates of those leaves that were significantly higher
under ambient than under high CO2 (Table 2). The stron-
ger promotion of shoot than root growth of tobacco
plants in 1-L pots at elevated CO2 was linked to a changed
allocation pattern of the assimilates. One-litre pots were
completely packed with roots, especially under elevated
CO2. Root growth was more or less completely inhibited
and the shoot received an excessive share of assimilates
as indicated by the high C/N ratios of these plants
(Fig. 2C).

A sequence of processes that take part in the regulation
of growth have their origin in the uptake of macronutri-
ents, in particular of nitrogen (McConnaughay et al.
1993; Stitt and Krapp 1999; Yang et al. 2007). Nutrient
uptake is dependent on nutrient supply as well as on
nutrient uptake associated with growth of the roots. Re-
striction of root growth results not only in an enhanced
allocation of biomass to the root (decreasing S/R ratio)
but also in a drop of the plant’s nitrogen status (Ronchi
et al. 2006; Yang et al. 2007). Both phenomena have
been interpreted to reflect a decline of specific root func-
tions in small pots (Yang et al. 2010). They were also
observed in our experiments, in which the nitrogen
content of the leaves increased with pot size (Fig. 2B).
As expected, the nitrogen content of the youngest leaves
(no. 20, as counted from the base) was much higher than
that of leaves at the end of the expansion process (no. 10)
or the oldest leaves at the bottom of the stem (no. 20). An
age-dependent decline of the nitrogen content of the
leaves is quite normal, and in tobacco the carbon content
also decreases, due to the deposition of calcium oxalate
as sand especially in the older leaves. The nitrogen con-
tents of the leaves of plants grown at ambient CO2 were
significantly higher than those of the leaves of high-CO2

plants irrespective of the position of the leaves. This find-
ing reflects the increased demand for nutrients of the
plants when grown under elevated CO2. Under that
condition, the observed C/N ratios are understandable
by assuming carbon limitation of growth under ambient
CO2 and nitrogen limitation under enhanced CO2. Similar
effects have been reported for a variety of other plant
species (Yin 2002; for a review, see Taub and Wang
2008), and in more detail recently for wheat (Gutiérrez
et al. 2013; Wang et al. 2013). Leaves of tobacco plants
grown under high CO2 were consistently bigger than

corresponding leaves of plants growing at ambient CO2

(Table 1), and if nutrient uptake by the roots does not
match plant growth a reduced nutrient content must
result. Another consequence of a reduced nutrient—
especially nitrogen—availability under elevated CO2 is
the enhanced formation of axial tissue, whose structural
elements contain less nitrogen compared with leaf tissue
(Fig. 5). In that context, it must be underlined that in
contrast to all variants of nutrient supply described in
the literature, our plants grew in purified quartz sand,
which was continuously (day and night) flushed with a
nutrient solution that had been optimized for the growth
of tobacco. Therefore, restricted uptake rather than
availability was the reason for nutrient limitation by the
size of the root bed. Assuming the 15-L root-bed volume
as sufficient for optimal root growth and maximal nutri-
ent acquisition, the C/N ratios of plants grown in 15-L pots
would reflect a kind of standard for optimal plant growth
under the various CO2 concentrations. For the high-CO2

variant, this could even be the maximal achievable bio-
mass production and growth of N. tabacum cv. Samsun.

Cytokinins as potential signals in the realization of
the effects of a restricted root bed and of growth
under elevated CO2

Cytokinins as one group of phytohormones are associated
with regulation of the size and activity of the shoot and
root apical meristem (for a review, see Skylar and Wu
2011). The effective concentrations to promote root
growth are low whereas shoot growth is favoured by
relatively high concentrations (Skoog and Miller 1957;
Cary et al. 1995; Werner et al. 2001, 2003, 2010).

Our experiments showed a clear positive correlation
between root-bed size, cytokinin concentrations in the
apices and developing leaves and growth of the shoot.
They also showed, irrespective of root-bed volume,
much lower concentrations in the roots than in the
growth regions of the shoot. While cytokinin concentra-
tions in the roots of plants from the 15-L pots were only
slightly higher than those in the roots of corresponding
plants from the 1-L pots, the concentration gradients
between the roots and the shoots were much lower in
the small plants from the 1-L pots. With Urtica, a close
correspondence of the daily cytokinin export from the
root to the shoot and the nutrient (nitrogen) status of
the roots has been reported (Beck 1999), and molecular
models for translation of the nitrogen status of the root
into the cytokinin signal were presented (Takei et al.
2004; Sakakibara et al. 2006). However, a recent study
with transgenic tobacco and Arabidopsis plants with a
reduced cytokinin concentration in the roots showed
stimulation of root growth by the lowered cytokinin
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concentration, but no change of the shoot phenotype.
This was interpreted as an indication that the shoot
growth is not directly controlled by the cytokinin supply
from the roots. Instead, shoot meristems themselves
seem to produce cytokinins in sufficient amounts to
maintain growth (Werner et al. 2010).

At first glance, the identity of the cytokinin patterns
and flow rates of the xylem fluids of ambient- and
high-CO2 plants as measured at the base of the stems
seems to corroborate the conclusions from studies with
transgenic tobacco. In addition, the identity of the cytoki-
nins in the xylem fluids of the petioles of mature leaves of
plants grown under 360 and 700 ppm CO2, respectively,
underlines this notion. In that case, however, the distinct
differences in the qualitative and quantitative patterns of
cytokinins between the xylem fluids of the stems and
petioles require further explanation because both sam-
pling positions were at most 10 cm apart. The fact that
tobacco as a member of the Solanaceae family has a
bicollateral vascular system with an interior and an
exterior phloem might provide an explanation. Studies
with tomato (Houngbossa and Bonnemain 1985) and
Nicotiana benthamiana (Cheng et al. 2000) have sug-
gested that the meristems of the shoots are supplied by
the internal phloem, while export from source leaves to
the roots is mainly by the external phloem. Thus the
‘xylem fluid’ collected at the bottom of the stem from
an adequately pressurized root system is composed of
true xylem fluid and the likewise upwards flowing content
of the internal phloem. In contrast, xylem fluid collected
from a petiole may only contain negligible amounts of
(internal) phloem sap due to the comparably few internal
phloem elements. The bulk of the content of the internal
phloem of the shoot obviously bypasses the petioles of
mature leaves and hence the exudates from the petiole
rather reflect true xylem fluid. Transport from the external
to the internal phloem via ray parenchyma cells is
possible but slow as observed with transport of viruses
(Cheng et al. 2000). It is also known that assimilates
can move from the external phloem via stem ray cells
to the xylem. The cytokinin content of that sap from
high-CO2 plants was higher than from ambient-CO2

plants, irrespective of the shares at which the xylem
and the internal phloem contributed to the exudates
from pressurized roots. This finding could reflect the
stronger root signal hypothesized for plants grown
under elevated CO2 (Hypothesis iii; see also Yong et al.
2000). Because the patterns of the cytokinin species in
the root exudates did not match those in the apical
meristems or sink leaves, a direct contribution of the cyto-
kinin root signal to the cytokinin content of the meristems
is unlikely. Rather, this signal could trigger cell division

associated with endogenous cytokinin production in the
meristems.

Elevated CO2 concentration already accelerated
growth during germination and seedling
development

Contrary to some reports in the literature (e.g. Miller et al.
1997; Ludewig and Sonnewald 2000), an accelerated
ontogeny under elevated CO2 could only be observed at
the very early stage when the cotyledons opened. They
unfolded 1 day earlier under high than under ambient
CO2. This advance turned out to be the basis for the per-
sistently higher biomass production of plants grown at
700 ppm CO2 (Fig. 4B). Also, leaf formation was faster
under high CO2, but the total leaf number per plant was
equal under both CO2 concentrations until onset of flower
bud formation (Table 1).

Conclusions
Keeping several environmental factors constant, in par-
ticular nutrient concentration in the root bed, the effects
of two variables, size of the root bed and atmospheric CO2

concentration, on the growth of tobacco plants could be
compared. Elevated CO2 consistently stimulated growth
but the effect of root-bed volume still overrode that effect
(Hypothesis i). Limiting the production of new fine roots,
spatial restriction of root growth in turn curtails nutrient
uptake, as indicated by a higher C/N ratio of high-CO2

plants. Our experiments did not comprise a transfer of
plants from an atmosphere of ambient CO2 into one
with elevated CO2; thus the classical acclimation effect
was not in the scope of this work. Nevertheless, higher
RGRs could be observed during germination and seedling
development, which after 3 weeks declined and subse-
quently equalled those of ambient-CO2 plants. In spite
of this decrease in RGR, biomass production was consist-
ently higher under elevated CO2 and thus acclimation did
not take place (Hypothesis ii). The effect of root-bed
volume was strongly mirrored by the cytokinin concentra-
tions of the meristems of the shoot, but less so of the
stem, mature leaves and roots. A similar but less pro-
nounced effect on the cytokinin concentrations was
seen from the CO2 concentration. In spite of the overall
low cytokinin concentration in roots, the amounts of
cytokinins moving from the root to the shoot were sub-
stantially higher in high-CO2 plants (Hypothesis iii). Part
of this root signal most probably migrates via the internal
phloem of the bicollateral vascular system of the tobacco
plant. The composition of the cytokinin patterns appears
to be one of the major control points in which various
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environmental cues are integrated into one signal for
optimized growth of the (tobacco) plants.
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Figure SI 1. Regression lines resulting by plotting the
products of length and width of the leaves of 42-day-old
plants grown at 360 or 700 ppm CO2 against their areas
determined with an area meter (means of n ¼ 3 and
standard deviations).

Figure SI 2. Concentrations of cytokinins in the xylem
sap taken from the shoot base (representing the
location of loading from the root into the shoot) or the pe-
tioles of source leaves (representing the location of
unloading into the source leaf) of 35-day-old tobacco
plants.

Table SI 1. Reactivities (‘cross-reactivities’) of the anti-
bodies against DHZR, ZR and 2iPA with various cytokinin
standards. The intensity of the reaction in ELISA with
the immediate antigen was set at 100 %.

Table SI 2. Minimum amounts of fresh material used for
cytokinin determination.

Table SI 3. CO2 net assimilation rates of a typical source
(leaf no. 10) and a still growing leaf (leaf no. 15)
of 42-day-old tobacco plants grown at ambient and
700 ppm CO2, respectively, in 15-L pots. Carbon dioxide
gas exchange of the leaves was measured in situ. Mea-
surements were performed with a portable porometer
(HCM 1000; Heinz Walz GmbH, Effeltrich, Germany),
which was placed in the climate cabinets. Since leaf
no. 15 was �25 cm above leaf no. 10, it received a higher
quantum flux density. The rates were means of five plants
each with SE.

Literature Cited
Ainsworth EA, Long SP. 2005. What have we learned from 15 years of

free-air CO2 enrichment (FACE)? A meta-analytic review of the
responses of photosynthesis, canopy properties and plant pro-
duction to rising CO2. New Phytologist 165:351–372.

Ainsworth EA, Leakey ADB, Ort DR, Long SP. 2008. FACE-ing the facts:
inconsistencies and interdependence among field, chamber and
modeling studies of elevated [CO2] impacts on crop yield and
food supply. New Phytologist 179:5–9.

Arp WJ. 1991. Effects of source–sink relations on photosynthetic
acclimation to elevated CO2. Plant, Cell and Environment 14:869–875.

Beck E. 1999. Towards an understanding of plant growth regulation:
cytokinins as major signals for biomass distribution. In: Strnad M,
Pec P, Beck E, eds. Advances in regulation of plant growth and
development. Prague: Peres Publishers, 97–110.

Beck E, Wagner BM. 1994. Quantification of the daily cytokinin
transport from the root to the shoot of Urtica dioica. Botanica
Acta 107:342–348.

Berntson GM, McConnaughay KDM, Bazzaz FA. 1993. Elevated CO2

alters deployment of roots in ‘small’ growth containers. Oecologia
94:558–564.

Bishopp A, Lehesranta S, Vatén A, Help H, El-Showk S, Scheres B,
Helariutta K, Mähönen AP, Sakakibara H, Helariutta Y. 2011.
Phloem-transported cytokinin regulates polar auxin transport
and maintains vascular pattern in the root meristem. Current
Biology 21:927–932.
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Abstract. Seedling growth rates can have important long-term effects on forest dynamics. Environmental variables
such as light availability and edaphic factors can exert a strong influence on seedling growth. In the wild, seedlings of
Wollemi pine (Wollemia nobilis) grow on very acid soils (pH �4.3) in deeply shaded sites (�3 % full sunlight). To exam-
ine the relative influences of these two factors on the growth of young W. nobilis seedlings, we conducted a glasshouse
experiment growing seedlings at two soil pH levels (4.5 and 6.5) under three light levels: low (5 % full sun), medium
(15 %) and high (50 %). Stem length and stem diameter were measured, stem number and branch number were
counted, and chlorophyll and carotenoid content were analysed. In general, increased plant growth was associated
with increased light, and with low pH irrespective of light treatment, and pigment content was higher at low pH.
Maximum stem growth occurred in plants grown in the low pH/high light treatment combination. However, stem num-
ber was highest in low pH/medium light. We hypothesize that these differences in stem development of W. nobilis
among light treatments were due to this species’ different recruitment strategies in response to light: greater stem
growth at high light and greater investment in multiple stem production at low light. The low light levels in the
W. nobilis habitat may be a key limitation on stem growth and hence W. nobilis recruitment from seedling to adult.
Light and soil pH are two key factors in the growth of this threatened relictual rainforest species.

Keywords: Araucariaceae; conifer; conservation; light; rainforest; relictual species; soil pH; threatened species;
Wollemi pine.

Introduction
Light is a fundamental factor limiting the growth and sur-
vival of seedlings in closed forests (Chazdon et al. 1996;
Whitmore 1996; Nicotra et al. 1999). Recent work has sug-
gested that soil pH may be of equal or greater importance
than light (Holste et al. 2011). Species-specific growth and
survival responses to resources, particularly soil and light,
play a key role in determining forest composition (Grubb
1977; Davies et al. 2005; Holste et al. 2011). Central to

understandingtreespeciespersistence is anunderstanding
of their strategy for recruitment from understorey to can-
opy. Tree species range from those that are slow growing
and shade tolerant, to fast-growing pioneers that typically
dominate the post-disturbance environment (Denslow
1980; Whitmore 1989). It is competition for resources, gov-
erned by differences in survival and growth rate, that results
in forest changes through time (i.e. stand development).

The influence of soil in defining species and plant com-
munity distributions is well known (Beadle 1954; Russo

* Corresponding author’s e-mail address: cathy.offord@rbgsyd.nsw.gov.au
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et al. 2008). Soil pH governs many plant–soil chemical re-
lations, particularly the availability of micronutrients and
toxic ions, due to its influence on solubility. At low pH, the
availability of essential micronutrients Fe, Mn, Cu and Zn is
increased, as is the availability of potentially toxic Al and
Mn (Atwell et al. 2003). Alternatively, the availability of P
and Mo decreases. High-pH soils, however, are high in Cr,
Co, Ni, Fe and Mg, and deficient in N, P, K and Ca (Atwell
et al. 2003). Plants with optimal growth and survival
below and above pH 5–7 are known as acidophiles and
calciphiles, respectively (Ehrenfeld et al. 2005); these
plants employ strategies to avoid or tolerate otherwise
suboptimal conditions. For example, acidophiles avoid
the stresses of nutrient deficiency by conservation of
minerals via slow growth, high storage in seeds, high
root surface area and relationships with rhizosphere mi-
croorganisms (Marschner 1991). Soil pH can also influ-
ence plant community dynamics: low pH can prevent
invasion of exotic species into native acid-tolerant plant
communities (Thompson et al. 2001), while some species
are apparently restricted to high-pH environments (e.g.
ultramafics in New Caledonia; Jaffré 1992).

Wollemi pine (Wollemia nobilis, Araucariaceae) is a rare
conifer with a highly restricted distribution. Araucaria-
ceae is a family with origins in the early Triassic (Kershaw
and Wagstaff 2001), and the earliest fossil record of
Wollemia is from 91 million years ago (Dilwynites pollen;
Macphail et al. 1995). Wollemia nobilis has unique archi-
tecture with only first-order plagiotropic branches and is
capable of producing multiple stems without injury (Hill
1997). The plagiotropic branches can grow up to 150 cm
long and are shed whole, forming a dense litter layer.
Branches are short-lived (,15 years) and have either
adult or juvenile leaf types above and below the rainforest
canopy, respectively. Wollemi pine grows in several small
stands in the Wollemi National Park, part of the Greater
Blue Mountains World Heritage area, New South Wales,
Australia (Jones et al. 1995; NSW Department of Environ-
ment and Conservation 2006). Wollemi National Park has
predominantly sandstone geology (Jones et al. 1995),
which is typically associated with acid soils (Binkley and
Fisher 2000). Wollemia nobilis exists at the base, and on
low terraces, of deep narrow canyons within a warm tem-
perate rainforest community with co-dominant Ceratope-
talum apetalum (Benson and Allen 2007). Recruitment
from seed to adult is rare, even though seed production
is relatively high (NSW Department of Environment and
Conservation 2006). Fewer than 100 adult trees have
been discovered, and some 300 seedlings have been ob-
served, the majority under 500-mm stem length. Height
growth of W. nobilis seedlings is very slow in the wild
(5–20 mm per year; Zimmer et al. 2014). The presence
of seedlings indicates that W. nobilis is capable of

producing viable seed (Offord et al. 1999). Yet lack of
intermediate-sized trees (i.e. 5–20 m) and slow growth
indicates that there are other factors limiting their estab-
lishment (Whitmore and Page 1980).

The overarching aim of this study was to explore the
relative importance of light and soil pH in determining
W. nobilis seedling success. To do this we investigated
W. nobilis growth in response to the natural light and
soil pH conditions where W. nobilis grows in the wild,
and then to a wider range of light and pH conditions, in
a glasshouse experiment.

Methods

Field observations

A preliminary study of the soil characteristics associated
with the areas in which W. nobilis grows indicated that the
pH is very acidic (�pH 4) (NSW Department of Environ-
ment and Conservation 2006). Soil samples (10 × 500 g)
were collected adjacent to W. nobilis seedlings growing in
the wild. Soil pH was measured in water 1 : 2.

Photosynthetic photon flux density (PPFD) was mea-
sured around 42 W. nobilis seedlings with a hand-held
Licor quantum light meter around midday on two typical
sunny days in summer. These were compared with full-
sun light meter readings in nearby areas.

Glasshouse treatments

Wollemia nobilis seeds collected from multiple trees in
the wild were germinated in Petri dishes in growth cabi-
nets set at 24 8C (Offord and Meagher 2001). Freshly ger-
minated seedlings were grown in 75-mm (0.44-L) pots
containing steam-pasteurized peat and sand (1 : 2 v/v)
at pH 4.5 or adjusted to pH 6.5 with lime and dolomite
(1 : 1 w/w). When seedlings were 4–5 months of age
they were potted in 140-mm (1.5-L) pots containing the
same potting mix and pH treatments with the addition
of the fertilizer Nutricote Total N13 (13 : 5.7 : 10.8 N : P : K)
270 day type added to the mix at a rate of 3 g L21 prior to
steam pasteurization (time zero). Pasteurization was
undertaken such that it did not affect fertilizer release
rates (temperatures did not exceed 60 8C for .30 min).
Plants were fertilized and re-potted after the 12-month
assessment. Plants were watered daily or as needed.

In a glasshouse at the Australian Botanic Garden,
Mount Annan (ABGMA, 34805′S, 150847′E), plants were
randomly assigned to areas with 5, 15 or 50 % full sun-
light (low, medium or high relative light). This was
achieved by using different grades of shade cloth with
the same wavelength transmission properties, in addition
to light attenuated by the glasshouse. The light at plant
level relative to ambient was determined using a pyran-
ometer (Environdata P/L). The temperatures within the
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glasshouse were controlled to a mean of 24 8C (standard
error [SE] ¼ 3 8C) during the day and 16 8C (SE ¼ 3 8C) at
night. There were 20 replicate potted plants of each light
and pH treatment combination (in a full factorial design).
Plants were randomly positioned, and randomly re-
positioned after each measurement, within each light
treatment.

Plant growth characteristics were recorded at 6, 12 and
24 months after time zero. This included number and
length of orthotropic (vertical) stems and plagiotropic
(horizontal) branches, diameter at the base of the plant
and general health characteristics. Destructive methods
could not be used on the seedlings because of their rarity.
Stem length was calculated as total length of all stems.
Measurements were taken over 24 months because in a
similar study of Araucaria angustifolia, measurements
were made after only 4 months of growth, at which
time there were no differences in the stem length or
chlorophyll variables measured (Duarte and Dillenburg
2000). Average daily accumulation of incident photosyn-
thetically active radiation (PAR) by month was calculated
using 5 years of solar radiation data for ABGMA collected
using a pyranometer (Fig. 1). Solar radiation (energy) was
converted to PAR (quanta) using the correction factor
c ¼ 2.3 (Monteith and Unsworth 1990).

Pigment extraction and concentration

At 24 months four leaf samples taken from the new
leaves of three plants per treatment combination were
analysed for chlorophyll (chlorophyll a and chlorophyll b,
protochlorophyll) and carotenoids (Chen et al. 1998).

Statistical analysis

Two-way analysis of variance (ANOVA) was conducted on
all variables (SYSTAT; SPSS Inc.). Where there were no sig-
nificant interactions, post hoc tests, specifically least signifi-
cant difference (LSD), were undertaken. Where significant
interactions were found, one-way ANOVAs and/or t-tests
were conducted on the variables, and these results, and as-
sociated LSDs, were reported. Data for stem and branch
number were log-transformed to normalize the data for
analysis. Untransformed data are presented in the tables.

Results

Field observations

Mean soil pH in the field was 4.32 (SE ¼ 0.12, n ¼ 10) in
water. Light levels at W. nobilis seedlings in the field
were highly variable and were as low as 1 % of full sun-
light even at the brightest time of the day. Light penetra-
tion into the canyon was restricted by its depth, the angle
of the sun and the dense canopy of other tree species
growing within it. On the canyon floor, PPFD at approxi-
mately midday on a sunny day in February averaged
60 mmol m22 s21 (SE ¼ 9, n ¼ 43), which represents
around 3 % of full sunlight measured in adjacent open
areas (mean ¼ 2000 mmol m22 s21, SE ¼ 163, n ¼ 4).

Growth measurements

For clarity, only the 24-month data are presented for
growth and pigment variables. Significant interactions
between pH and light were found for stem length, stem
diameter and number of stems (P , 0.05; Table 1);

Figure 1. Average daily PAR (mol m22) received at the Australian Botanic Garden Mount Annan (5-year average 1998–2002) (error bars ¼ SE).
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therefore, simple main effects were investigated for these
variables (Table 1, Fig. 2). At the higher pH, the light level
made little difference to the stem length of the plant
compared with the large difference made by increased
light in low-pH treatments, particularly at medium light.
The significant interaction of light and pH for stem num-
ber can be accounted for by the higher number of stems
found in the medium-light/low-pH treatment. Branch
number was significantly higher at low pH. The increases..
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Figure 2. Growth characteristics of W. nobilis seedlings grown at low,
medium and high light in potting mix at pH 4.5 or 6.5 for 24 months.
(A) Stem length, (B) stem diameter and (C) stem count means taken
across combined light and pH treatments (+SE). (D) Mean branch
count is presented separately for (i) light treatments and (ii) pH treat-
ments (+SE). Within each response variable, means sharing the same
letter are not significantly different by LSD5%. Note: y-axis varies.
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in branch number with increasing light were approxi-
mately proportional to the increases in stem length.

Leaf pigment content

No significant interactions between light and pH were de-
tected for the pigment concentrations (P . 0.05; Table 1).
The concentrations of chlorophyll a, chlorophyll a + b and
chlorophyll a/b were significantly associated with light
(P , 0.05; Table 1). Chlorophyll a and chlorophyll b were
higher in low light. The highest chlorophyll a + b concen-
tration was in plants under the higher light treatments.
The chlorophyll a/b ratio was also significantly higher at
low and medium light.

The concentrations of chlorophyll a and chlorophyll a + b
in the leaves of W. nobilis were also highly significantly
associated with pH (P , 0.01): there were higher concen-
trations at the lower pH (Table 1, Fig. 3). The chlorophyll
a/b ratio was significantly higher in the high-pH treat-
ments, compared with low-pH treatments. The proto-
chlorophyll levels were significantly higher in the low-pH
treatments, compared with high-pH treatments. In line
with this, chlorophyll a and chlorophyll b were significantly
higher at low pH. Protochlorophyll tended to be higher at
low- and medium-light treatments, but this variation was
not significant. The carotenoid-to-chlorophyll ratio was
higher in the high-pH and low-light treatments, which
was reflected in the generally chlorotic appearance of
these plants.

Discussion
Wollemia nobilis is an acidophile. Growth of seedlings was
maximal at a soil pH considered suboptimal for many
species (pH 4.5; Handreck and Black 2002). Wollemia

nobilis growth also increased with increased light, but
this response was moderated by pH—higher pH resulted
in growth suppression. Moreover, the chlorophyll content
(chlorophyll a + b) of W. nobilis leaves was higher in the
low soil pH treatments, indicating increased growth
and, perhaps, potential for growth.

Acid soils are a feature of natural stands of Araucaria-
ceae, particularly Agathis australis (Mirams 1957; Bieleski
1959; Ecroyd 1982; Weaver 1988; Wyse 2012), and Arau-
cariaceae plantations (Curlevski et al. 2010). Changes in
soil acidity under different plants can be due to differ-
ences among species in nutrient accumulation (Alban
1982; Finzi et al. 1998), nitrogen fixation (van Miegroet
and Cole 1984), litter chemical composition (Ovington
1953; Alban 1982; Finzi et al. 1998) and the stimulation
of mineral weathering (Tice et al. 1996). The source of
acid soils associated with Araucariaceae is hypothesized
to be litterfall (Bieleski 1959; Silvester and Orchard 1999).
Acid soils (pH , 7) are also common in eastern New
South Wales, but soils of pH ≤4.5 are much less common
(Helyar et al. 1990). Sandstone-derived soils are also typ-
ically acidic (Binkley and Fisher 2000). Because we did not
test the soils beyond the W. nobilis stand, we cannot say
what effect (if any) W. nobilis has on the soil. Instead, our
results suggest that low pH, and associated changes in
soil nutrients, is likely to be a major factor in enhancing
the growth of established W. nobilis seedlings. Indeed,
low pH may also indirectly benefit W. nobilis by reducing
competition from other species not adapted to acid soils.

Wollemia nobilis seedling growth increased with in-
creasing light availability. Seedling growth was sup-
pressed by low light (5 %), resulting in stem lengths
half that attained by the high-light (50 %) treatment
at 24 months. Previous studies have demonstrated that

Figure 3. Pigment concentration (mg cm22) or ratio in leaves of W. nobilis seedlings grown at low, medium and high light in potting mix at pH 4.5
or 6.5 for 24 months (mean+ SE). (A–F) Means for pH and light treatments (means sharing the same letter are not significantly different by
LSD5%). Note: y-axis varies.
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rainforest species, including C. apetalum, have lower
growth at high light, but higher mean biomass accumula-
tion at low light, when compared with eucalypt or eco-
tone species (Barrett and Ash 1992). This study revealed
that while stem length increased with increased light, the
number of stems was highest in medium light. We hy-
pothesize that this species has a low-light strategy of pro-
ducing more stems and a high-light (i.e. large gap)
strategy to invest more in growth of primary stems. How-
ever, it appears that multiple stem production in low light
increases substantially above a threshold light level, be-
tween 5 and 15 %; this threshold is yet to be defined.

Wollemia nobilis seedlings respond to increased light by
increasing growth, but they can also grow slowly and sur-
vive in low light. In low light, W. nobilis can maintain its
photosynthetic apparatus in a state in which it can take
advantage of changes in light levels, indicated by the
chlorophyll pigment concentrations and ratio. However
very low light (and associated low growth) in the wild
may contribute to seedling mortality by fungal patho-
gens, herbivory, litterfall and drought, in line with models
of increased juvenile risk in slow-growing species (Bond
1989).

Young W. nobilis leaves are adapted to shaded under-
storey conditions, maximizing light interception by arran-
ging leaves in a single plane, while adult foliage is
arranged in two ranks to capture light from all around
(Hill and Brodribb 2003). Moreover, W. nobilis juveniles
had a high proportion of branches to stems; this is typical
of many understorey species, and demonstrates struc-
tural flexibility (Givnish 1988). This study indicates that
W. nobilis has the ability to produce multiple leaders at
all light levels, but particularly at medium-light and
low-pH soil growth conditions. The difference among
light treatments, in the production of multiple stems,
was only apparent at the 24-month measurement (com-
pared with the 12-month measurement; data not pre-
sented). This is comparable to the growth lag phase,
which has been observed previously in W. nobilis (Offord
et al. 1999). Hence, W. nobilis can take advantage of light
gaps by extending leaders, in effect seeking light and
then producing the branches at a later time to maximize
growth in the gap (Givnish 1988).

The maximum light treatment used in our study was
50 %, rather than 100 %, full sun. Previous research has
shown that young Agathis trees can be damaged by
full sunlight (Whitmore 1977), and along with other tem-
perate rainforest species, Agathis have been shown to
have lower chlorophyll concentrations in full sunlight
compared with trees grown in medium and heavy
shade (Langenheim et al. 1984; Read 1985). Moreover,
photoinhibition may occur before obvious leaf damage.
Wollemia nobilis is highly susceptible to heat stress

(compared with other Araucariaceae species; Offord
2011), and anecdotal observations of young W. nobilis
(,5 years) suggest that the leaves can become chlorotic
under full sun. The quality of light in the canopy, especial-
ly the ratio of red to far red, may also influence the growth
of shade-adapted Agathis species (Warrington et al.
1988). Although this study has found a positive correl-
ation between light and growth in W. nobilis seedlings,
this effect is likely to be curtailed at higher light availabil-
ities due to light saturation.

The positive effects of light on growth were moderated
by pH. Growth of stems (height and diameter), and stem
number, was highest in the low-pH treatments, regard-
less of light. In contrast, in the high-pH treatments, in-
creased light was associated with increased growth.
While both pH and light affected pigments, there was
no modulating effect detected. Over the range of light
availabilities assessed, the chlorophyll content and the
a to b ratio varied little, compared with the variation asso-
ciated with pH. Protochlorophyll is a precursor to chloro-
phyll and is readily converted with light exposure (Lancer
et al. 1976; Huq et al. 2004). Protochlorophyll was signifi-
cantly higher in the low-pH treatment. The direct effects
of pH on protochlorophyll are unknown, but low levels (in
the high-pH treatment) suggest that the plants would be
less able to take advantage of increases in light. Higher
carotenoid-to-chlorophyll ratios in the high-pH treatment
may also reflect growth suppression. Soil fertility (influ-
enced by pH) can also affect plants’ capacity to capture
light (Baltzer and Thomas 2005). However, the combined
effects of light and pH were not significant in defining pig-
ment concentrations in this study.

Implications for W. nobilis stand dynamics
The need for open canopy conditions, with .10 % light
(i.e. large canopy gaps), for recruitment of juveniles to
canopy trees is evident in a number of Araucariaceae spe-
cies (Bergin and Kimberley 1987; Enright et al. 1993;
Fincke and Paulsch 1995; Rigg et al. 1998). Furthermore,
infrequent large-scale landscape disturbance is required
for substantial recruitment of other Araucariaceae spe-
cies (Ogden et al. 1992; Burns 1993; Enright et al. 1999).
Likewise, very low rates of seedling recruitment are a fea-
ture of mature undisturbed Araucariaceae stands (in as-
sociation with increasing dominance of angiosperm tree
species; Enright et al. 1999). The demonstrated increase
in W. nobilis growth with light availability is consistent
with growth responses observed in other Araucariaceae
species.

Our results imply that canopy gaps may be required for
significant increases in stem length and hence recruit-
ment from W. nobilis juveniles to canopy trees. How
much light required is unknown, but positive responses
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to 50 % light availability (i.e. large gaps) were recorded in
this study. If W. nobilis growth and recruitment to larger
size classes is dependent on light, this may explain the
lack of intermediate-sized W. nobilis juveniles in the
wild, where W. nobilis is competing with rainforest angios-
perms (sensu Enright et al. 1999). Wollemia nobilis re-
sponse to increased light availability after long-term
suppression in the shade is also unknown. The self-
coppicing habit of W. nobilis allows it to survive in low
light (Givnish 1988) and may aid recovery from disturb-
ance (Dietze and Clark 2008). Its architecture may also
mean that it can respond quickly (change morphological-
ly) to intercept light (Canham 1989; Whitmore 1989),
similar to A. angustifolia, which can quickly colonize
gaps from both seedling banks and resprouts of damaged
trees via plastic growth patterns (Duarte et al. 2002).

The ability of W. nobilis to respond to increased light
was strongly moderated by soil pH. Although there is evi-
dence to suggest that Araucariaceae can modify soil pH,
we suggest that pH is unlikely to be limiting W. nobilis suc-
cess in the wild as acid soils are widespread in eastern
New South Wales; hence the question remains, what fac-
tors limit the distribution of W. nobilis in the wild? Despite
the strong limiting effect of pH on growth demonstrated
in this study, light availability (i.e. the presence of large
canopy gaps) may be more limiting in the wild.

Implications for conservation of W. nobilis
Understanding the climatic and edaphic factors govern-
ing plant growth is important for the conservation man-
agement of species in the wild, and especially species like
W. nobilis that have restricted distributions and are under
threats such as disease, fire and climate change. Where
management of wild stands cannot provide sufficient
protection, translocation of threatened species is one
complementary conservation measure (Vallee et al.
2004). Selection of suitable soil types and light regimes
provided by topography, aspect and vegetation assem-
blages is essential to translocation success. Additionally,
optimal growth of plants ex situ, in gardens or germplasm
collections, necessitates knowledge of fundamental growth
requirements. This and several other studies partially
provide this knowledge for W. nobilis (vide Offord 2011).
Importantly, our results indicate that W. nobilis recruit-
ment may be light limited in the wild. Our results also
suggest that W. nobilis translocation efforts should be
focused on sites with low-pH soils and outside the deeply
shaded conditions of a closed rainforest.

Conclusions
Seedling growth responses to varying light regimes sug-
gest that W. nobilis is a shade-tolerant, gap-responding

species: tolerating low light and increasing growth at
higher light. However, this response is strongly moder-
ated by soil pH; W. nobilis growth is significantly enhanced
on low-pH soils. While these factors clearly influence
seedling growth of this species, at least under glasshouse
conditions, other factors, such as drought, herbivory and
microbial interactions, may also strongly influence the re-
cruitment of this species in the wild.
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Abstract. For many species of conservation significance, multiple factors limit reproduction. This research exam-
ines the contributions of plant height, number of flowers, number of stems, pollen limitation and seed predation to
female reproductive success in the deceit-pollinated orchid, Cypripedium candidum. The deceptive pollination strategy
employed by many orchids often results in high levels of pollen limitation. While increased floral display size may at-
tract pollinators, C. candidum’s multiple, synchronously flowering stems could promote selfing and also increase at-
tack by weevil seed predators. To understand the joint impacts of mutualists and antagonists, we examined pollen
limitation, seed predation and the effects of pollen source over two flowering seasons (2009 and 2011) in Ohio. In
2009, 36 pairs of plants size-matched by flower number, receiving either supplemental hand or open pollination,
were scored for fruit maturation, mass of seeds and seed predation. Pollen supplementation increased proportion
of flowers maturing into fruit, with 87 % fruit set when hand pollinated compared with 46 % for naturally pollinated
flowers. Inflorescence height had a strong effect, as taller inflorescences had higher initial fruit set, while shorter
stems had higher predation. Seed predation was seen in 73 % of all fruits. A parallel 2011 experiment that included
a self-pollination treatment and excluded seed predators found initial and final fruit set were higher in the self and
outcross pollination treatments than in the open-pollinated treatment. However, seed mass was higher in both open
pollinated and outcross pollination treatments compared with hand self-pollinated. We found greater female repro-
ductive success for taller flowering stems that simultaneously benefited from increased pollination and reduced seed
predation. These studies suggest that this species is under strong reinforcing selection to increase allocation to flower-
ing stem height. Our results may help explain the factors limiting seed production in other Cypripedium and further
emphasize the importance of management in orchid conservation.

Keywords: Conservation; orchid; plant reproduction; plant–insect interactions; pollen limitation; pollination ecology;
reproductive trade-offs; seed predation; supplemental pollination.

Introduction
The complex dynamics between plants, pollinators
and seed predators, and how these interactions affect
plant reproduction, are important in understanding the

evolution of plant floral displays (Irwin and Brody 2011).
While many have examined the roles of both mutualists
and antagonists in plant reproduction (Gómez 2003;
Strauss and Irwin 2004; Abdala-Roberts et al. 2009;
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Burkhardt et al. 2009; Carlson and Holsinger 2010; Kolb
and Ehrlén 2010; Ågren et al. 2013), relatively few have
examined the effect of these interactions on the selection
of floral traits (Cariveau et al. 2004; Parachnowitsch and
Caruso 2008). Both mutualists and antagonists may for-
age on individuals based on floral display size, where
larger floral displays provide concentrated resources
for pollinators (Peakall 1989; Brody and Mitchell 1997;
Mitchell et al. 2004) as well as seed predators (Stephens
and Myers 2012). The goal of this study was to assess the
relationships among mutualists, antagonists and floral
display size, and how these biotic interactions influence
reproductive success in a deceptive pollination system
of conservation concern.

Maximizing pollen transfer efficiency has greatly
shaped the evolution of a multitude of floral forms and
functions in angiosperms (Barrett 2003). Increased floral
display size is expected to increase pollinator attraction
and visitation (Peakall 1989; Burd 1995; Aragón and
Ackerman 2004; Grindeland et al. 2005; Li et al. 2011;
Sletvold and Ågren 2011). In an experimental manipula-
tion of floral display size in Mimulus ringens, Mitchell et al.
(2004) found that bumblebee pollinators strongly re-
spond to floral display size, probing more flowers in se-
quence on plants with large numbers of flowers. Larger
floral displays also increase plant visibility, thereby in-
creasing the attraction of pollinators from greater dis-
tances (Kindlmann and Jersáková 2006). Flowering
stem height may similarly increase visibility and pollin-
ation efficiency. Synchronous flowering within a plant
may also effectively increase floral display size, potential-
ly increasing individual visibility, while synchronous flow-
ering on the population level may increase conspecific
competition for the limited pollinator resources (Crone
and Lesica 2004; Crone et al. 2009). Measures of plant
size such as numbers of stems and leaves, which may
or may not correlate with floral display size, while not dir-
ectly affecting the recruitment of pollinators, represent
increased photosynthetic resources available for subse-
quent fruit maturation (Bazzaz et al. 1987).

Many orchids rely on a deceptive pollination strategy, a
pollination strategy in which the flower provides floral
cues indicating a food reward while not providing that re-
ward (Faegri and van der Pijl 1971; Cozzolino and Widmer
2005). Deceptive pollination systems often show lower
visitation and pollination relative to rewarding relatives
(Nilsson 1980, 1984). To account for this reduced visit-
ation and pollination, some have hypothesized that de-
ception reduces geitonogamous pollination by causing
pollinators to flee non-rewarding patches (Smithson
2002; Johnson et al. 2004; Schiestl 2005; Kindlmann
and Jersáková 2006; Sun et al. 2009), referred to as the
outcrossing hypothesis (Jersáková et al. 2006). Orchids

relying on food deception often depend on newly emer-
gent or otherwise inexperienced insects for pollinator ser-
vices (Jersáková et al. 2006). In Dactylorhiza lapponica,
Sletvold et al. (2010) demonstrated strong pollinator-
mediated selection on spur length and plant height
in the open lawn community of a Norwegian fen. This
and other studies of deceptive species (O’Connell and
Johnston 1998; Johnson and Nilsson 1999; Gigord et al.
2001) indicate that a variety of floral traits (plant height,
flower number, petal colour) may be targets of selection
for increasing female reproductive success through
pollinator visitation.

Pollen limitation, defined as the difference in seed pro-
duction between open pollinated (natural pollination
with no supplementation) and supplemental pollination
treatments, occurs when the average open-pollinated
seed production is significantly less than the average seed
production of individuals receiving supplemental pollen
(Knight 2003). While increased floral display size may re-
duce pollinator limitation, it may also substantially increase
geitonogamy (de Jong et al. 1993; Barrett and Harder 1996;
Snow et al. 1996; Galloway et al. 2002). Geitonogamy re-
duces female function by reducing the number or quality
of the offspring, but also impacts male function by reducing
the quantity of pollen available for export to other plants,
also known as pollen discounting (Harder and Barrett
1995; Barrett 2003; Johnson et al. 2004).

After pollination, female reproductive success may be
eroded by seed predation. Pre-dispersal seed predation
can play an important role in determining fecundity and
long-term population persistence (Louda and Potvin
1995; Russell et al. 2010). Chronic seed predation rates
can limit population growth by reducing fecundity, while
stochastic predation rates can play a more diffuse, but
equally important role in population dynamics (Kolb
et al. 2007). Just as pollinators are often attracted to
large floral displays, seed predators may be attracted
to the accompanying large ovule resource (Brody and
Mitchell 1997; Kudoh and Whigham 1998; Galen and
Cuba 2001; Irwin et al. 2003; Adler and Bronstein 2004;
Shimamura et al. 2005; Stephens and Myers 2012) as
many seed predators rely on ovule development to feed
their offspring (Cariveau et al. 2004). Therefore, although
dense floral resources may attract mutualist pollinators,
the accompanying dense floral and fruit resources
may simultaneously attract antagonist herbivores and
seed predators, creating conflicting selective pressures
(Louda and Potvin 1995; Strauss and Irwin 2004; Ågren
et al. 2008). Similar to the influence of co-flowering
species on plant–pollinator interactions, rates of pre-
dispersal seed predation also can be influenced by com-
munity context through their attraction to other species
that share seed predators (Recart et al. 2013).
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Cypripedium species are deceptive, deciduous, terres-
trial orchids with growth emerging from a subterranean
rhizome (Stoutamire 1967). Cypripedium candidum Muh-
lenberg ex. Willdenow, the Small White Lady’s Slipper,
with yellow-green lateral sepals and petals with a
white, purple-spotted labellum (Stoutamire 1967), occurs
in calcareous prairies as well as fens and limestone bar-
rens (Cusick 1980). The plants occur as single plants or
large clumps (1–12 vegetative stems) containing a single
large flower per vegetative stem. This floral architecture,
combined with a short flowering period, severely limits
the probability of reproduction by restricting opportun-
ities for pollination. Cypripedium candidum flowers are
pollinated by small (4–6 mm long) adrenid and halictid
bees (Catling and Knerer 1980; Bowles 1983; Wake
2007). While pollen transport distances have not been
specifically studied for adrenid and halictid bees, previous
studies have found pollinia transport distances to vary
widely (Nilsson et al. 1992; Kropf and Renner 2008). In
the larger (8–17 mm long) Andrena bee species, Kropf
and Renner (2008) found a maximum transport distance
of 6.9 m. Data collected in a separate study (Walsh 2013)
in Ohio C. candidum found pollen dispersal to be limited to
1 m within the focal plant.

The primary antagonist for C. candidum, Stethobaris
ovata (Family: Curculiondae; subfamily: Baridinae), is a
known weevil seed predator of Cypripedium spp. and
other temperate orchid genera, with reports of adults in
Canadian populations feeding on emerging shoots and
flower buds (Light and MacConaill 2011). Adult weevils
emerge in early spring along with Cypripedium shoots,
and oviposit in developing fruits and, possibly stems, re-
sulting in either fruit abortion or near total loss of the de-
veloping embryos (Light and MacConaill 2011). Predation
rates on C. parviflorum in Canada vary from 32 to 53 %
among plants in a population, depending on climate
and availability of fruit resources (Light and MacConaill
2002). Little is known about the life history of the weevil,
although they may complete two life cycles within a
growing season (M. Light, pers. comm.).

The goal of this study was to assess the effects of plant
and floral display sizes on both pollination and seed pre-
dation, and understand how these factors influence
female reproductive success in the long-lived, highly
specialized deceptive orchid, C. candidum. Cypripedium
candidum is highly dependent on full sun in open areas
and, as with many prairie species, populations begin to
decline with the invasion of woody plants (Curtis 1946).
In addition to the potential shading effects of encroach-
ing woody vegetation, increased heterospecific stem
density has been shown to reduce pollination and
population recruitment (Wake 2007). Although the
major challenges in orchid conservation research reside

in understanding their symbiotic associations with fungi
and improving survival following propagation (Krupnick
et al. 2013), effective management and restoration will
require a more mechanistic understanding of how habitat
changes influence all biotic interactions limiting recruit-
ment. We hypothesized that an increased floral display
size would (i) increase pollinator visitation as indicated
by increasing fruit set, (ii) increase geitonogamy, resulting
in increased fruit abortion, decreasing fruit maturation
and offspring fitness, and (iii) increase attraction of an-
tagonists by providing an attractive resource concentra-
tion for seed predators. To address these hypotheses,
we conducted two pollen limitation experiments over
the course of the 2009 and 2011 field seasons in two sep-
arate sites, examining the effects of plant size on pollin-
ator limitation and seed predation in 2009, and the effect
of pollen quality in a seed predator exclusion experiment
in 2011.

Methods
The primary field site for this study was located in
Northern Ohio (GPS coordinates available upon request).
Historically C. candidum existed in at least seven Ohio
counties (herbarium records OSU and BGSU). However,
the Northern Ohio site is now one of the only two loca-
tions in the state where C. candidum remains (ODNR,
pers. comm.). This site has a large, actively managed
prairie area (�900 ha) with wooded areas intertwined.
Vegetative cover at this location is dominated by Andro-
pogon gerardii, Sorghastrum nutans and Silphium tere-
binthinaceum, with Viola spp., Sisyrinchium montanum
and Fragaria virginiana co-flowering with C. candidum.
The prairie is maintained through controlled burns in
early spring approximately every 3 years (J. Windus,
ODNR, pers. comm.), producing large, thriving popula-
tions (total N � 6000) in the calcareous soil, although
our access to the area was restricted to a subset of
the total population by the Ohio Division of Natural
Resources.

2009 Study

In early May 2009, we established three randomly selected
60-m line transects through a patch of C. candidum
(n . 250). The population density of C. candidum at the
prairie was previously estimated at 3.26 plants m22

(range ¼ 1–9 plants m22; SD ¼ 2.68) (Walsh 2013). At
5-m intervals, the plant closest to a transect was selected
and a second plant of equal size (number of stems and
flowers) was chosen within 0.5 m of the transect on the
opposite side (total N ¼ 72). Any plants with flowers
that had already opened, or had any pollinia removed
or deposited prior to set up of the experiment were
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excluded from the study, resulting in the exclusion of one
sample point. The standard method of assessing pollen
limitation compares the female fitness of open-
pollinated plants with that of plants that have had all of
their flowers hand pollinated (Wesselingh 2007) to avoid
redirection of resources from non-pollinated flowers,
which may bias information on fruit or seed set (Knight
et al. 2006; Wesselingh 2007). One of the paired plants
was randomly chosen to receive a hand pollination treat-
ment on all its flowers (mean ¼ 2.06, SE ¼ 0.14, range
1–7) with pollinia from a different population from a
site at least 100 m away, while the other member of
the pair was open pollinated. The numbers of flowering
stems, total stems, leaves per stem and the height of
each flowering stem (to the nearest 0.1 cm) were also re-
corded. Because the site was burned in 2009 ca. 1 month
prior to sampling, surrounding vegetation was sparse
during the flowering period, precluding the collection of
surrounding vegetation data.

Each flower received a single pollinium from a mixed
batch of pollinia gathered earlier the same day from a dif-
ferent population at least 100 m away. After hand pollin-
ation, flowers were bagged with a mesh (mesh opening
size 3 mm × 3 mm) to prevent accidental removal of
the pollinium. Mesh bags were removed after all flowers
in the experiment had dehisced (ca. 2 weeks) to allow
weevil predation. Capsule development was recorded 1
month after floral dehiscence (June), as well as at matur-
ity in August when all capsules were collected and scored
for insect damage and seed production. Fruit abortion
was scored as the number of fruits initiated in May
minus the number of fruits matured in August. We saw
no evidence of browsing or herbivory other than weevil
damage during the experimental period. Mature capsules
were dried at 60 8C for 3 days prior to separate weighing
of capsule and seed masses. Mature capsules were scored
as predated when circular insect exit holes, ca. 1 mm in
diameter, weevil body parts (possibly molts) and a lack
of mature seeds were observed.

2011 Study

In May 2011 prior to flower opening, we set up a second
pollen limitation study on a different nearby population of
similar size to the 2009 study on the same property. In
this experiment, a hand self-pollination treatment was
added, stem and flower number were controlled and
fruits were protected from weevil predation to obtain en-
ough fruits for analysis of the effect of pollen quality on
fruit set and seed mass. Five 50-m transects were ran-
domly located across the population. For this study, only
three-flowered, three-stemmed individuals were chosen
to control for plant size, apply the three treatment
types and to limit resource reallocation issues that

might arise if non-experimental flowers set fruit. At 5-m
intervals along each transect, we tagged the nearest
three-flowered, three-stemmed individual and wrapped
unopened flowers in a mesh to prevent visitation and
weevil predation. Each stem was randomly assigned to
one of three treatments: hand self-pollinated, hand-
outcross pollinated (from a population .100 m away)
or open pollination. Plants were checked daily for open
flowers and treatments were applied when the stigma
became receptive. Open-pollinated stems had mesh
bags removed as soon as flowers opened, while hand-
outcross and hand-selfed flowers were re-bagged after
receiving appropriate treatments. Following floral dehis-
cence, the pollinator exclusion bags were removed. Initial
fruit set was scored 2 weeks after flower dehiscence, with
green, enlarged fruits scored as pollinated and pale,
shrunken or missing fruits scored as a failed pollination.
All fruits at this time were covered in dialysis tubing and
secured at both ends to exclude insect damage. Fruit
abortion was scored 4 weeks after flower dehiscence as
well as at the end of the study (August 2011). We col-
lected fruits 3 months after flower dehiscence, dried
them at 65 8C for 48 h and then weighed dissected seed
mass to the nearest hundred-thousandth of a gram on a
Mettler AE-240 scale (Mettler-Toledo Inc.). We estimated
the effect of inbreeding depression (d) on female repro-
ductive success by calculating the mean per-family
seed production for each maternal family that matured
capsules on both the self and outcross pollination treat-
ments as d ¼ 1 2 (vs/vx) where vs is the seed mass pro-
duced by selfing and vx is the seed mass produced by
hand-outcross (Johnston and Schoen 1994).

Data analysis. Analyses were performed using JMP v.9.0.2
(SAS Institute, Cary, CA, USA, 1989–2013). A generalized
linear model (GLM) with an identity link function was used
to assess the effects of treatment, average flowering
stem height, number of flowers, number of stems
and the interaction between treatment and average
flowering stem height on percentage of initial capsule
development (number of capsules produced/number of
flowers), proportion of capsules matured and proportion
of capsules preyed upon. The number of flowers and
number of stems were not significant variables in any
initial models and therefore we used pooled error terms
to test for other effects in the final models. The effects
of number of flowers, number of stems, average height
of flowering stems, treatment and percentage of
capsules produced on the probability of abortion, final
fruit and seed mass were analysed using a GLM. The
proportions of fruit set and predation were arcsin
square root transformed and all count data were log
transformed. To test for proportionality of increase in
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response to size variables we used an ln–ln regression,
testing for a slope of one (Klinkhamer and de Jong
2005; Karron and Mitchell 2012). For the 2011 study, a
GLM with an identity link function examined the effect
of pollination treatments on initial fruit set, final fruit
set and seed mass, followed by one-way ANOVAs to test
for differences among treatment groups on fruit set,
abortion rates and final seed mass. Post hoc analyses
on the one-way ANOVA’s were performed using a Tukey–
Kramer HSD.

Results

2009 Study

Plants in the study had an average of 2.06 flowers (SE ¼
0.14, range 1–7) and 3.05 stems (SE ¼ 0.23, range 1–9)
per individual. Mature flowering stems had an average
height of 22.6 cm (SE ¼ 0.47), ranging between 15.1
and 40.9 cm. The average number of leaves on a plant
varied little, with an average of 3.2 leaves per stem
(SE ¼ 0.01, range 3–4). Leaf length and width were not
measured in this study based on prior work (Walsh
2008) that showed little between-individual variation.

In these experiments, C. candidum showed strong
pollen limitation. Initial fruit set, measured 1 month
after floral dehiscence, significantly increased in plants
receiving supplemental pollen compared with open-
pollinated flowers (pollination treatment P , 0.0001;
whole model P , 0.0001, df ¼ 5, AIC ¼ 73.6, R2 ¼ 0.33;
Fig. 1). Plants that received supplemental pollen had an
initial fruit set of 87 % (SE ¼ 0.037), while plants only
serviced by pollinators had substantially lower initial
fruit set (mean ¼ 46 %, SE ¼ 0.06, Fig. 1). Number of flow-
ers and number of stems did not significantly predict the

percentage of initial or final capsules produced and were
omitted from further analysis. In the subsequent GLM
analysis (whole model: P , 0.0001; df ¼ 3; AIC ¼ 71.2;
R2 ¼ 0.29), initial fruit set was similarly affected by pollin-
ation treatment (P , 0.0001), but was significantly influ-
enced by flowering stem height only for open-pollinated
plants (interaction effect of treatment × the average
flowering stem height, P ¼ 0.02; main overall effect of
height P ¼ 0.11).

Final fruit set, measured 3 months post-floral dehis-
cence, also differed between pollination treatments
(model P ¼ 0.0004; df ¼ 1; AIC ¼ 121.14; R2 ¼ 0.16;
Fig. 1). Study plants receiving supplemental pollen ma-
tured capsules 87 % (SE ¼ 0.87) of the time, while only
46 % (SE ¼ 0.057) of open-pollinated plants fully devel-
oped fruit (Fig. 1). However, no measured plant size traits
(number of flowers, number of stems, height of flowering
stems and number of leaves) or interaction effects ex-
plained variation in final fruit set (Fig. 2).

Of the flowering stems that set fruit, 73 % were preyed
upon. Surprisingly, predation rates were not influenced
by availability of food for the weevils (numbers of flowers
or fruits) or by plant size (number of stems) (whole model
P ¼ 0.0024; df ¼ 5; AIC ¼ 93.6; R2 ¼ 0.23). The average
height of flowering stems was the only size variable
to significantly explain the probability of predation
(P ¼ 0.002; whole model: P ¼ 0.0020; df ¼ 1; AIC ¼ 98.5;
R ¼ 0.14), with taller stems less likely to be attacked
(F1,61 ¼ 10.1, P ¼ 0.002, R2 ¼ 0.14; Fig. 3). Fruits suffering
predation had poor seed production, as the seed mass of
predated capsules was 89 % lower than the seed mass of
capsules without predation. A total of 22 plants in the
study aborted at least one fruit between initial and final
fruit set measurements. Seed mass, measured as the
dried and extracted seeds from the capsules, increased

Figure 1. Effect of hand and open pollination treatments on
the mean per cent of initial and final fruit set. Plants receiving
supplemental pollen produced higher fruit set for both the initial
time period (Hand mean ¼ 0.87, SE ¼ 0.037; Open mean ¼ 0.46,
SE ¼ 0.06; t ¼ 24.11, n ¼ 36, P , 0.001) and final time period
(Hand mean ¼ 0.87, SE ¼ 0.033; Open mean ¼ 0.46, SE ¼ 0.057,
t ¼ 24.30, n ¼ 36, P , 0.001).

Figure 2. Relationship between per cent fruit set (number of fruits/
number of flowers) of open-pollinated plants and the mean height of
flowering stems. Linear regression, % fruit set ¼ 20.34 + 0.037 ×
avg. height flowering stems, F1,35 ¼ 7.0, P ¼ 0.012, R2 ¼ 0.17.
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0.0161) and decreased with the proportion of capsules
predated (P , 0.0001) (whole model P , 0.001; df ¼ 6;
AIC ¼ 320.5; R2 ¼ 0.36).

2011 Study

When fruits were protected from weevil predation and
plant size and flower number were controlled, initial
fruit set varied with pollen source. Plants receiving hand
pollination had higher fruit set 2 weeks after floral dehis-
cence, with plants receiving self-pollen setting 63 % of
their capsules (SE ¼ 0.08) and plants receiving outcrossed
pollen setting 43 % of their capsules (SE ¼ 0.09). In con-
trast, fruit set on open-pollinated plants was considerably
lower, with only 16 % (SE ¼ 0.06) of open-pollinated flow-
ers initially setting fruit. Initial fruit set differed among
pollination treatments (F2,89 ¼ 7.73, P ¼ 0.0008; Fig. 4).
Plants that received hand self-pollinations had a signifi-
cantly higher initial fruit set than the open-pollinated
plants (P , 0.05, Fig. 4).

Final fruit set, scored 12 weeks after floral dehiscence,
was affected by the pollination treatments (F2,89 ¼ 5.73,
P ¼ 0.0046; Fig. 4). As in the 2009 study, plants receiving
natural pollinator service were pollen limited, as self and
outcross hand-pollinations matured more fruits (self
mean fruits per flower ¼ 0.46, P ¼ 0.0058; outcross ¼
0.4, P ¼ 0.0292) compared with open-pollinated stems
(mean fruits per flower ¼ 0.1; SE ¼ 0.081). However,
pollen quality did not influence the probability of fruit
maturation, as the fruit set of selfed and outcrossed
hand-pollination treatments were similar (P ¼ 0.83;
Fig. 4). However, pollen quality of the pollination
treatment did significantly influence final seed mass

(P , 0.0001, F2,28 ¼ 18.72, Fig. 5). The open and outcross
treatments produced significantly larger seed mass per
capsule than the self-pollinated treatments (open ¼
0.027 g, SE ¼ 0.002; outcross ¼ 0.026 g, SE ¼ 0.001;
self ¼ 0.017 g, SE ¼ 0.001), while seed masses of the
open pollinated and outcross hand-pollination treat-
ments were similar (Fig. 5). There was no significant
difference in abortion rates among treatments (F2,89 ¼

1.79, P ¼ 0.172). A power analysis indicated that 81 repli-
cates would have been needed to reach a significance
level of P , 0.05.

When the 12 individuals that matured fruit on both
hand-pollination treatments were used to estimate the
effect of inbreeding depression on seed production, most
individuals showed increased seed mass when pollinated

Figure 3. Relationship between the percentage of matured capsules
preyed upon (number of capsules preyed upon/number of capsules
produced) and the mean height of flowering stems of all plants in
the study. Linear regression, % capsules preyed upon ¼ 1.57–
0.033 × avg. height flowering stems, F1,61 ¼ 10.12, P ¼ 0.023,
R2 ¼ 0.144.

Figure 5. Effect of pollination treatment on seed mass (g) per fruit.
The outcross (mean ¼ 0.027, SE ¼ 0.001) and open-pollinated
plants (mean ¼ 0.027, SE ¼ 0.002) produced significantly higher
seed mass than the self-pollinated plants (mean ¼ 0.017,
SE ¼ 0.001) as indicated by Tukey–Kramer HSD, N ¼ 29. Treatments
separated by a different letter are significantly different. ANOVA:
F2,28 ¼ 18.72, P , 0.001, R2 ¼ 0.59.

Figure 4. Effect of pollination treatments on initial and final fruit set
in the 2011 study. N ¼ 30. Mean fruit set for the initial (Self ¼ 0.633,
SE¼ 0.084; Outcross ¼ 0.433, SE ¼ 0.084; Open¼ 0.166, SE ¼ 0.084)
and final fruit maturation times (Self ¼ 0.466, SE ¼ 0.08; Outcross ¼
0.40, SE ¼ 0.08; Open ¼ 0.1, SE ¼ 0.08) were significantly different
as indicated by Tukey–Kramer HSD. Treatments separated by letter
indicate significant difference. ANOVA: initial fruit set: F2,89 ¼ 7.73,
P , 0.001; final fruit set: F2,89¼ 5.73, P ¼ 0.004.
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with outcrossed pollen (mean d ¼ 0.463; SD¼ 0.31). How-
ever, the effect of selfing was variable across families. Nine
families had an 11–67 % reduction in seed mass when
selfed, two families matured a fruit but failed to produce
any selfed seed within the fruit, while one family produced
similar masses of seed in both the outcross and self hand-
pollination treatments.

Discussion
Orchid species have been routinely shown to demon-
strate consistent pollen limitation across multiple years
(Snow and Whigham 1989; Ackerman and Montalvo
1990; Calvo 1990; Primack and Hall 1990; Dudash and
Fenster 1997). Furthermore, deceptive orchids often pro-
duce only half as many fruits as their non-deceptive
counterparts (Johnson and Bond 1997; Neiland and
Wilcock 1998; Tremblay et al. 2004; Jersáková et al.
2006). This study provides strong evidence of pollen limi-
tation in a deceptive orchid over two flowering seasons.
In 2009, we observed a moderate fruit set from open pol-
lination (46 %), while fruit set was greatly reduced
(16.6 %) for C. candidum plants in 2011. This number
closely parallels open-pollinated fruit set seen across
multiple non-burn years at this site (16.5 %; Walsh
2013), as well as levels reported in other relatives, such
as 10.5 % in C. calceolus (Kull 1998) and 5–13 % in
C. acaule (O’Connell and Johnston 1998). Hand-pollinated
fruit set was consistent between study years and burn/
non-burn years, with at least 40 % of flowers setting
fruit when supplemental pollen was provided. The mean
temperature for the flowering month did not differ be-
tween 2009 and 2011 (15.5 8C); however, the 2011
study year received more than double the precipitation
(18.5 cm) compared with 2009 (8.8 cm).

Pollen limitation, in principle, has two components, pol-
len quantity and pollen quality (Aizen and Harder 2007).
In plant systems producing normal, dust-like pollen and
large numbers of ovules, inadequate saturation of the
stigmatic surface may result in only partial pollination.
Orchids produce pollen aggregated into sac-like pollinia
containing large amounts of pollen, although misplace-
ment of the pollinia on the stigmatic surface by pollina-
tors may result in incomplete pollination. Studies in the
deceptive Dactylorhiza orchid have shown that flowers
may need multiple visits in order to receive enough pollin-
ation for complete seed set (Sletvold and Ågren 2010;
Sletvold et al. 2010). Although Aizen and Harder (2007)
argue that pollen supplementation often involves high-
quality outcross pollen that could inflate pollen depos-
ition estimates, our 2011 study found that pollen quality
manipulation in this system did not significantly increase
fruit production, although it did significantly increase

seed mass. Different experiments from both years show
no significant change in seed mass/fruit between open-
pollinated and hand-outcrossed flowers, suggesting
that open-pollinated flowers are usually outcrossed.

Although numerous studies have shown that an
increase in floral display and plant size increases pollen
receipt and fruit maturation (Peakall 1989; Meléndez-
Ackerman and Ackerman 2001; Aragón and Ackerman
2004; Mitchell et al. 2004; Li et al. 2011), we saw no effect
of number of flowers, number of stems or number of
leaves on pollen receipt or overall fruit maturation. The
population studied was relatively dense for an orchid
population, 3.26 plants m22 (range ¼ 1–9 plants m22;
SD ¼ 2.68), and the large numbers of closely spaced indi-
viduals may have limited the ability to detect any effect of
floral display size on fruiting success. However, we found
strong evidence that greater flowering stem height in-
creases initial fruit set, suggesting that taller plants
were more likely to attract pollinators. Others have
shown previously that the height and density of sur-
rounding vegetation affects pollination and fruit produc-
tion in deceptive orchids. Wake (2007) found increased
seed set in C. candidum when surrounding vegetation
was experimentally reduced, while the height of the flow-
ering stem also increased pollination and fruit production
in the closely related species C. acaule (O’Connell and
Johnston 1998). Similarly, Sletvold et al. (2013) found
strong pollinator-mediated selection for taller plants
in the presence of taller vegetation in the deceptive
D. lapponica. Given the tall grass prairie vegetation in
which C. candidum occurs, a taller flower would be
more visible to pollinators through the vegetation and
therefore be more likely to receive pollinator servicing.
Compared with other years (measured in a concurrent
demographic survey; Walsh 2013), fruit set was unusually
high in the 2009 study, which took place immediately
after a controlled burn. This would suggest that both in-
creased visibility to pollinators and increased nutrients
from the burn may have contributed to this relatively
high fruit set. Furthermore, taller flowering stems with in-
creased sun exposure may offer a warmer microenviron-
ment for the small bee pollinators in early spring, as well
as greater opportunity for photosynthesis by developing
fruits. Future studies on the effects of flowering stem
height on seed dispersal in response to local and land-
scape variation in vegetation density and height may pro-
vide additional insights into the functional role of
selection on plant traits affecting floral displays.

The presence of a deceptive pollination system may
explain why our results with C. candidum are contrary to
reports in the literature involving non-orchids. While
other plants with larger floral displays attract pollinators
from greater distances (Sih and Baltus 1987; Hessing
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1988), the absence of a reward may discourage further
foraging on the same plant, limiting any increase in
fitness that would otherwise occur in a large, multi-
flowered rewarding plant. Jersáková et al. (2006) cite
numerous examples of deceptive orchids with reduced
geitonogamy, while nectar addition experiments in de-
ceptive orchids have found dramatic increases in self-
pollination when reward is added (Johnson et al. 2004;
Jersáková et al. 2006; Walsh 2013). In a deceptive system,
a taller stem may increase the probability of pollinator at-
traction, but the visitor is expected to quickly depart after
receiving no compensation for its efforts. Although food
deceptive systems may increase pollen limitation com-
pared with rewarding ones, it may be more advantageous
to produce fewer, but higher quality fruits than producing
additional lower quality (selfed) offspring, as seen in our
2011 data (in which seed mass substantially decreased
with hand self-pollination) and several others (e.g. Tremblay
et al. 2004; Jersáková et al. 2006).

These data describe a potential mechanism driving the
classical outcrossing hypothesis, which explains the ben-
efits of deceptive orchid pollination via increased out-
crossing (Dafni and Ivri 1979; Nilsson 1983; Ackerman
1986; Johnson and Nilsson 1999; Jersáková et al. 2006).
In their review of published estimates of inbreeding
depression in orchids, Sletvold et al. (2012) noted that
mean inbreeding depression for seed production was
33 %, regardless of mating system. While most indivi-
duals in this study produced greater seed mass on aver-
age when receiving outcrossed pollen (leading to a mean
inbreeding depression of d ¼ 0.46), this outcome was
variable across all families, with one individual producing
equal seed mass in both self and outcross treatments.
The average number of flowers per plant within this popu-
lation over a 4-year observation period was 1.75, with
�51 % of flowers setting fruit (Walsh 2013), indicating
that although inbreeding depression in C. candidum
might be overcome by setting an additional fruit, the floral
display architecture (single flower/stem) of C. candidum
makes this highly unlikely. Furthermore, a true estimate
of inbreeding depression would require data on the
germination and future growth and reproduction of the
offspring and is likely to depend on environmental condi-
tions (Cheptou and Donohue 2011; Murren and Dudash
2012). Although seed packets have been previously
used to quantify germination in the field in some orchids
(Rasmussen and Whigham 1993; Sletvold et al. 2012),
attempts to germinate C. candidum using this method
produced no seedlings over a 2-year study period
(Walsh 2013).

In this study seed predators preferentially preyed
on fruit with shorter flowering stems, exerting a strong
concordant selective pressure reinforcing that of the

pollinators. In total, seed predation heavily reduced
total reproductive output of the population, with 73 %
of all capsule-bearing stems attacked by a seed predator.
All capsules appeared to be damaged by the same
insect, most likely the weevil in the Stethobaris genus pre-
viously reported to prey upon Cypripedium fruit (Light and
MacConaill 2011). Weevil predators in this genus are
known to feed upon the leaves, flowers and developing
capsules of many orchids, destroying most seeds by ovi-
positing in the maturing capsules. Contrary to our predic-
tions, neither predation rates nor pollination success was
related to other size variables such as numbers of flowers,
stems and leaves. Our data suggest these weevil preda-
tors may prefer to forage on resources closer to the
ground, where a lower predation risk may be associated
with cover from litter and canopy vegetation, or where
less energy is required to climb shorter stems to reach
capsules for oviposition. Although our analyses do not in-
dicate any response to food resource abundance such as
the number of fruits on a plant, Recart et al. (2013) found
a significant increase in abundance of another orchid
weevil, Sethobaris polita, along with increased floral dam-
age and reduced fruit set on a native Puerto Rican orchid,
Bletia patula, in sites where an invasive orchid Spathoglot-
tis plicata co-occurs. Complex plant–pollinator–seed
predator interactions have been documented by others
(Strauss and Irwin 2004), although instances of conflict-
ing pressures seem to greatly outnumber instances of
concurrent pressure.

Conclusions
Our study quantifies a three-way interaction between
plants, pollinators and seed predators in a deceptive or-
chid system in which mutualists and antagonists are ex-
erting concordant, reinforcing selection on a plant trait,
reproductive stem height. Pollinators visited plants with
taller stems more often, while another trait often asso-
ciated with increasing pollinator visitation, floral display
size, had no effect on pollination. Furthermore, measures
of plant size, such as numbers of stems and leaves that
might influence resources available for fruit maturation,
did not affect female reproductive success. Seed preda-
tors may be attracted to more easily reached resources
that are sheltered by surrounding vegetation and less ap-
parent to their invertebrate predators (Marquis 1992; Palo
et al. 1993). Additionally, the greater seed mass from
both outcrossed hand and open pollination events com-
pared with hand self-pollinations suggests that deceit
pollination effectively prevents geitonogamy, so that
most pollinations in C. candidum arise predominately
from outcrossing. Although variable in magnitude and
based on a small sample, inbreeding depression reduced
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seed mass by 11–67 % in all but one family, suggesting
that conservation of small, at-risk populations that may
be vulnerable to decreased pollination opportunities
and increased geitonogamy should focus on facilitating
outcrossing to increase recruitment.

In addition to the strong directional selective pressure
on flowering stem height from both antagonists and mu-
tualists, the height and density of the surrounding hetero-
specific vegetation matrix likely enhances this selection
for taller flowering stems. The evolution of this complex
interaction may hold an important lesson in the conser-
vation of Cypripedium spp. and other deceptive plants.
Management activity that controls surrounding hetero-
specific vegetation density and height during the flower-
ing period may increase pollination success and fruit
maturation, functioning as a cost-effective method to po-
tentially increase rare plant offspring recruitment by
modifying the pre-existing natural selective pressures
on the biotic interactions of the system. However, while
there have been several studies examining the effect of
nectar addition on deceptive orchids (e.g. Johnson and
Nilsson 1999; Johnson et al. 2004; Jersáková and Johnson
2006), there has been no study to date explicitly examin-
ing the demographic consequences of the deceptive
pollination strategy in any plant. Although further re-
search across multiple years and populations is needed
to quantify the relative importance of pollination limita-
tion and seed predation, orchid restoration efforts may
benefit from research on whether management can be
specifically targeted to ameliorate chronic pollination
limitation or seed predation in orchids. As recently argued
by Sletvold and Ågren (2014), spatial and temporal vari-
ation in selection mediated by the biotic environment
strongly affects the extent of pollinator-mediated selec-
tion. We propose that the surrounding vegetation context
that provides the arena for plant–pollinator–predator
interactions, as well as seed dispersal, is an important,
relatively understudied component that should be con-
sidered for both managers of species of conservation con-
cern as well as biologists seeking greater understanding
of the evolution and functional significance of floral traits
in these complex interactions.
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Ågren J, Ehrlén J, Solbreck C. 2008. Spatio-temporal variation in fruit
production and seed predation in a perennial herb influenced
by habitat quality and population size. Journal of Ecology 96:
334–345.
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depression and local outbreeding depression in the rewarding or-
chid Gymnadenia conpsea. Conservation Genetics 13:1305–1315.
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Abstract. The processes that govern diverse tropical plant communities have rarely been studied in life forms
other than trees. Structurally dependent vascular epiphytes, a major part of tropical biodiversity, grow in a three-
dimensional matrix defined by their hosts, but trees differ in their architecture, bark structure/chemistry and leaf
phenology. We hypothesized that the resulting seasonal differences in microclimatic conditions in evergreen vs. de-
ciduous trees would affect epiphytes at different levels, from organ physiology to community structure. We studied the
influence of tree leaf phenology on vascular epiphytes on the Island of Barro Colorado, Panama. Five tree species were
selected, which were deciduous, semi-deciduous or evergreen. The crowns of drought-deciduous trees, characterized
by sunnier and drier microclimates, hosted fewer individuals and less diverse epiphyte assemblages. Differences were
also observed at a functional level, e.g. epiphyte assemblages in deciduous trees had larger proportions of Crassula-
cean acid metabolism species and individuals. At the population level a drier microclimate was associated with lower
individual growth and survival in a xerophytic fern. Some species also showed, as expected, lower specific leaf area and
higher d13C values when growing in deciduous trees compared with evergreen trees. As hypothesized, host tree leaf
phenology influences vascular epiphytes at different levels. Our results suggest a cascading effect of tree composition
and associated differences in tree phenology on the diversity and functioning of epiphyte communities in tropical low-
land forests.

Keywords: Community assembly; Crassulacean acid metabolism (CAM); diversity; microclimate; specific leaf area;
water-use efficiency.

Introduction
Tropical forests are characterized by an unmatched diver-
sity of organismal forms. More than 300 tree species may
be found in a single hectare of forest (Balslev et al. 1998);
and a single tree may in the extreme case be inhabited by
almost 200 species of vascular epiphytes (Catchpole and
Kirkpatrick 2010). Currently, studies on processes that

shape tropical plant communities show a very strong
bias towards a single life form, i.e. trees (e.g. Kraft
and Ackerly 2010; Metz 2012; Baldeck et al. 2013;
Brown et al. 2013). However, other life forms, e.g. under-
storey herbs and shrubs, lianas and epiphytes, can
make up a substantial proportion of local plant diversity
(Gentry and Dodson 1987). Indeed, in some humid
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montane forests, epiphytes alone may account for a simi-
lar fraction of local vascular plant diversity as all other
plant life forms combined (Kelly et al. 2004).

It is hardly conceivable that vascular epiphyte assem-
blages made up of structurally dependent, mostly herb-
aceous plants arranged in a three-dimensional matrix
of available substrate supplied by trees are structured
by the same biotic and abiotic factors as their hosts. For
example, interspecific competition and the impact of
pathogens and herbivores, which are very important for
trees, seem to be rather irrelevant for epiphytes (Zotz
and Hietz 2001). One important biotic factor affecting
community assembly of these structurally dependent
plants could be host tree identity itself. Arguably, narrow
host tree specificity is found only in exceptional cases,
whereas a certain degree of host preference is not un-
common (ter Stege and Cornelissen 1989; Laube and
Zotz, 2006; Martinez-Melendez et al., 2008). Mechanistic-
ally, such preferences are probably related to differences
in tree architecture, bark structure and chemistry or leaf
phenology of the host. Furthermore, there is also stratifi-
cation within individual trees (Freiberg 1996; Freiberg,
1999; Krömer et al., 2007). ter Stege and Cornelissen
(1989), for example, found that epiphyte assemblages on
lower canopy branches (Johansson zone III; Johansson
1974) differed from those on middle and outer canopy
branches (Johansson zones IVand V) in a lowland rainfor-
est in Guyana. Several studies have investigated the
impact of a variety of tree characteristics on epiphyte dis-
tribution, such as tree size (Zotz and Vollrath 2003),
branch diameter (Zimmerman and Olmsted 1992) or
bark water-holding capacity (WHC, Callaway et al. 2002).

Differing tree characteristics create a variety of micro-
climates within a tree crown that should directly impact
epiphyte distributions (Pittendrigh 1948; Benzing, 1995).
The changing light regime along the vertical axis of the
canopy is one important factor. Lower and more central
crown parts are more humid than the outer portions
and exposed parts within a tree are usually the driest
(e.g. Freiberg 1997; Wagner et al. 2013). Stem diameter,
tree height and other architectural features of tree spe-
cies seem to influence stem flow (Hölscher et al. 2003),
and the stratification of the crown structure influences
the amount and the chemical composition of rainwater
reaching the epiphytes (Hofhansl et al. 2012). However,
gradients are not stable in time but are affected by
phenological changes of the tree usually associated
with wet and dry seasons. Seasonality may be an import-
ant factor for the establishment of epiphytes; especially
when the host tree is deciduous (Zotz and Winter 1994).
Indeed, it has been found that differing microenvi-
ronments in evergreen and deciduous trees can lead
to significant differences in epiphyte cover (Cardelus

2007). The situation is complex, however, because other
traits, e.g. bark characteristics, can aggravate or, alterna-
tively, counteract the possible effects of phenology since
epiphyte growth is significantly higher in trees with bark
with high WHC (Callaway et al. 2002).

The work presented here was initiated to understand
the effect of tree leaf phenology on vascular epiphytes
at different levels, from leaf traits of individual epiphytes
and demographic parameters to community compos-
ition, both at a taxonomic and a functional level. To this
end, we documented the differences in environmental
conditions in the crowns of five tree species on Barro
Colorado Island (BCI), which were deciduous, semi-
deciduous and evergreen. We hypothesized that:

(i) deciduous trees host less diverse epiphyte
communities,

(ii) traits usually interpreted as adaptation to drought
such as Crassulacean acid metabolism (CAM) are
more prevalent in epiphyte communities in decidu-
ous trees,

(iii) individual growth is lower in epiphyte populations
growing in deciduous trees,

(iv) trait differences associated with drought are also
detected at an intraspecific level, thus epiphytes
growing in deciduous trees have different trait values
such as lower specific leaf area (SLA) and higher d13C
values compared with conspecifics growing in ever-
green trees.

Methods

Study site and survey

The study was conducted on BCI, Republic of Panama.
This biological reserve in the Gatun Lake of the Panama
Canal, which is administered by the Smithsonian Tropical
Research Institute (STRI), is covered by a semi-deciduous
lowland forest with varying canopy heights of up to 50 m
(Leigh et al. 2004). The annual precipitation averages
2600 mm with a pronounced dry season from January
through April. During these 4 months, both total rainfall
and its frequency are strongly reduced. Rainless periods
regularly expand to around 10 days, the maximum
rainless period on record being 31 days (based on data
from 2006 to 2012 measured by the Physical Monitoring
Program of STRI—http://biogeodb.stri.si.edu/physical_
monitoring/research/barrocolorado, 10 November 2014).

Five tree species were selected for the study. Selection
criteria were emergent crowns, thus deciduousness would
have a strong effect on microclimate; more or less even dis-
tribution across the island; accessibility with the single rope
technique. The following species were selected: Anacar-
dium excelsum (Bertero ex Kunth) Skeels (Anacardiaceae)
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and Brosimum alicastrum Sw. (Moraceae; both evergreen),
Ceiba pentandra (L.) Gaertn. (Malvaceae) as a semi-
deciduous species and Pseudobombax septenatum (Jacq.)
Dugand and Cavanillesia platanifolia (Humb. & Bonpl.)
Kunth (both deciduous Malvaceae). In the following, spe-
cies are addressed by their genus names. The deciduous
trees are leafless during the entire dry season (Fig. 1).
Semi-deciduous Ceiba trees usually lose their leaves
only for a few weeks, but every 4 to 5 years when flower-
ing and fruiting the leafless phase lasts for up to 20 weeks
(Windsor, unpublished). All chosen individuals (four to
five per species, average height 40 m) were large canopy
trees lacking lianas and were distributed over the entire
island [see Supporting Information]. Tree crown diam-
eter was estimated via stride length and diameter at
breast height (dbh) determined with a tape measure.

All trees were accessed with the single rope technique
(Perry 1978). Epiphytes on the trunk and on branches in
the inner canopy could be accessed directly; those in
the outer canopy were recorded with the help of binocu-
lars from the central crown. Abundances of all epiphytes
were quantified in a 908 sector of each tree crown and
then extrapolated. The remaining crown was screened
for additional species. Nomadic vines and hemiepiphytes
(as defined by Zotz 2013) were recorded but excluded
from statistical analyses unless being truly epiphytic, i.e.
without contact to the ground. Species names follow
Croat (1978) and Tropicos (2012). Voucher specimens
were deposited in the Herbarium of the University of
Panama. Since the delimitation of individual plants was
often difficult, Sanford’s (1968) definition of a stand was
followed: a group of rhizomes, stems and leaves belong-
ing to one species, which is clearly separated from con-
specifics. Small juveniles were only included when
exceeding 20 % of the maximum size of a given species.

Microclimate

The trees we studied were canopy trees with at least partly
emergent crowns. Microclimatic differences should be
most pronounced within crowns, while stems are pro-
tected by both crown and surrounding vegetation leading
to more homogeneous microclimatic conditions. Thus,
we confined microclimate measurements to tree crowns.
A crown was defined as the upper part of the tree with all
major limbs, encompassing Johansson zones III–V
(Johansson 1974). Total radiation in the inner crown
(analogous to Johansson zone III) of each studied tree
was documented for about 1 year from 22 March 2011
to 6 March 2012 with one HOBO pendant data loggers
(Onset Computer Corporation, Pocasset, USA) per tree.
Loggers were placed in a southerly direction within
Johansson zone III. The pendant loggers measure ambi-
ent luminance in lux within a broad wavelength spectrum

(ca. 150–1200 nm). Thus, the data are not numerically
comparable with photosynthetic active radiation, but
allow a relative comparison. As such we defined the high-
est measured daily mean as 100 % and expressed all other
readings relative to this extreme. Readings were taken
every 40 min. Loggers were calibrated against each other.
For statistical analyses we calculated daily means.

Evaporation was estimated after Didham and Lawton
(1999). Per tree four millilitre-scaled test tubes were filled
with 10 mL of water each, a filter paper was added to
enlarge the evaporating surface. The tubes were left in
the crown (oriented in the four cardinal directions in
Johansson zone III) for 2–6 h around noon, allowing
the calculation of hourly evaporation. Because daily vari-
ation in evaporation was large and measurements were
done on different days from 19 February to 24 March
2010 and from 5 March to 21 March 2011 (in Cavanillesia),
we standardized our data. Evapotranspiration is continu-
ously measured with an ET gauge (Spectrum Technologies,
Inc., Aurora, USA) on top of a walk-up tower at a height of
48 m by the Physical Monitoring Program of STRI. In March
2011, we compared the readings obtained with our method
on the tower with readings of the ET gauge on 4 days. This
allowed us to standardize our data and to express evapor-
ation measured in tree crowns as a proportion of the same
day’s evapotranspiration measured at the tower.

To allow comparisons of the microclimatic conditions
within tree crowns, the study period was divided into
dry and wet seasons. The two dry seasons covered by
this study were quite distinct, but differences within the
tree species were consistent. Thus, we combined the
data of both dry seasons. For regions with pronounced
dry periods, dry season duration is commonly defined
as the period to accumulate 10 % of annual total rainfall
(Reiser and Kutiel 2008). This percentage also represents
the average amount reported by the Physical Monitoring
Programme of STRI. The dry season on the BCI is not only
characterized by lower absolute rainfall but also by a
lower frequency of rainfall events. Therefore, we defined
the start and the end of dry seasons according to a com-
bination of frequency and amount of rainfall. The first dry
season ended on 23 May 2011, which was the last day of
a series of at least 5 days with ,0.01 % of the year’s
total rainfall. The start of the second dry season was
24 December 2011, which was the first day of a series
of at least 5 days with ,0.01 % of the year’s total rainfall.
As expected, the total rainfall in the dry seasons was ca.
10 % of the annual total rainfall. Rainfall data from the
study period are given in Fig. 2.

Tree bark

Samples from major branches in the inner crown of four
trees per species were collected by cutting off pieces of
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Figure 1. Seasonal changes in climate during the study period and long-term average phenology of the trees studied. The upper plots show
daily mean radiation and daily precipitation data measured at 48 m, above the forest canopy. Thin vertical lines indicate the limits of dry and
wet seasons—typically, the dry season ends earlier than in 2011. In the five tree plots: thick lines indicate leaf status, ‘Fl’ time of flowering and
‘Fr’ fruiting. Leaves of A. excelsum are exchanged within days, whereas B. alicastrum is never leafless. Ceiba pentandra may lose its leaves for
about three months, which happens only every 4 to 5 years. Pseudobombax septenatum and C. platanifolia are drought-deciduous trees. Cli-
mate data are from a walk-up tower of the Physical Monitoring Program of STRI. Phenology data are from the Panama species database
provided by the STRI website and Condit et al. (2011).
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Figure 2. Seasonal changes in radiation and rainfall. Data for radiation and rain data were obtained from the Physical Monitoring Program of
STRI. Light is presented as daily mean, while rain represents daily integrals. Daily means (solid line) of total radiation in percentage of the highest
daily mean measured in the tree crowns of the five species studied (A. excelsum, n ¼ 4 trees; B. alicastrum, n ¼ 4; C. pentandra, n ¼ 4;
P. septenatum, n ¼ 3; C. platanifolia, n ¼ 4) over the course of 1 year. The dotted lines depict the mean daily maximum. The vertical lines
mark the limits of dry and wet seasons (see MM for definition).
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the phellem. This material was used to determine bark
WHC (compare with Callaway et al. 2002). Briefly, samples
were cleaned of any moss, oven-dried (50 8C) and their
dry weight determined. Water-holding capacity was de-
termined after soaking the samples in water for half an
hour. Excess water was shaken off in a consistent manner
and samples were weighed again after a 5-min pause
(¼maximum WHC per area). Subsequently, water loss
rates were determined by keeping the samples at a con-
stant temperature of �22 8C for 8 h on a lab bench and
weighing them at hourly intervals and expressing the
loss as percentage of the maximum WHC.

Epiphyte growth

We selected two abundant species for growth analysis,
which formed accessible populations in a reasonable sub-
set of the study trees. Growth of individuals in populations
of Dimerandra emarginata and Niphidium crassifolium
was estimated between March 2011 and March 2012.
These two species are generally abundant on BCI, are
relatively well adapted to drought and grew in almost
all surveyed trees. However, plants were not always ac-
cessible. We were able to include seven populations of
Dimerandra in one Brosimum, three Ceiba and three Pseu-
dobombax trees and eight populations of Niphidium in
two Brosimum, three Ceiba, two Pseudobombax and one
Cavanillesia trees. Populations from conspecific tree indi-
viduals were pooled for the analyses.

Initial size, i.e. the length of the longest shoot of a plant
(Dimerandra) and length of the longest leaf (Niphidium),
was measured; plants were marked and mapped. The ori-
ginal size was defined as 100 %. The following year the
difference in the length of the longest shoot/leaf to first
year’s length was calculated as the relative positive or
negative growth in per cent and analysed with initial
size as a covariate. Species differences in survival and sur-
vival of the same species on different trees were analysed
with Fisher’s exact test for count data.

Epiphyte physiology

A total of 509 leaf samples of 59 species were analysed
(usually six replicates) for foliar nitrogen (N) concentra-
tion and d13C- and d15N values. d13C values were used
(i) to distinguish CAM- and C3-species, using the generally
accepted value of 220 ‰ as the cut-off between these
photosynthetic pathways (Zotz 2004) and (ii) among the
C3 plants they were used as a proxy for long-term water-
use efficiency in intraspecific comparisons (Van de Water
et al. 2002) (see the next paragraph).

A large proportion (271 samples) represented five
abundant species that were used to analyse intraspecific
variation in SLA, d13C value, d15N value and leaf N concen-
tration in relation to host tree species and microclimate.

For SLA the leaf surface was estimated via pixel counting
of photographs using an image processing program
(ImageJ 1.45, Rasband 1997–2012) and subsequent de-
termination of leaf dry weight. Physiological parameters
in epiphytes tend to vary substantially with plant size
(Zotz et al. 2001). Hence, we recorded the plant size and
used it as a covariate in our analyses. For the orchids their
stem length, and for the two ferns the length of their longest
leaf were taken as a proxy for size. All five abundant epi-
phyte species were C3 plants (Zotz and Ziegler 1997):
D. emarginata (G. Mey) Hoehne, Maxillaria uncata Lindl., Sca-
phyglottis behrii (Rchb. f.) Benth.& Hook. f. ex Hemsl. (all
three Orchidaceae), N. crassifolium (L.) Lellinger (Polypodia-
ceae) and Vittaria lineata (L.) J. Sm. (Vittariaceae). These five
species were selected for their high abundance that allowed
us to sample them on most tree species. Dimerandra and
Niphidium grew on all five study tree species and Niphidium
could be sampled on at least one of each. Dimerandra could
not be sampled on Anacardium. Vittaria grew in all but the
Cavanillesia trees, but could not be sampled on Pseudobom-
bax. Maxillaria and Scaphyglottis were not found on the two
deciduous tree species.

Data analysis

Statistical tests were conducted with R 2.15.2 (R Develop-
ment Core Team 2012). All data was related to tree spe-
cies as factor variables: microclimate, bark maximum
WHC and water loss rates, epiphyte diversity (Shannon
Index), percentage of CAM species within tree crowns
and the foliar traits SLA, d13C value, d15N value and N con-
centration. These data were tested for normal distribution
with ‘Lillifors (Kolmogorov-Smirnov) test for normality’,
and homogeneity of variances was tested with the
‘Fligner-Killeen Test of Homogeneity of Variances’. When
prerequisites were fulfilled we used parametric tests
ANOVA and ANCOVA. Otherwise, we used the Kruskal–
Wallis rank sum test (KW). Post-hoc tests were Tukey
HSD for parametric data sets and Nemenyi-Damico-
Wolfe-Dunn test for non-parametric data sets. Count
data of survival from the growth study were analysed
with Fisher’s exact test for count data. The Shannon
diversity index of abundance data was generated with
EstimateS 8.20 (Colwell 2009). To assess the composition-
al similarity of epiphyte assemblages within the tree
crowns (intra-specific and all species pooled) we calcu-
lated the multiple-assemblage similarity profile following
Jost et al. (2011). This profile illustrates how differenti-
ation of the assemblages varies between all species
(q ¼ 0), the typical species (q ¼ 1) and the dominant spe-
cies (q ¼ 2). For the canonical correspondence analyses,
we used Canoco 4.5 (ter Braak and Šmilauer 1997). This
multivariate technique detects variations in the species
assemblage caused by environmental variables. Tree
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species identity was incorporated in the analysis as sup-
plementary nominal variable. Other environmental vari-
ables tested were evaporation, luminance (separated
for the dry and wet seasons) and dbh as a measure of
tree size. The statistical significance of the environmental
variables was tested using the Monte Carlo permutation
test with manual forward selection (Monte Carlo test
run 9999 times). The analyses were run with abundance
data and binary data (presence/absence). Scaling of data
was symmetric between inter-species and inter-sample
distances. The scaling type was a biplot scaling and
data were log-transformed and rare species were down-
weighted.

In all box plots the median is depicted as bold black bar.
The box represents the inner quartile range (IQR), while
whiskers extend to extreme values within the first quar-
tile 21.5 × IQR and, respectively, within the third quartile
+1.5 × IQR. Empty circles indicate values beyond this
range.

Results

Abiotic and biotic conditions

Microclimate: Luminance was three to four times higher
in deciduous vs. evergreen tree crowns in the dry season
(deciduous: 36 and 43 % of highest daily mean, ever-
green: 10 and 13 %; KW: P , 0.001, x2 ¼ 1228.9, df ¼ 4;
Table 1, Fig. 2). The lowest luminance was observed in
Anacardium and the highest in Cavanillesia (Table 1).
These differences between deciduous and evergreen
trees persisted during the wet season but were less
pronounced. Luminance in the inner crowns of drought-
deciduous trees with full foliage exceeded that in ever-
green trees by about 2-fold (deciduous: 14 % of highest

daily mean, evergreen: 6 and 7 %; KW: P , 0.001,
x2 ¼ 1418.7, df ¼ 4, Table 1).

Average evaporation, measured only in the dry season,
was about twice as high in deciduous trees compared
with evergreen ones, but means were only significantly
different between Cavanillesia and Anacardium trees
(ANOVA: P , 0.05, F(4,17) ¼ 4.0; Table 1).

Bark: Species differences in water storage capacity of
the bark were unrelated to leaf phenology. Maximum
water content ranged from 20 to 144 mg cm22. Each
pair of evergreen and deciduous trees had one species
with relatively high and one with relatively low WHC
(Table 2). However, these trends were not significant
(KW: P ¼ 0.08, x2 ¼ 8.3, df ¼ 4). On the other hand,
rates of water loss tended to be highest in the deciduous
species. Water loss after 8 h was significantly higher
for Ceiba and Cavanillesia compared with Brosimum
(ANOVA: P , 0.05, F(4,15) ¼ 4.8; Table 2).

Epiphyte flora and assemblages

In total, the 24 studied trees were host to an estimated
26 000 individual epiphytes ( ¼ stands) from 83 holoepi-
phyte species, two hemiepiphyte species and two no-
madic vines, which had no contact with the ground [see
Supporting Information for a complete list]. These repre-
sented 16 families (Table 3). Three families accounted for
more than two-thirds of all species, i.e. Orchidaceae
(40 %, 35 spp.), Araceae (13 %, 11 spp.) and Bromeliaceae
(10 %, 9 spp.). Ranking families by abundance leads to
relatively small changes. Orchidaceae was even more
prominent (56 %), followed by four families with at least
5 % of all individuals: Polypodiaceae (11 %), Dryopterida-
ceae, Araceae (both 8 %) and Bromeliaceae (5 %).

Three epiphyte species have not been documented pre-
viously for BCI (Elaphoglossum cf. doanense, E. peltatum
and E. latum—all Dryopteridaceae), while the fourth,
Maxillaria acervata (Orchidaceae), had been collected
twice by the last author in recent years, without publish-
ing this finding.

The largest number of species was found on the five
Anacardium trees (65 species), which represents more
than two-thirds of all epiphyte species found in this
study. In Brosimum and Ceiba trees, we still found 49
and 50 species, respectively. The deciduous Pseudobom-
bax and Cavanillesia supported considerably fewer epi-
phytes with only 20 and 7 species, respectively. None of
the epiphyte species found on the deciduous trees were
restricted to these tree species.

The results shown so far represent the assemblages of
the entire trees. Epiphytes growing on the trunks of emer-
gent trees are less affected by tree phenology since they
are protected by the crown and the surrounding vegeta-
tion. Therefore, we expected differences in the epiphyte
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Table 1. Mean luminance and evaporation in the study trees during
dry and wet seasons. Superscript lower case letters indicate
significant differences between trees (luminance KW: P , 0.001, n per
species ¼ 785–1404; evaporation ANOVA: P , 0.05, F(4,17)¼ 4.0).
Luminance was calculated as percentage of the highest daily mean.
Evaporation was calculated in relation to measurements with an ET
gauge of STRI (see MM for details). + Evergreen, 8 semi-deciduous,
2 deciduous species.

Species Dry season Wet season

Luminance

(%)

Evaporation

(%)

Luminance

(%)

A. excelsum+ 9.7a 58a 5.5a

B. alicastrum+ 13.1b 76ab 7.1b

C. pentandra8 16.2c 69ab 10.1c

P. septenatum2 35.9d 101ab 13.5d

C. platanifolia2 42.5e 121b 13.8d
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assemblages to be most pronounced or even to be con-
fined to the emergent crowns. Indeed we did not find sig-
nificant differences in epiphyte diversity on the trunk
between tree species (ANOVA: P ¼ 0.5, F(4,14) ¼ 0.9), and
excluded all epiphytes growing on the main trunks from
further analysis. The average epiphyte diversity in the
crowns of the evergreen and semi-deciduous species
was �4-fold higher compared with the two deciduous

tree species (ANOVA: P , 0.001, F(4,19) ¼ 9.8; Table 3).
Likewise, differences in epiphyte abundance among tree
crowns were also significant (KW: P , 0.01, x2 ¼ 13.6,
df ¼ 4; data not shown). Deciduous trees hosted fewer
individuals than evergreen and semi-deciduous trees,
although the difference was only significant between de-
ciduous Cavanillesia and both evergreen Anacardium and
semi-deciduous Ceiba.
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Table 2. Water-holding capacity and water loss of the bark of five tree species. Values are means+SD (n ¼ 4) for each tree species (A. excelsum
(Ana), B. alicastrum (Bro), C. pentandra (Cei), P. septenatum (Pse), C. platanifolia (Cav)). Significant differences are indicated by superscript lower
case letters (ANOVA: P , 0.05, Tukey HSD).

Ana Bro Cei Pse Cav

Bark WHC (mL cm22) 94.0+37.7 36.0+15.5 64.5+22.1 90.3+61.7 33.3+7.5

Bark water loss (%) 62.0+6.7ab 52.8+13.6a 74.3+5.2b 65.8+7.8ab 75.8+7.3b

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3. Epiphyte abundance and diversity in the trees studied. Shown are families of epiphytes found in the five tree species studied:
A. excelsum (Ana, n ¼ 5), B. alicastrum (Bro, n ¼ 4), C. pentandra (Cei, n ¼ 5), P. septenatum (Pse, n ¼ 5) and C. platanifolia (Cav, n ¼ 5).
Species numbers are given in parentheses. Prevalence of CAM was calculated for each column’s total excluding nomadic vines and
hemiepiphytes. Data summarize epiphytes on a given tree, except ‘CAM species—crown’ and ‘Shannon index’ that refer to crown data only.
Significant differences are indicated by superscript lower case letters (ANOVA: P , 0.05, Tukey HSD). *Including two species of nomadic vines.
†Hemiepiphyte.

Individuals (species) Ana Bro Cei Pse Cav

Total 25 592 (87) 10 963 (65) 3432 (49) 8826 (50) 2296 (20) 75 (7)

Araceae* 2050 (11) 1504 (10) 288 (8) 249 (7) 7 (4) 2 (2)

Aspleniaceae 564 (2) 554 (2) 5 (1) 5 (1) 0 (0) 0 (0)

Bromeliaceae 1398 (9) 1041 (7) 201 (2) 154 (3) 2 (2) 0 (0)

Cactaceae 84 (2) 5 (1) 53 (2) 26 (2) 0 (0) 0 (0)

Clusiaceae† 118 (1) 19 (1) 23 (1) 76 (1) 0 (0) 0 (0)

Cyclanthaceae 218 (1) 8 (1) 0 (0) 210 (1) 0 (0) 0 (0)

Davalliaceae 379 (1) 139 (1) 23 (1) 217 (1) 0 (0) 0 (0)

Dryopteridaceae 2135 (6) 1827 (6) 2 (1) 305 (2) 1 (1) 0 (0)

Gesneriaceae 377 (1) 0 (0) 377 (1) 0 (0) 0 (0) 0 (0)

Hymenophyllaceae 30 (2) 30 (2) 0 (0) 0 (0) 0 (0) 0 (0)

Lycopodiaceae 14 (1) 5 (1) 5 (1) 4 (1) 0 (0) 0 (0)

Orchidaceae 14 329 (35) 5128 (23) 1701 (19) 5486 (21) 1982 (10) 32 (2)

Piperaceae 630 (5) 177 (2) 87 (4) 363 (2) 0 (0) 3 (1)

Polypodiaceae 2778 (7) 325 (5) 560 (6) 1564 (5) 291 (2) 38 (2)

Rubiaceae† 132 (1) 99 (1) 5 (1) 28 (1) 0 (0) 0 (0)

Vittariaceae 356 (2) 102 (2) 102 (1) 139 (2) 13 (1) 0 (0)

CAM plants 1242 (14) 117 (6) 319 (11) 401 (10) 374 (3) 31 (1)

CAM individuals (%) 4.9 1.1 9.3 4.5 16.3 41.3

CAM species (%) 16.0 9.0 21.2 18.5 13.6 14.3

CAM species—crown (%) 6.6+5.5a 18.5+15.7ab 22.6+12.0ab 31.3+6.4b 8.3+16.7ab

Shannon index 2.1+0.6a 2.0+0.7a 1.9+0.7a 0.7+0.3 b 0.4+0.5b
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The consistency of the most abundant species between
individual tree crowns of a species is indicated by the sen-
sitivity parameter q ¼ 2. Anacardium showed the least
congruence (12 %) while most abundant species’ identity
was highly consistent in Pseudobombax (83 %, Fig. 3).
Congruence of abundant species increased from Brosi-
mum (34 %) to Ceiba (47 %). Deciduous Cavanillesia
showed very low congruence with 14 % unlike its coun-
terpart Pseudobombax. However, they were similar in re-
spect to the high evenness in the species occurrence
among their tree crowns, which is reflected in the less
steep slopes of their similarity profile compared with
the evergreen and semideciduous trees. All tree indivi-
duals pooled shared �28 % of the most abundant spe-
cies in their crowns.

The differentiation of epiphyte assemblages in ever-
green and deciduous tree crowns was also reflected by
a canonical correspondence analysis (Fig. 4). When envir-
onmental variables were added, luminance during the
dry season and evaporation contributed significantly to
the explanation of the variation in species data. Diameter
at breast height as a proxy for tree size/age was also sig-
nificant. An analysis with binary data yielded very similar
results although evaporation had no significant influence
anymore (data not shown).

Crassulacean acid metabolism

We compared the percentages of CAM-performing spe-
cies and individuals in different tree crown assemblages

to address functional changes apart from floristic ones.
Disregarding Cavanillesia, there was a gradual increase
in CAM species from evergreen, semi-deciduous to de-
ciduous tree crowns. The difference in the proportion of
CAM species between deciduous Pseudobombax and
evergreen Anacardium was significant (ANOVA: P , 0.05,
F(4,18) ¼ 3.7; Table 3). The low percentage of CAM epi-
phytes in Cavanillesia crowns (33 % in one tree) is prob-
ably a sampling artefact, since Cavanillesia hosts very
few individuals and species in general: we never found
more than eight individuals from three species in any
tree (Table 3). Xerophytic C3 species such as N. crassifo-
lium or Polypodium polypodioides were the only epiphytes
in three of five Cavanillesia crowns. There was no signifi-
cant difference in the abundance of CAM epiphytes with
tree species although the percentage of CAM-performing
individuals could reach .50 % in deciduous tree crowns,
while evergreen and semi-deciduous trees never hosted
.20 % in their crowns (data not shown).

Individual performance and microclimatic
differences

Growth and survival were studied in Dimerandra and
Niphidium. Survival was significantly lower for Dimerandra
than for Niphidium (Fisher’s exact test: P , 0.05).
Tree identity did not affect the survival or growth of
Dimerandra (Fisher’s exact test: P ¼ 0.6; KW: P ¼ 0.08,
x2 ¼ 5.1, df ¼ 2) but survival and growth of Niphidium
differed significantly among trees (Fisher’s exact test:
P , 0.05; ANOVA: P , 0.001, F(3,40) ¼ 12.6; [see Support-
ing Information]).

Dimerandra’s mean annual relative growth rate (RGR)
ranged from 8 % in Ceiba to 42 % in Pseudobombax.
This coincides with the prevalence of Dimerandra in Pseu-
dobombax crowns where it accounted for 70 % of all
epiphytes. Survival of Niphidium was much lower in Pseu-
dobombax (only 5 of 13 individuals were still alive in 2012)
compared with that in both Brosimum (24 of 25 indivi-
duals survived) and Ceiba (22 of 26 individuals survived).
Also indicative of harsh conditions in deciduous Pseudo-
bombax were the slow RGRs of Niphidium.

Intraspecific differences in SLA, d13C, d15N and N
concentration of leaves in relation to
microclimatic differences

Possible differences among populations of the same
species associated with microclimatic differences were
assessed for several leaf traits (SLA, d13C, d15N and leaf
N concentration) in D. emarginata, Maxillaria uncata,
N. crassifolium, Scaphyglottis behrii and V. lineata.

We used size as a covariate in our analyses as it
has been shown to influence physiological parameters
of epiphytes (Zotz et al. 2001). Our results, however,

Figure 3. The multiple-assemblage similarity profile CqN (for
q ¼ 0–5) of epiphyte assemblages in the tree crowns of
A. excelsum (5 trees/60 epiphyte species), B. alicastrum (4/43),
C. pentandra (5/47), P. septenatum (5/7), C. platanifolia (4/7) and of
epiphyte assemblages in tree crowns between all trees (23/79).

65Host tree phenology affects vascular epiphytes at the physiological, demographic and community level

__________________________ WORLD TECHNOLOGIES __________________________

http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/plu073/-/DC1
http://aobpla.oxfordjournals.org/lookup/suppl/doi:10.1093/aobpla/plu073/-/DC1


WT
were very inconsistent between the various species re-
garding whether the influence was significant for a
given parameter and occasionally also regarding the dir-
ection of the correlation when a significant influence was
found [see Supporting Information].

There was a trend towards lower SLA in deciduous trees
for Niphidium (ANCOVA: P , 0.001, F(4,73) ¼ 5.8, Fig. 5).
Specific leaf area of Dimerandra and Vittaria also showed
significant differences between tree species but without a
clear pattern and the result was blurred by a significant
interaction with size.

In deciduous trees, d13C was generally less negative in
Scaphyglottis (Fig. 6). Niphidium also showed the same
trend, but interpretation is difficult because of a signifi-
cant interaction with relative plant size. Maxillaria and Vit-
taria were not found in deciduous trees, while Dimerandra
showed no significant differences in d13C values between
the trees included.

The only species with significant differences in d15N val-
ues between trees was Scaphyglottis, which showed a

tendency towards more negative values when growing
in deciduous tree crowns (Fig. 7). Dimerandra and Niphi-
dium showed consistent results, with higher d15N values

Figure 4. Species-conditional triplot (divided into two graphs for easy interpretation) based on a canonical correspondence analysis of the log-
transformed epiphyte species abundance data (rare species were down-weighted) displaying 18 % of the inertia (¼weighted variance) in the
abundances and 84 % of variance in the weighted averages and class totals of species with respect to environmental variables. The eigenvalues
of Axis 1 (horizontally) and Axis 2 (vertically) are 0.26 and 0.15, respectively. Displayed are species (small triangles) and tree centroids (down
triangles). Quantitative environmental variables are indicated by arrows in (B) (dbh of trees, evaporation and luminance measured in dry sea-
son). In the analysis 79 true epiphyte species were included; only the 10 most abundant species are labelled in (A). Epiphyte species names are
abbreviated with the first two letters of the genus and epitheton: Asplenium auritum, Dimerandra emarginata, Elaphoglossum herminieri,
Maxillaria uncata, Niphidium crassifolium, Pleurothallis brighamii, Scaphyglottis behrii, Stenospermation angustifolium, Stelis crescentiicola and
Tillandsia anceps. Tree species are: A. excelsum, B. alicastrum, C. pentandra, P. septenatum and C. platanifolia.

Figure 5. Specific leaf area of N. crassifolium individuals (83) sampled
on different tree species. Letters indicate significant differences
(ANCOVA with plant size as the covariate: P , 0.05, F(4,73) ¼ 5.8).
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WTin evergreen Brosimum than in semi-deciduous Ceiba and
deciduous Pseudobombax. d15N values for Niphidium in
Anacardium and Cavanillesia did not vary from those of
plants growing in Ceiba, however. We were not able to ob-
tain samples of Dimerandra from Anacardium or Cavanil-
lesia. Yet there was a significant interaction of host tree
species with relative plant size of Dimerandra and Niphi-
dium. Maxillaria was not found in deciduous trees.

The only species with significant differences in leaf N
concentrations between trees were Niphidium (ANOVA:
P , 0.001, F(4,74) ¼ 8.1) and Dimerandra. But for the latter
there was a significant interaction with relative size and
for Niphidium there was no clear tendency or grouping
with leaf phenology [see Supporting Information]. No
size-related variation was found.

Discussion
This study is based on the understanding that the com-
position of a community is strongly influenced by abiotic
and biotic factors and tries to identify general rules to ex-
plain distributional patterns of vascular epiphytes in time
and space (Dı́az et al. 1999). This approach contrasts with
the neutral theory (Hubbell 2001), which emphasizes the
importance of stochastic processes. From a deterministic

point of view the environment acts as a filter that governs
the final community composition at a given location
(Keddy 1992). Zobel’s (1997) distinction of three different
species pools (actual, local and regional) provides a useful
conceptual framework for the comparison of epiphyte
assemblages found on each of our five study species (¼
actual species pool) vs. those reported for BCI (¼regional
species pool). The 92 species (including five nomadic
vines that had ground contact) occurring on the 24 stud-
ied trees represent almost half of the entire epiphyte flora
of BCI (15.6 km2, Croat 1978). This large number is com-
parable with the number of species found on 12 similarly
large trees at the San Lorenzo Canopy Crane site (83 spe-
cies, Zotz and Bader 2011) located �20 km as the crow
flies from BCI in a much wetter climatic setting. Addition-
ally, we found three ferns and an orchid species, which
are not included in the flora of BCI by Croat (1978).
Although we found a large number of species on the
few study trees, more than 100 epiphyte species of the
regional species pool were not covered by our study.
Some of these ‘missing’ epiphyte species would probably
be found with more extensive sampling on other conspe-
cific trees, but others may indeed be excluded by particu-
lar traits of the studied tree species. Leaf phenological
patterns can arguably act as a potent filter for the local

Figure 6. d13C values for Dimerandra (66), Maxillaria (40), Scaphyglottis (27) and Vittaria (15) sampled on different tree species. Letters indicate
significant differences (ANCOVA with plant size as the covariate: Maxillaria P , 0.05, F(1,36) ¼ 6.2 and Scaphyglottis P , 0.05, F(3,22) ¼ 5.4; ANOVA:
Vittaria P , 0.05, F(2,11) ¼ 5.5).
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WTspecies pool. We analysed its influence at different levels.
In the composition of epiphyte assemblages, we found
more drought-adapted species in deciduous trees. At
the level of physiological plasticity some species showed
adjustment to drier conditions and reduced growth per-
formance in populations of individual species growing in
deciduous trees. Besides documenting these effects, we
also identified the mechanism: luminance and evapor-
ation showed the influence of host tree leaf phenology
on the microclimate in tree crowns, while bark character-
istics seem unrelated.

As expected, we found marked differences in microcli-
matic conditions during the dry season between ever-
green and deciduous trees, e.g. much higher luminance
and much higher evaporative demand in deciduous tree
crowns. The number of epiphyte species, which thrive
under such demanding conditions, is obviously limited.
Thus, both species diversity and epiphyte abundance
were significantly reduced in deciduous trees. A multiple-
assemblage similarity profile (Fig. 3) indicated that
epiphyte assemblages of the deciduous trees (Pseudo-
bombax) change less in respect to their most dominant
species, and epiphyte abundances were also more even.
In contrast, epiphyte assemblages of evergreen trees

shared fewer abundant species, and had a lower percent-
age of abundant species. This is typical for species-rich
communities with few abundant but many rare species.
Averaged over all tree individuals trees shared more
abundant species than did Anacardium individuals at an
intra-specific level.

In agreement with our results, the percent cover of vas-
cular epiphytes in an evergreen tree species (Hyeronima
alchorneoides) was significantly higher compared with a
deciduous tree species in La Selva, Costa Rica (Lecythis
ampla, Cardelus 2007). Both studies consistently indicate
that epiphytes growing in deciduous trees are also gener-
ally found in evergreen trees (Cardelus 2007). An effect of
deciduousness on epiphyte assemblages in the wet forest
at La Selva is somewhat surprising, because there precipi-
tation exceeds 100 mm per month even during the short
dry season (Cardelus and Chazdon 2005). Moreover, the
studied tree species were deciduous during the rainy sea-
son. This suggests that the persistent differences be-
tween deciduous and evergreen trees in luminance, and
possibly other microclimatic variables in the rainy season
on BCI are relevant as well.

Tree phenology did not only affect the floristic compos-
ition of epiphyte assemblages (Figs 3 and 4). At a func-
tional level, there was a general increase in the proportion
of species using the water-conserving CAM-pathway,
from evergreen Anacardium over semi-evergreen Ceiba
to drought-deciduous Pseudobombax (Table 3). The
seeming deviation of Cavanillesia is probably a sampling
artefact due to the low number of species found in the
crowns. At the level of the entire Cavanillesia trees,
.40 % of all individuals used CAM, compared with an aver-
age of ca. 5 % in the two evergreen species (Table 3). In
summary, the drought-deciduous tree species offer drier
growth conditions for epiphytes throughout the year,
which leads to impoverished epiphyte assemblages with
a large proportion of CAM species.

The studied components of microclimate are clearly
not the sole factors affecting the diversity of these epi-
phyte assemblages, e.g. Pseudobombax supported more
diverse assemblages compared with Cavanillesia. Bark
water storage capacity is generally assumed to be im-
portant for epiphytes and, Barkman (1958) listed it as a
key trait apart from bark pH, bark electrolyte concentra-
tion and bark buffer capacity. The highest maximum
water content we measured exceeded that reported by
Callaway et al. (2002) by more than a third, but maximum
WHC of tree bark did not correlate with either epiphyte di-
versity or abundance. In another study communities of
epiphytic bryophytes could be related to some extent to
the water storage capacity of the host (Studlar 1982).
However, water storage capacity greatly varies even with-
in single tree species as the bark structure varies with age

Figure 7. d15N values for Maxillaria (38) and Scaphyglottis (28)
sampled in different tree crowns. Letters indicate significant differ-
ences (ANCOVA with plant size as the covariate: Maxillaria P , 0.05,
F(1,33) ¼ 15.3; ANOVA: Scaphyglottis P , 0.05, F(3,23) ¼ 13.9).
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and position in the tree, and our data thus have to be in-
terpreted with caution. Water loss rates of the bark sam-
ples in our study, which were within the range of the
values reported by Callaway et al. (2002), may have
more explanatory power: semi-deciduous and deciduous
trees had consistently higher water loss rates compared
with evergreen trees, which should reinforce any effect
associated with phenology. We have recently shown
that small differences in water supply may be crucial dur-
ing germination under the demanding conditions of tree
canopies (Wester and Zotz 2011). Contrary to Callaway
et al. (2002) and Studlar (1982), we did not find an asso-
ciation of water storage capacity of host tree bark and
epiphyte diversity. As there was no consistent correlation
of the water storage of tree bark and phenology, this as-
pect did not enhance the phenology effect whereas dif-
ferences in water loss rates arguably did. We conclude
that water storage capacity is a minor filter in our system.

We also expected differences in functional attributes of
conspecifics growing on trees with varying phenology. 13C
in tissues can be a good proxy for whole plant water-use
efficiency (Cernusak et al. 2008), more positive d13C val-
ues being generally associated with drier microclimates
(e.g. Lajtha and Getz 1993; Van de Water et al. 2002).
Leaf structure, i.e. SLA, is also known to respond to grow-
ing conditions (Cornelissen et al. 2003). Expectations only
partly bore out. A slight trend towards lower SLA was
found in only one of five species, but d13C values of
most species were indeed more positive in deciduous
tree crowns. Thus, although not entirely consistent,
there are detectable intraspecific differences in function-
al traits of epiphyte populations in trees with different leaf
phenology.

Plant size has been identified as an important covariate
in physiological studies with epiphytes (Schmidt et al.
2001). Since an increase in plant size almost inevitably
leads to a decrease in surface/volume ratios, plant
water relations must be affected, e.g. because identical
transpiration rates would deplete stored water more
rapidly in smaller plants under otherwise identical
conditions (Schmidt et al. 2001). This would immediately
result in a less favourable water status in smaller plants.
Possible adaptive responses are reduced SLA or reduced
stomatal conductance in small plants. However, we
found no consistent size dependence, neither for SLA
nor for d13C, other local factors obviously being of overrid-
ing importance.

The mean d15N value of all tested epiphytes of our
study was in the range of a study including epiphytes
from Brazil, Australia and Solomon Islands (Stewart
et al. 1995) and slightly lower d15N values were reported
for Costa Rican and Mexican epiphytes (Hietz et al. 2002;
Hietz and Wanek 2003). Epiphytes are supplied with

N from various sources, e.g. via dry and wet deposition
of reactive N from the atmosphere, biological N2 fixation
and decomposition of dead canopy organic material
(Benzing 1989). Since different sources can differ in
their d15N signatures (Robinson 2001), the d15N values
of epiphyte tissue can be used to infer their main N
source. Atmospheric N has, by definition, a d15N value of
0‰ and biologically fixed N therefore commonly has iso-
tope signatures close to this. The isotopic signatures of N
inputs from dry and wet deposition are highly variable
(e.g. Lindberg et al. 1986; Heaton et al. 1997; Högberg,
1997) but d15N values tend to be higher in dry than in
wet deposition (Moore 1977; Garten 1992; Heaton et al.
1997). Low d15N signatures in epiphytes have therefore
been explained by efficient use of atmospheric wet de-
position (Stewart et al. 1995). Tree foliage captures dry
deposition of reactive N forms and channels it into the
inner crown to the epiphytes during rain events. This
scenario should result in a larger yearly portion of dry de-
position in evergreen trees than in deciduous trees. Con-
sequently, we expected epiphytes in evergreen trees to
show less negative d15N values compared with deciduous
trees. Less atmospheric N deposition could also result in
lower leaf N concentrations of epiphytes in deciduous
trees. However, any such effect could easily be con-
founded by reduced growth due to drought stress. Of
the five studied epiphyte species only one showed the
expected trend, which can hardly be taken as strong sup-
port for the scenario outlined above. Regarding N, our
results showed no consistent pattern either. This might
partly be due to drought-induced growth inhibition,
which we actually documented for one species in Pseudo-
bombax. Overall, our data do not allow us to make strong
conclusions on possible effects of leaf phenology on the N
cycle in tree canopies.

Individual growth performance integrates all physio-
logical processes that change in response to the environ-
ment and thus integrates the environmental influence.
This has been e.g. shown in a 7-year study of the popula-
tion dynamics of the epiphytic orchid Aspasia principissa
(Zotz and Schmidt 2006). Intraspecific variation at the
level of individual growth was studied in two species. Dif-
ferences in growth were inconsistent. While Niphidium
was hampered in its growth in deciduous trees, the op-
posite trend was observed for Dimerandra. Species that
can cope with the drier conditions in deciduous trees
can take advantage of increased radiation. Dimerandra
is a good example for this. This C3 species copes well
with drier microclimate and obviously prefers more ex-
posed sites. Although it does grow in evergreen trees, it
almost always grew in the outermost sections (Johansson
zone V) of Anacardium crowns. Tolerance to severe
drought of this light-demanding species also explains
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its abundance in many Pseudobombax crowns. Therefore,
its overall poor survival compared with Niphidium is rather
surprising. No differences regarding the survival or growth
rate among populations were found between different
tree species. In contrast, survival and growth of Niphidium
were lowest in deciduous trees. Thus, it was possible to
relate microclimatic conditions to intraspecific growth
differences at least for one species. Species that domi-
nated in the drier climate of deciduous trees were not lim-
ited by more humid climate of evergreen trees, as they did
occur in evergreen trees as well. We did observe that
these species grew preferentially in the drier and lighter
parts of the evergreen tree crowns. Thus, the drier climate
of deciduous tree crowns poses a hard filter for all species
that cannot cope with these conditions. Similarly, Larrea
and Werner (2010) and Toledo-Aceves et al. (2012) found
impoverished epiphyte communities in remnant or shade
trees drier compared with fragments of humid montane
forest. In contrast, the more humid climate of evergreen
trees poses only a partial filter to drought-tolerant
epiphytes.

We included C. pentandra in this study because a semi-
deciduous tree should offer intermediate growth condi-
tions. Consistent with this expectation, many aspects
studied in this report, from species composition to physio-
logical traits, were intermediate between evergreen and
deciduous trees. In many regards, the combination of a
rather open, only briefly leafless, crown with large limbs
makes Ceiba a relatively good host for vascular epiphytes
(Valdivia 1977).

Conclusions
To conclude, we found that tree phenology imposes an
imprint on epiphyte assemblages at different levels of
integration, from physiology to species composition of
epiphytes on individual trees. The effect of host tree
phenology was not always clear-cut and entirely consist-
ent, but is arguably modified by many other factors, only
some of which could be studied. Neither dismissing the
importance of these additional filters nor dismissing the
role of chance our study describes one important environ-
mental filter that structures the local communities of vas-
cular epiphytes.
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Figure S1. Map of Barro Colorado Island (BCI, modified
after Kinner & Paton 1998) showing the approximate lo-
cations of the study trees. Evergreen trees are triangles:
Anacardium excelsum (blue) and Brosimum alicastrum
(green); circles represent the semi-evergreen Ceiba
pentandra; quadrats represent the drought-deciduous
species: Pseudobombax septenatum (yellow) and Cavanil-
lesia platanifolia (purple). The large yellow rectangle re-
presents the 50-ha plot.

Figure S2. Growth of Niphidium crassifolium in four tree
species measured from 2011 to 2012 (ANOVA: P , 0.001,
F(3,40) ¼ 12.6). Brosimum (n ¼ 2 trees), Ceiba (n ¼ 4),
Pseudobombax (n ¼ 3) and Cavanillesia (n ¼ 1).

Figure S3. Leaf nitrogen (N) concentration of
N. crassifolium (81) sampled in different tree crowns. Let-
ters indicate significant differences (ANOVA: P , 0.001,
F(4,74) ¼ 8.1).

Table S1. Species abundances of epiphytes and hemie-
piphytes. The studied species were A. excelsum (n ¼ 5),
B. alicastrum (n ¼ 4), C. pentandra (n ¼ 5), P. septenatum
(n ¼ 5) and C. platanifolia (n ¼ 5). Nutrient concentrations
are usually averages of six replicates, exceptional cases
with a single sample are shown in italics. Some d13C values
were taken from other publications (1 Zotz & Ziegler 1997;
2 Zotz 2004). d13C and d15N in ‰, C and N in %. * Hemiepi-
phyte or nomadic vine sensu Zotz (2013). † Nomadic vines
with established ground contact via roots (excluded from
further analyses).

Table S2. Summary of ANCOVA results for size depend-
ence of four leaf traits. Analysed were size and its signifi-
cant interaction (*) with ‘host species’ of the studied leaf

traits (SLA, d13C, d15N, N) for the focal epiphyte species (all
studied host species, A. excelsum, B. alicastrum,
C. pentandra P. septenatum C. platanifolia, other ¼ all
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other except the specified). � Positive correlation, � nega-
tive correlation, – no correlation.
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ed. Vascular plants as epiphytes. Berlin, Germany: Springer.

Benzing DH. 1995. The physical mosaic and plant variety in forest
canopy. Selbyana 16:159–168.

Brown C, Burslem DFRP, Illian JB, Bao L, Brockelman W, Cao M,
Chang LW, Dattaraja HS, Davies S, Gunatilleke CVS,
Gunatilleke IAUN, Huang J, Kassim AR, LaFrankie JV, Lian J,
Lin L, Ma K, Mi X, Nathalang A, Noor S, Ong P, Sukumar R,
Su SH, Sun IF, Suresh HS, Tan S, Thompson J, Uriarte M,
Valencia R, Yap SL, Ye W, Law R. 2013. Multispecies coexistence
of trees in tropical forests: spatial signals of topographic niche
differentiation increase with environmental heterogeneity. Pro-
ceedings of the Royal Society B Biological Sciences 280:1–8.

Callaway RM, Reinhart KO, Moore GW, Moore DJ, Pennings SC. 2002.
Epiphyte host preferences and host traits: mechanisms for
species-specific interactions. Oecologia 132:221–230.

Cardelus CL. 2007. Vascular epiphyte communities in the inner-
crown of Hyeronima alchorneoides and Lecythis ampla at La
Selva Biological Station, Costa Rica. Biotropica 39:171–176.

Cardelus CL, Chazdon RL. 2005. Inner-crown microenvironments of
two emergent tree species in a lowland wet forest. Biotropica
37:238–244.

Catchpole DJ, Kirkpatrick JB. 2010. The outstandingly speciose
epiphytic flora of a single stranger fig (Ficus crassiuscula) in a
Peruvian montane cloud forest. In: Bruijnzeel LA, Scatena FN,
Hamilton LS, eds. Tropical montane cloud forests. New York:
Cambridge University Press, 142–146.

Cernusak LA, Winter K, Aranda J, Turner BL. 2008. Conifers, angio-
sperm trees, and lianas: growth, whole-plant water and nitrogen
use efficiency, and stable isotope composition (delta C-13 and
delta O-18) of seedlings grown in a tropical environment. Plant
Physiology 148:642–659.

Colwell RK. 2009. Estimate S: statistical estimation of species
richness and shared species from samples. Version 8.2. ,http://
viceroy.eeb.uconn.edu/estimates/index.html. (10 November
2014).
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Abstract. Soils in many parts of the world are contaminated with heavy metals, leading to multiple, deleterious
effects on plants and threats to world food production efficiency. Cadmium (Cd) is one such metal, being toxic at rela-
tively low concentrations as it is readily absorbed and translocated in plants. Sulfur-rich compounds are critical to the
impact of Cd toxicity, enabling plants to increase their cellular defence and/or sequester Cd into vacuoles mediated by
phytochelatins (PCs). The influence of sulfur on Cd-induced stress was studied in the hyperaccumulator plant Indian
mustard (Brassica juncea) using two sulfur concentrations (+S, 300 mM SO4

2− and S-deficient 2S, 30 mM SO4
2−) with

and without the addition of Cd (100 mM CdCl2) at two different time intervals (7 and 14 days after treatment). Com-
pared with control plants (+S/2Cd), levels of oxidative stress were higher in S-deficient (2S/2Cd) plants, and greatest
in S-deficient Cd-treated (2S/+Cd) plants. However, additional S (+S/+Cd) helped plants cope with oxidative stress.
Superoxide dismutase emerged as a key player against Cd stress under both 2S and +S conditions. The activity of
ascorbate peroxidase, glutathione reductase and catalase declined in Cd-treated and S-deficient plants, but was
up-regulated in the presence of sulfur. Sulfur deficiency mediated a decrease in ascorbate and glutathione (GSH) con-
tent but changes in ascorbate (reduced : oxidized) and GSH (reduced : oxidized) ratios were alleviated by sulfur. Our
data clearly indicate that a sulfur pool is needed for synthesis of GSH, non-protein thiols and PCs and is also important
for growth. Sulfur-based defence mechanisms and the cellular antioxidant pathway, which are critical for tolerance
and growth, collapsed as a result of a decline in the sulfur pool.

Keywords: Antioxidants; cadmium; growth; oxidative stress; phytochelatins; sulfur.

Introduction
In recent years, sulfur deficiency has become a major
problem for agricultural productivity, reducing both crop
quality and yields. Legitimate approaches to reducing
emissions of sulfur into the atmosphere have resulted
in a concomitant decrease in atmospheric deposition of

sulfur on agricultural land. Based on crop demand,
fertilizer-use efficiency and current inputs, the worldwide
sulfur-deficit has been estimated to be 10.4 million
tonnes annually (Haneklaus et al. 2007). Increased food
production will further raise sulfur requirements, elevat-
ing this sulfur-deficit to 12.5 million tonnes by 2015
(Randazzo 2009).

* Corresponding author’s e-mail address: mirfanq@gmail.com; miqureshi@jmi.ac.in

7

__________________________ WORLD TECHNOLOGIES __________________________

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


WT

As an essential macronutrient required for the proper
growth and development of plants, sulfur plays a critical
role in a number of cellular processes, such as in protein
disulfide bridges (Saito 2000), mediating electron trans-
port in iron–sulfur (Fe–S) clusters, the redox cycle, detoxi-
fication of heavy metals and xenobiotics, vitamin
co-factors (Hell and Hillebrand 2001) and the metabolism
of secondary products (Hell 1997; Saito 2000). Sulfur is thus
a major plant nutrient (Takahashi et al. 1997; Leustek et al.
2000; Saito 2000; Lee and Korban 2002) that contributes to
an increase in crop yield, directly adding nutritional value
and improving the efficiency of use of other essential plant
nutrients (Salvagiotti et al. 2009), particularly nitrogen and
phosphorus. Research on plant adaptations to S-related
stresses has shifted from an emphasis on excessive inputs
and acidification to how deficiencies impact crop produc-
tion. Sulfur deficiency not only impacts crop quality and
yield, but it also raises the demand for adequate fertiliza-
tion to resist biotic and abiotic stresses. Exposure of plants
to excessive toxic metals like cadmium (Cd) may affect the
uptake and metabolism of S and negatively impact the
yield and plant resistance to abiotic stresses (Gill and
Tuteja 2011).

Cadmium is a non-essential heavy metal that is readily
absorbed and rapidly translocated in plants, which makes
it highly bio-available and thus toxic, even at relatively low
concentrations. Cadmium exerts its phytotoxicity by inter-
fering with several basic events of plant growth, develop-
ment and physiology (Qadir et al. 2004). Cadmium induces
oxidative stress leading to the overproduction of harmful
reactive oxygen species (ROS) (Zhang et al. 2010). These
ROS may cause damage to cell membranes, proteins,
DNA replication and repair. A major effect of this metal,
observed in most plants studied to date, is the inhibition
of photosynthesis by altering chlorophyll synthesis (Pietrini
et al. 2003; Maksymiec and Krupa 2006) and the light-
harvesting Chl a/Chl b protein complex II (Qureshi et al.
2010), and interfering with RuBisCO activation (Prasad
1995). Therefore, Cd-mediated reductions in photosyn-
thetic activity lead to declines in crop yield (Ouzounidou
et al. 1997). Cadmium also interferes with processes such
as carbohydrate and nitrogen metabolism (Sanità di Toppi
and Gabbrielli 1999), enzyme catalysis (Van Assche and
Clijsters 1990) and water balance (Perfus-Barbeoch et al.
2002).

Sulfur plays a critical role in allowing plants to protect
themselves against heavy metal toxicity, especially Cd
toxicity (Gill and Tuteja 2011). Numerous studies have
shown that S is involved in the biosynthesis of heavy
metal detoxification agents (Anjum et al. 2012), such as
non-protein thiols (NPTs) including phytochelatins (PCs),
glutathione (GSH) (Noctor et al. 2011) and Cd -sulfide
crystallites (Robinson et al. 1993). Harada et al. (2002)

reported that Cd induces the production of thiol com-
pounds and transcripts of the S-assimilation pathway. It
is noteworthy that a PC-deficient Arabidopsis thaliana
mutant, cad1, exhibits Cd, As and Zn hypersensitivity
(Cobbett and Goldsbrough 2002; Tennstedt et al. 2009).
Cadmium activates the S-assimilation pathway respon-
sible for the synthesis of cysteine (Cys), a precursor of
GSH biosynthesis. Glutathione (an NPT) acts as an import-
ant antioxidant in mitigating Cd-induced stress (Meuwly
and Rauser 1992). It also plays an important role in PC
synthesis, which has a proven role in Cd detoxification
(Park et al. 2012).

Plants are also provided with an efficient mechanism
for protection against ROS and peroxidation reactions.
The majority of ROS-scavenging pathways in plants
involve superoxide dismutase (SOD), which is found in
almost all cellular compartments, the water–water cycle
in chloroplasts and the ascorbic acid (AsA)–GSH cycle in
chloroplasts, cytosol, mitochondria, apoplast and peroxi-
somes, in which ascorbate peroxidase (APX) and GR play
crucial roles. Catalase (CAT) removes H2O2 in peroxisomes
(Mittler 2002).

A varying degree of antioxidative response and toler-
ance is exhibited by different plant species. Several studies
have demonstrated that most of the main S-responsive
genes involved in sulfate assimilation are induced by Cd,
suggesting the existence of a general adaptive response
to an increase in cellular demand for reduced S (Nocito
et al. 2006). Hence the availability of S to plants is crucial.

Brassica juncea (L.) Czern. (Indian Mustard) belongs to
the Brassicaceae family and is an important oilseed crop
that is known to tolerate considerable amounts of Cd
(Qadir et al. 2004). In this study, we investigated the
effects of Cd, S-deficiency and their combination on
S-assisted defence against oxidative stress, and changes
in cellular antioxidant activity, the contents of NPTs, PCs
and photosynthetic pigments, and growth parameters
in B. juncea.

Methods

Experimental design

Seeds of mustard (B. juncea cv. Pusa Jaikisan), procured
from the Indian Agriculture Research Institute (IARI),
were treated with 1 % (v/v) sodium hypochlorite solution
for 10 min followed by thorough washing in deionized
water. The seeds were germinated on moist soil (Soilritew;
1 kg per pot). For S-nutrition, conditions were as described
in Abdallah et al. (2010). One set of plant cultures, consid-
ered as the control, received Hoagland nutrient solution
(Hoagland and Arnon 1950) with 300mM SO4

2− (herein
referred to as ‘S-sufficient’) and was designated as (+S).
A second set received the same Hoagland nutrient
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solution with an S concentration 10 times lower
(30mM SO4

2−, herein referred to as ‘S-deficient’) than
that of the control, and was designated as (2S). After
10 days of growth, both sets were divided into two further
sets. Cadmium (100 mM CdCl2) prepared in corresponding
Hoagland nutrient media was supplied to one set of +S
and 2S daily according to the water-holding capacity
(WHC) of the soil. The plants were grown in a growth
chamber: 16/8 h light/dark period, photon flux density
of 150+10 mmol photons m22 s21, 25/20 8C (day/
night) temperature and 75 % relative humidity. There
were four replicates of each treatment: (T1 ¼ +S/2Cd),
(T2 ¼ 2S/2Cd), (T3 ¼ 2S/+Cd), (T4 ¼ +S/+Cd). Leaves
were harvested from the plants after 7 and 14 days of
Cd treatment and immediately used for biochemical
parameter, leaf area and also fresh and dry weight
(DW) analysis.

Thiobarbituric acid reactive substances (TBARS)

The magnitude of oxidative stress was measured by esti-
mating the content of TBARS following the method of
Heath and Packer (1968). Fresh tissue was ground to a
powder using liquid nitrogen in a pre-chilled mortar and
pestle. The powder was mixed into a paste in 1 % (w/v)
trichloroacetic acid (TCA; 10 mL g21 fresh weight, FW).
The extract was centrifuged at 9660 × g for 5 min.
A 1.0-mL aliquot of supernatant was placed in a separate
tube, to which 4.0 mL of 0.5 % (w/v) thiobarbituric acid
(TBA) was added. The mixture was heated at 99 8C for
30 min. It was then quickly cooled in an ice bath and cen-
trifuged at 2817 × g for 5 min to clarify the reaction mix-
ture. The absorbance of the supernatant at 532 nm was
measured and corrected for unspecific turbidity by sub-
tracting the value at 600 nm.

Superoxide dismutase assay

The SOD assay was performed using the method of
Dhindsa et al. (1981), based on the ability of SOD to inhibit
photochemical reduction of nitroblue tetrazolium (NBT).
The assay mixture, consisting of 1.5 mL reaction buffer
(containing 0.1 M sodium phosphate buffer, pH 7.5, 1 %
w/v PVP), 13 mM of L-methionine, 0.1 mL of enzyme ex-
tract with equal amounts of 1 M Na2CO3, 2.25 mM NBT so-
lution, 3 mM EDTA and 60 mM riboflavin and 1.0 mL of
double-distilled water (DDW), was incubated under a
15-W fluorescent lamp at 28 8C. The absorbance of the
irradiated reaction mixtures at 560 nm was compared
with the non-irradiated mixture and per cent inhibition
of colour was plotted as a function of the volume of
enzyme extract corresponding to 50 % reduction of
NTB, which was considered as one unit of enzyme activity
and expressed as mg21 protein min21.

Ascorbate peroxidase assay

The APX extraction and assay were performed as de-
scribed by Qureshi et al. (2007). Frozen leaf (0.3 g) was
homogenized in 3 mL cold extraction buffer (0.5 M phos-
phate buffer containing 1 % (w/v) polyvenylpyrrolidone
(PVP), 1 % (v/v) Triton-X 100, 100 mM EDTA, pH 7.8) in
an ice bath. The crude extract was centrifuged at
6708 × g for 15 min at 4 8C. The supernatant was used
to measure APX activity. All reagents were prepared
fresh before the assay. The assay reaction mixture con-
tained 0.1 M potassium phosphate buffer (pH 7.4),
0.5 mM ascorbate, 0.3 % (v/v) H2O2 and 100 mL enzyme
extract in a total volume of 1 mL. The assay was allowed
to equilibrate at 25 8C for 1 min before the addition of
hydrogen peroxide, which initiated the reaction. Ascor-
bate peroxidase assay activity was determined by moni-
toring the rate of ascorbate oxidation as indicated by a
reduction in the absorbance at 290 nm for 3 min at
25 8C. A control reaction was prepared by replacing the
ascorbate with reaction buffer. A unit of APX is defined
as the amount required to oxidizie 1 mmol of ascorbate
min21 at 25 8C (290 nm extinction coefficient of
2.8 mmol21 cm21).

Glutathione reductase assay

To prepare the crude enzyme extract, 0.5 g leaf material
was ground to a powder in liquid nitrogen using a pre-
chilled mortar and pestle. The powder was homogenized
in 2 mL of cold 0.1 M potassium phosphate buffer (pH 7.2)
in an ice bath. The crude extract was centrifuged at
5433 × g for 15 min at 4 8C. The supernatant was col-
lected and used for assay. The glutathione reductase
(GR) assay was modified from Anderson (1985). The
1-mL assay contained 0.02 mM oxidized glutathione
(GSSG) and 0.2 mM NADPH in a buffer (0.1 M potassium
phosphate buffer, pH 7.2). The assay was initiated with
the addition of 0.2 mL of enzyme extract and activity
was monitored by a decrease in absorbance at 340 nm
for 3 min at 25 8C. A unit of activity is the amount of
enzyme that catalyses the reduction of 1 mmol of GSSG
min21 at 25 8C.

Catalase assay

Catalase (CAT) activity was determined using the method
of Aebi (1984). Fresh leaf material (0.5 g), ground in 5 mL
of extraction buffer (0.5 M Na phosphate, pH 7.3, 3 mM
EDTA, 1 % w/v PVP, 1 % v/v Triton X-100) was centrifuged
at 13 148 × g for 20 min at 4 8C. Catalase activity in the
supernatant was determined by monitoring the dis-
appearance of H2O2, according to the decrease in absorb-
ance at 240 nm. The reaction was run in a final volume of
2 mL of reaction buffer (0.5 M Na phosphate, pH 7.3)
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containing 0.1 mL of 3 mM EDTA, 0.1 mL of enzyme ex-
tract and 0.1 mL of 3 mM H2O2 for 5 min. Catalase activity
was calculated by using a coefficient of absorbance of
0.036 mM21 cm21. One unit of enzyme determines the
amount necessary to decompose 1 mmol of H2O2 per min.

Ascorbate content

Ascorbate (AsA) was estimated using a modification of
Law et al.’s method (1983). Fresh leaf material (0.1 g)
was ground to a powder in a mortar and pestle using liquid
nitrogen. The powder was homogenized in 2 mL of extrac-
tion buffer and was centrifuged at 6708 × g for 10 min. To
400 mL of supernatant, 10 % (w/v) TCA (200 mL) was
added. The mixture was vortex-mixed and cooled in ice
for 5 min and 10 mL of 5 M NaOH was added. The super-
natant mixture was centrifuged at 822 × g for 5 min.

The supernatant fraction was divided into two separate
centrifuge tubes (200 mL each) to measure total (AsA +
DHA) and reduced (AsA) ascorbate. To estimate total as-
corbate, 100 mL of dithiothreitol (DTT) and 200 mL of reac-
tion buffer (150 mM potassium phosphate buffer) were
added and the assay mixture was thoroughly mixed
and incubated for 15 min at 25 8C; 100 mL of 0.5 % (w/v)
N-ethylmaleimide was then added. The contents of the
other tube were mixed with 200 mL of reaction buffer
(150 mM potassium phosphate buffer) and 200 mL of
double-distilled water. Both samples were vortex-mixed
and incubated at room temperature for 30 s. To each
tube was then added 400 mL of 10 % (w/v) TCA, 400 mL
of 44 % (v/v) H3PO4, 444 mL of 4 % (w/v) bipyridyl and
200 mL of 3 % (w/v) FeCl3. After vortex-mixing, samples
were incubated at 37 8C for 60 min and the absorbance
was recorded at 525 nm on a UV–VIS spectrophotometer
(Model DU 640, Beckman, USA). A calibration curve was
prepared from different concentrations of AsA. The
amount was expressed in nmol g21 FW.

Glutathione content

Glutathione content was determined using the method of
Anderson (1985), which measures total GSH [reduced
glutathione (GSH) and oxidized glutathione (GSSG)] using
a GR-catalyzed reaction. Glutathione was extracted by
homogenizing 0.5 g of frozen fresh leaves in 2 mL of 5 %
(w/v) 5-sulfosalicylic acid to reduce the oxidation of GSH.
The powder was homogenized in 2 mL of cold 0.5 M potas-
sium phosphate buffer (pH 7.8) in an ice bath. The crude
extract was centrifuged at 5433 × g for 15 min at 4 8C
and used for subsequent assay.

The 1.0-mL assay for oxidized GSH contained 40 mL of
0.15 % (w/v) 5-5′-dithio-bis(2-nitrobenzoic acid) (DTNB)
and 0.5 mL plant extract in 0.1 M potassium phosphate
buffer (pH 7.8). The assay mixture (minus GR and leaf ex-
tract) was allowed to equilibrate at 30 8C for 5 min. After

the addition of GSH-containing extract, the absorbance
at 412 nm was monitored. The reaction blank was pre-
pared by replacing the plant extract with 5 % (w/v)
5-sulfosalicylic acid. To the same tube 0.2 units per assay
GR from yeast and 50 mL of 0.4 % (w/v) NADPH were added
and the reaction was allowed to run for 30 min at 25 8C,
after which the absorbance at 412 nm was measured.
The concentration of GSH was determined through com-
parison with a standard curve of the reaction rate as a
function of the concentration of GSSG and was expressed
as nmol g21 FW.

Non-protein thiols

Non-protein thiols (NPTs) were estimated with the method
described by Howe and Merchant (1992), using Ellman’s
reagent. A calibration curve was prepared using GSH
(Sigma, MO, USA) to estimate NPTs in samples. The amount
of NPT was expressed as nmol g21 FW.

Phytochelatins

Phytochelatin content (PCs) in the tissue was calculated
by subtracting the amount of GSH from the amount of
total NPTs, and expressed as nmolg21 FW.

PCs (nmol g−1 FW) = NPT − total GSH.

Chlorophyll estimation and growth parameters

Chlorophyll content was estimated using the method of
Hiscox and Israelstam (1979). Fresh leaves were col-
lected, washed with deionized water and kept in vials.
Ten millilitres of DMSO were added to the vials, which
were then kept in an oven at 65 8C for 1 h. Absorbance
was recorded at 480, 645, 520 and 663 nm on a Beckman
DU 640B spectrophotometer. The chlorophyll concentra-
tion was calculated with the help of formulae given by
Arnon (1949) and expressed as mg g21 FW.

Plants were uprooted carefully from the soil, washed
with double-distilled water to remove soil and kept be-
tween moist filter paper to avoid desiccation. The leaf
area was measured with the help of a portable leaf area
meter (Model LI 3000A, LI-COR, USA) and expressed in
cm2 per plant. To determine the leaf dry matter, the
plants were dissected at the stem and petiole junction
and the leaves were dried in an oven at 65 8C for 2 days.
The dried samples were then weighed to determine the
plant DW.

Statistical analysis

All the estimates of sample variability are given in terms
of the standard error (SE). A Student’s t-test was used to
identify statistical differences between pairs of means at
a confidence level of ≥95 % for each set of data using
ANOVA. The data are means+ SE from 10 samples in
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four replicates (n ¼ 4, P ≤ 0.05, significant at 5 % level,
P ≤ 0.01, significant at 1 % level).

Results

Thiobarbituric acid reactive substances

To assess S-deficiency and Cd-induced oxidative cell dam-
age, the content of TBARS was determined. Under
S-deficiency, a 32 % increase in TBARS was observed
over the control; a further 84 % increase occurred follow-
ing the application of Cd to these plants. However, the
presence of S (+S/+Cd) lowered the oxidative threat by
33 % at 7 DAT and 32 % at 14 DAT during Cd treatment
(Fig. 1).

Response of enzymatic and non-enzymatic
antioxidants

To study the stress response in plants exposed to Cd and
the protection offered in the presence of S, changes in the
activities of enzymatic and non-enzymatic antioxidants
involved in the AsA-GSH cycle were analysed in the leaves
of mustard.

Antioxidative enzymes

The activity of antioxidative enzymes viz. SOD (Fig. 2A),
APX (Fig. 2B), GR (Fig. 2C) and CAT (Fig. 2D) was deter-
mined over an experimental period of 7 DAT and 14 DAT
of Cd exposure in both S-sufficient and S-deprived plants.
Sulfur deficiency significantly suppressed the activities of
SOD (42 and 38 %), APX (35 and 28 %), GR (30 and 50 %)

and CAT (10 and 28 %) as noted at 7 DAT and 14 DAT, re-
spectively. However, SOD activity was up-regulated in
2S/+Cd plants both at 7 DAT (32 %) and 14 DAT (21 %).
The activity of SOD further increased to 136 % (7 DAT) and
153 % (14 DAT) under Cd stress when in the presence of
sufficient S (+S/+Cd).

Cadmium treatment of S-deprived plants proved the
most deleterious, leading to a decline in the activity of
APX (47 and 45 %), GR (55 and 54 %) and CAT (36 and
30 %) at 7 DAT and 14 DAT, respectively. However,
S-sufficient plants showed significant resistance to Cd
stress (+S/+Cd). The activity of APX (13 and 24 %), GR
(26 and 46 %) and CAT (16 and 53 %) was increased at
7 DAT and 14 DAT, respectively.

Non-enzymatic antioxidants

Significant changes in the content of non-enzymatic anti-
oxidants including ascorbates (ascorbate, AsA; dehy-
droascorbate, DHA; total ascorbate, AsA + DHA) and
their ratios (AsA/DHA) were seen under S-deficiency and
Cd stress. Sulfur-deprived (2S/2Cd) plants showed a
23 % (7 DAT) and 47 % (14 DAT) increase in DHA content.
Cadmium stress during S-deprivation (2S/+Cd) further
increased the DHA content by 40 % at 7 DAT and 58 %
at 14 DAT. Sulfur-sufficient but Cd-treated (+S/+Cd)
plants showed a 33 % (7 DAT) and 60 % (14 DAT) increase
in the DHA content.

In contrast to DHA, the AsA content suffered a decline
under every treatment and at both time points. AsA
declined by 37 and 22 % (2S/2Cd), 42 and 57 %
(2S/+Cd) and 33 and 22 % (+S/+Cd) at 7 DAT and 14
DAT, respectively. Similarly, the total ascorbate (AsA +
DHA) content suffered a decline, but of a lesser magni-
tude, in all treatments and at all time points. The total as-
corbate content declined by 24 and 10 % (2S/2Cd), 24
and 38 % (2S/+Cd) and 19 and 8 % (+S/+Cd) at 7 DAT
and 14 DAT, respectively. The AsA/DHA ratio showed sig-
nificant alterations; compared with the control (+S/2Cd)
value of 3.66 (7 DAT) and 4.95 (14 DAT), the AsA/DHA ratio
dropped to 1.87 and 2.63, 1.50 and 1.33 and 1.83 and
2.41 under 2S/2Cd, 2S/+Cd and +S/+Cd, respectively
(Table 1).

The GSH contents (reduced form, GSH; oxidized form,
GSSG; total GSH, GSH + GSSG) and their ratios (GSH/
GSSG) also showed significant alterations. Sulfur-deprived
(2S/2Cd) plants showed a decrease of 23 % (7 DAT) and
12 % (14 DAT) in the GSSG content. Cadmium stress dur-
ing Sulfur deficiency (2S/+Cd) further decreased the
GSSG content to 12 % at 7 DATand 23 % at 14 DAT. Sulfur-
sufficient but Cd-treated (+S/+Cd) plants, however,
showed a 160 % (7 DAT) and 124 % (14 DAT) increase in
the GSSG content.

Figure 1. Effect of S-deficiency and Cd stress on the magnitude of
oxidative stress in mustard leaf. The values are mean and standard
error of the mean (mean+ SE) of 10 samples and four replicates
(n ¼ 4, *P ≤ 0.05; **P ≤ 0.01; NS, non-significant). +S ¼ 300 mM
SO4

2−
, 2S¼ 30 mM SO4

2−
, 2Cd ¼ No CdCl2, +Cd ¼ 100 mM CdCl2.
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A similar trend was exhibited by the GSH content in all

treatments and at both time points. Glutathione content
declined by 28 and 18 % (2S/2Cd), 26 and 34 %
(2S/+Cd) at 7 DAT and 14 DAT, respectively. A significant
increase of 110 % (7 DAT) and 81 % (14 DAT) in the GSH
content over the control was observed in S-sufficient
but Cd-treated (+S/+Cd) plants. However, the total GSH
content (GSH + GSSG) declined in all treatments, except
+S/+Cd, and at both time points. The total GSH content
declined by 16 and 17 % (2S/2Cd), 27 and 32 %
(2S/+Cd) at 7 DAT and 14 DAT, respectively. However,
the presence of sufficient S during Cd stress (+S/+Cd)
helped the plant to accumulate 119 % (7 DAT) and 89 %
(14 DAT) more total GSH over the control. The GSH/GSSG
ratio showed significant alterations; compared with the
control (+S/2Cd) value of 4.36 (7 DAT) and 4.50 (14
DAT), the GSH/GSSG ratio dropped to 4.06 and 4.23, 3.66
and 3.81 and 3.52 and 3.63 under 2S/2Cd, 2S/+Cd
and +S/+Cd, respectively (Table 2).

NPTs and PCs

The NPT content declined by 65 and 69 % (2S/2Cd), 49
and 51 % (2S/+Cd) at 7 DAT and 14 DAT, respectively.

However, S-sufficient but Cd-treated (+S/+Cd) plants
showed a 32 % (7 DAT) and 79 % (14 DAT) increase in
the NPT content over the control (Table 2).

Similarly, the PC content (PCs ¼ NPTs 2 total glutathi-
one) declined under each treatment, except +S/+Cd, at
both time points. The PC content declined by 80 and
92 % (2S/2Cd), 59 and 60 % (2S/+Cd) at 7 DAT and 14
DAT, respectively. However, the presence of sufficient S
during Cd stress (+S/+Cd) helped the plant to almost
maintain (22 % at 7 DAT) or increase (+75 % at 14
DAT) the PC content over the control (Table 2).

Chlorophyll and growth

Sulfur deficiency resulted in a significant decrease in
chlorophyll content; Chl a decreased by 21 % (7 DAT)
and 23 % (14 DAT). Moreover, application of Cd to
S-deprived (2S/+Cd) plants resulted in a drastic decrease
of 53 % at 7 DATand 55 % at 14 DAT. However, plants with
sufficient S were able to resist damage with a decline of
32 and 38 % at 7 DAT and 14 DAT, respectively. The Chl
b content decreased by 25 % (7 DAT) and 16 % (14 DAT)
in 2S/2Cd, 39 % (7 DAT) and 39 % (14 DAT) in 2S/+Cd
and 16 % (7 DAT) and 26 % (14 DAT) in Cd-treated plants

Figure 2. Effect of S-deficiency and Cd stress on the activity of antioxidant enzymes. (A) Superoxide dismutase, (B) APX, (C) GR and (D) catalase
(CAT) in mustard leaf. The values are mean and standard error of the mean (mean+ SE) of 10 samples and four replicates (n ¼ 4, *P ≤ 0.05;
**P ≤ 0.01; NS, non-significant). +S ¼ 300 mM SO4

2−, 2S ¼ 30 mM SO4
2−, 2Cd ¼ No CdCl2, +Cd ¼ 100 mM CdCl2.
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supplied with a sufficient amount of S (+S/+Cd). Total Chl
(a + b) content decreased by 22 % (7 DAT) and 21 % (14
DAT) in 2S/2Cd, 49 % (7 DAT) and 50 % (14 DAT) in
2S/+Cd and, 28 % (7 DAT) and 35 % (14 DAT) in
Cd-treated plants supplied with a sufficient amount of S
(+S/+Cd). In fact, compared with the control, the ratio
of Chl a to Chl b tended to decrease in plants treated
with Cd particularly under Sulfur deficiency (Table 3).

Leaf area was also reduced by �28 % (7 DAT) and 31 %
(14 DAT) in S-deprived plants and the reduction was more
pronounced (48 % (7 DAT) and 54 % (14 DAT)) when
S-deficient plants were exposed to Cd (Fig. 3A). The pres-
ence of S in Cd-stressed plants, however, had a lesser
effect of 235 % (7 DAT) and 236 % (14 DAT). Sulfur
deficiency led to a reduction of leaf DW by 27 % (7 DAT)
and 40 % (14 DAT). Upon exposure to Cd, S-deficient
plants further decreased DW, by 40 and 50 % at 7 DAT
and 14 DAT, respectively. However, the DW of leaves
in S-sufficient plants treated with Cd decreased by 21 %
(7 DAT) and 38 % (14 DAT) (Fig. 3B).

Discussion
Cadmium stress as well as S deprivation leads to oxidative
stress in plants (Pilon et al. 2006; Bashir et al. 2013) due to
peroxidation of biomolecules including lipids. In this
study, an increase in the magnitude of oxidative stress
was observed in response to S-deficiency and Cd stress.
Cadmium induced more oxidative stress, particularly in
Sulfur deficient conditions. This indicated the formation
of more ROS in leaves, not only under S-deficiency but
also under Cd stress, with the most formed under dual
stress (2S/+Cd). However, the presence of S reduced
the magnitude of oxidative stress (Fig. 1), indicating
that Cd becomes more deleterious under Sulfur defi-
ciency. This could be because antioxidant systems in
plants might suffer a limitation of S for the synthesis of
antioxidant enzymes and other peptides/proteins, and
ROS quenching molecules such as GSH. Thus, it is evident
that Cd severely impairs the plant’s ability to counter-
attack ROS during S-deficiency. Hu et al. (2015) also
found that a source of S (SO2) helped wheat to resist
oxidative stress.

Antioxidative enzymes

Cadmium influences the ascorbate-GSH antioxidant sys-
tem (Markovska et al. 2009) and metabolism of essential
elements (Dong et al. 2006), including non-enzymatic
(GSH; AsA; a-tocopherol and carotenoids) and enzymatic
(SOD, APX, GR, CAT, etc.) antioxidants. In the present
study, SOD, APX, GR and CAT activities were studied.
The activity of all these enzymes was lower under
S-deficiency, which may be attributed to the limitation
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in the amount of S-containing amino acids and hence
lower synthesis of enzymes. Under dual (2S/+Cd) stress
the activity of APX, GR and CAT further decreased as a re-
sult of S deficiency. Interestingly, Cd increased the activity
of SOD despite limited S availability, which perhaps is due
to the channelling of infrastructural S towards the synthe-
sis of more SOD, to counter ROS. A similar observation of
lesser degree was made in Arabidopsis by Bashir et al.
(2013). Unlike SOD, APX and GR activities did not increase
under dual (2S/+Cd) stress but decreased further, indi-
cating that Cd-tolerant mustard prefers the strengthen-
ing of SOD rather than the ascorbate-GSH antioxidant
system. These results also clearly show that due to the
lower activity of the ascorbate-GSH antioxidant system
accumulation of H2O2 caused high damage to chloro-
phylls. The maximum decrease in APX, GR and CAT activ-
ities occurred under Cd stress during S-deficiency, which
could be attributed to the binding of Cd metal with the
thiol groups of these enzymes (Romero-Puertas et al.
2007). SOD showed a different response perhaps due to
Cd entrapment by peptides, GSH/GSH oligomers or anti-
oxidant enzymes, helping up-regulate SOD activity. Sulfur
deficiency significantly suppressed APX and GR activities.
The decline in APX and GR activities may be due to
GSH depletion and a subsequent reduction in the
ascorbate-GSH cycle (Gomes-Junior et al. 2006) as
shown in Fig. 3B and C. The recovery of CAT activity at
14 DAT in S-deficient plants might be due to the presence
of comparatively more Fe (metal ligand of CAT) in the ab-
sence of S and that the defence system acts better
against oxidative stress and/or compensates for the de-
crease in other antioxidant enzymes such as APX and
GR but at non-chloroplast locations in the cell. The scen-
ario was totally different in S-sufficient plants exposed
to Cd. The activities of all four enzymes (SOD, APX, GR
and CAT) were up-regulated; the maximum SOD was
136–153 %.

Ascorbate, glutathione and sulfur-rich compounds

The ascorbate-GSH cycle appears to be of great import-
ance in controlling the cellular redox status, especially
upon exposure to Cd. Both ascorbate and GSH are essen-
tial for scavenging ROS (Anjum et al. 2008) and are im-
portant in controlling metal homeostasis. The ratio of
AsA in the reduced form (AsA) to that in the oxidized
state (DHA) is considered an important indicator of the
redox status of the cell and the degree of oxidative stress
experienced. Data (Table 1) show that there was an over-
all increase in DHA and a decrease in AsA and total ascor-
bate content, indicating inhibition of ascorbate synthesis.
However, the Asa/DHA ratio varied; from 4.95 (control) it
dropped to 2.63 (2S/2Cd), 1.33 (2S/+Cd) and 2.41
(+S/+Cd) at 14 DAT. The AsA/DHA ratios can be attributed
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to APX activity, which helps in AsA regeneration and in-
creases the AsA/DHA ratio.

Glutathione is the main S-storage compound and an
important antioxidant in plants. The content and redox
level of GSH was measured to determine the effect of
S-deficiency on the amount of GSH. In S-deficient plants,
the GSH content decreased compared with the control.
This decrease was more pronounced when S-deficient
mustard was exposed to Cd. However, when S was sup-
plied to these plants, there was a marked increase in
GSH levels (Table 2). Thus, S plays a key role in limiting
the cellular damage and inducing defence mechanisms
against the ROS in response to Cd treatment through
the accumulation of GSH. The combination of Cd stress
with S-deficiency provided novel data in the present
study, but otherwise the results were consistent with
the results obtained by Smeets et al. (2005), who reported
that heavy metals such as Cd bind to GSH, forming
metal-thiolate compounds. This suggests that GSH
might be involved in the synthesis of PCs, which could de-
toxify Cd ions. It also plays an indirect role in protecting
membranes by maintaining a-tocopherol and zeaxanthin
in the reduced form. Glutathione levels and GSH/GSSG ra-
tios are often indicative of the stress faced by the plant
(Tausz et al. 2004). The response of GSH and redox state
has varied in different studies. In this study, S-deficiency,
Cd stress under S-deficiency and Cd stress during suffi-
cient S decreased the GSH/GSSG ratio, from 4.50 in
the control to 4.23 (2S/2Cd), 3.81 (2S/+Cd) and 3.63
(+S/+Cd) at 14 DAT, showing a ratio-maintaining cap-
ability of plant only in the presence of sufficient S. The
data suggest a direct correlation between GR activity
and GSH/GSSG ratio.

The addition of sufficient S tended to recover GSH levels
and maintain the redox status of the cells during short-
and long-term exposure to Cd. Under Cd stress, the for-
mation of Cd–GSH and Cd–PC complexes reduces the

free Cd concentration in the cytoplasm and helps sup-
press activation of the stress-related responses in plant
metabolism (Metwally et al. 2005). It has been shown
that S-nutrition status is associated with plant response
to Cd, at least at the plasma membrane H+ATPase level
(Astolfi et al. 2005), with a concomitant uptake of sulfate
at a higher rate (Nocito et al. 2002). Interestingly, the
levels of NPTs and PCs fell far below those of control
plants, indicating that the cell utilizes reserves of S-rich
compounds that are found in relatively high concentra-
tions in Indian mustard, perhaps making it Cd-tolerant
and a hyperaccumulator. Adaptation of sulfate uptake
and assimilation is assumed to be a crucial determinant
for plant survival in a wide range of adverse environmen-
tal conditions since different S-containing compounds
are involved in plant responses to both biotic and abiotic
stresses (May et al. 1998; Rausch and Wachter 2005).
Cysteine provided to plants through sulfate assimilation
pathways acts as a source of reduced S for the biosyn-
thesis of a number of S-containing compounds, including
GSH. Cysteine synthesis has previously been shown to be
improved with the addition of S sources, and a Cys defi-
ciency limits the synthesis of GSH (Nikiforova et al. 2006;
Chekmeneva et al. 2011). Therefore, GSH synthesis in
plant cells as observed in the present study relies on
and is regulated by the plant’s S supply. A sufficient
amount of S helped plants not only to maintain, but
also to accumulate GSH, NPTs and PCs by 90, 79 and
57 %, respectively, over the control at 14 DAT. The level
of different types of PCs was shown to increase with
100 mM CdCl2 in mustard (D’Allessandro et al. 2013)
using a proteomic approach, strongly supporting the pro-
tective role of PCs against Cd. Phytochelatin binds to toxic
metal and then the metal–PC complex is sequestered in
the vacuole and perhaps induces specific transporters
that mediate Cd tolerance to Arabidopsis (Park et al. 2012).
However, the efficiency of PC-based Cd-detoxification is

Figure 3. Effect of S-deficiency and Cd stress on (A) leaf area (cm2 leaf21) and (B) dry weight (mg plant21) of mustard leaf. The values are mean
and standard error of the mean (mean+SE) of 10 samples and four replicates (n ¼ 4; *P ≤ 0.05; **P ≤ 0.01; NS, non-significant). +S ¼ 300 mM
SO4

2−
, 2S ¼ 30 mM SO4

2−
, 2Cd ¼ No CdCl2, +Cd ¼ 100 mM CdCl2.
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subject to the availability of other nutrients such as iron
(Astolfi et al. 2011).

Chlorophyll and growth

Cadmium may directly inhibit the process of photosyn-
thesis by its interaction with enzymes (Siedlecka and
Krupa 1999). Indirectly, Cd may inhibit the synthesis of
photosynthetic pigments or cause their degradation;
S-deficiency further worsens the scenario (Bashir et al.
2013). The effects of Cd on N and S assimilation have
been studied in several plants. The current results showed
that both Cd and S-deficiency significantly reduced the
chlorophyll content and the Chl a to Chl b ratio in a hyper-
accumulator plant, Indian mustard. Both S and Cd, alone
or in combination, cause leaf chlorosis (Bashir et al. 2013).
Several studies have suggested that Cd-induced leaf
chlorosis might be due to impairment of the Mg2+ inser-
tion into protoporphyrinogen (Gillet et al. 2006) or direct
Chl destruction as a consequence of Mg ion substitution
in both Chl a and b (Küpper et al. 1998). Our results
showed clear and very rapid inhibition of Chl a, rather
than Chl b, mainly in response to Cd stress, with or with-
out S-deficiency. As an early response to S-deficiency, the
Chl a/Chl b ratio increased slightly (2S/2Cd at 7 DAT) but
in the remaining treatments there was a significant de-
crease in the Chl a/Chl b ratio. Cadmium may also impair
the S uptake, leading to leaf chlorosis and a disrupted pig-
ment ratio. It has also been proposed that a reduction in
chlorophyll might be caused by direct interference by Cd
with enzymes of the Chl biosynthesis pathways or by Cd
interference with the correct assembly of the pigment–
protein complexes of the photosystems (Baryla et al.
2001; Qureshi et al. 2010). It is also possible that the
Chl decrease may be due to strong oxidation of the photo-
chemical apparatus and a reduction in chloroplast dens-
ity and size. Sulfur deficiency in combination with Cd
further alleviated chlorophyll inhibition. However, in the
presence of sufficient S, we observed lower destruction
of chlorophyll. S is required to repair Fe-S-containing
protein complexes, including the incorporation of Fe-S
clusters into apoproteins and the stabilization of biomole-
cules with sulfolipids. It has also been proposed that Cd
may influence the biosynthesis of chlorophyll by affecting
protochlorophyllide reductase, which, however, contains
oxygen-tolerant Fe-S clusters (Nomata et al. 2008), indi-
cating the role of S in protection.

When the overall impact of S-deficiency and Cd stress
on leaf area and leaf biomass was analysed, S showed a
positive role under Cd stress. Sulfur deficiency and Cd
caused a significant decrease in leaf area and DW, at
least with sufficient S-supply. In the current study, growth
inhibition was more severe in 2S/+Cd (up to 54 % in leaf
area and 50 % in DW) plants than in S-deficiency (up to

31 % in leaf area and 40 % in DW) or Cd stress (up to
36 % in leaf area and 38 % in DW), indicating that the ef-
fect of Cd treatment and Sulfur deficiency is synergistic.
Moreover, leaf area was found to be more sensitive in re-
sponse to Cd stress under S-deficiency. Ouzounidou et al.
(1997) suggested that the inhibitory action of heavy me-
tals on root-shoot and leaf growth seems principally to be
due to chromosomal aberrations and abnormal cell divi-
sions. It may also be correlated with Cd-induced inhib-
ition of photosynthetic processes and other enzymes
involved in leaf expansion. Decreased plant growth
caused by heavy metals is a collective consequence of in-
hibition of photosynthesis, translocation of photosyn-
thetic products and cell division (Drążkiewicz and
Baszyński 2005).

Conclusions
In conclusion, we confirmed that S-deficiency increases
the susceptibility of plants to Cd-generated oxidative
damage and modulates the AsA-GSH cycle. We propose
that S helps the accumulation of GSH and other S-rich
compounds to detoxify metals. In turn, SOD expression
is up-regulated to reduce the concentration of superoxide
radicals. This study demonstrates that SOD is not the first
line of defence against metal stress and that S-rich com-
pounds play a prime role. Further, S-deprived plants lack
S-defence and efficient antioxidative mechanisms, mak-
ing Cd more dangerous. Under S-deficiency, S-containing
defence metabolites (GSH, PCs, etc.) as well as enzyme
co-factors (Fe-S clusters) decline. The clear decrease in
Fe-S clusters, under S-deficiency, is crucial for the main-
tenance of photosynthesis-related molecules and activ-
ities, but the presence of Cd under such conditions
might exacerbate oxidative stress, with a highly adverse
effect on growth.
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Sanità di Toppi L, Gabbrielli R. 1999. Response to cadmium in higher
plants. Environmental and Experimental Botany 41:105–130.

Siedlecka A, Krupa Z. 1999. Cd/Fe interaction in higher plants—its
consequences for the photosynthetic apparatus. Photosynthe-
tica 36:321–331.

Smeets K, Cuypers A, Lambrechts A, Semane B, Hoet P, Van Laere A,
Vangronsveld J. 2005. Induction of oxidative stress and antioxi-
dative mechanisms in Phaseolus vulgaris after Cd application.
Plant Physiology and Biochemistry 43:437–444.

Takahashi H, Yamazaki M, Sasakura N, Watanabe A, Leustek T, de
Almeida Engler J, Engler G, Van Montagu M, Saito K. 1997. Regu-
lation of sulfur assimilation in higher plants: a sulfate transporter
induced in sulfate-starved roots plays a central role in Arabidop-
sis thaliana. Proceedings of the National Academy of Sciences of
the USA 94:11102–11107.

Tausz M, Sircelj H, Grill D. 2004. The glutathione system as a stress
marker in plant ecophysiology: is a stress-response concept
valid? Journal of Experimental Botany 55:1955–1962.
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Germination and ultrastructural studies of seeds 
produced by a fast-growing, drought-resistant 
tree: implications for its domestication and seed 
storage
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Abstract. Seed ageing during storage is one of the main causes of reduction in seed quality and this results in loss of
vigour and failure to thrive. Finding appropriate storage conditions to ameliorate deterioration due to ageing is, therefore,
essential. Ultrastructural changes in cellular organelles during storage and seed germination rates are valuable indices
of damage that occurs during seed ageing. There is increasing interest in Moringa oleifera Lam. because of its multiple
uses as an agroforestry crop. Seeds of this species lose their viability within 6–12 months of harvest but no scientific in-
formation is available on the longevity of seed stored in the fruit (capsules). In most undeveloped countries, seeds are still
stored inside the fruit by traditional methods in special handmade structures. In this experiment we tried to simulate
these traditional storage conditions. Capsules of Moringa were stored at ambient room temperature for 12, 24 and 36
months. The ultrastructure, solute leakage and viability of seed were investigated. The ultrastructure of 1-year-old seed
showed no sign of deterioration. It was evident, however, that some cells of the 3-year-old seed had deteriorated. The
remnants of the outer and inner two integuments that remain tightly attached to the cotyledons probably play a role in
seed dormancy. No significant difference was found between germination percentage of fresh and 1-year-old seed. The
germination percentage decreased significantly from 2 years of storage onward. The decrease in seed viability during
storage was associated with a loss in membrane integrity which was evidenced by an increase in electrolyte leakage.
Our findings indicate that the longevity of M. oleifera seeds can be maintained if they are stored within their capsules.

Keywords: Deterioration; dormancy; lipid bodies; membrane leakage; protein bodies; seed; storage.

Introduction
In seeds, age-induced deterioration results from various
internal changes. Reserve substances may be altered so
that they no longer supply the nutritional requirements
of the embryo (Simola 1974). Membrane aberrations are
said to increase with seed ageing (Berjak and Villiers
1970) and result in increased leakage of metabolites
and ions (Roberts and Ellis 1982; Ouyang et al. 2002).

As seed deterioration increases, the rate of germination
decreases, and production of weak seedlings with loss
of vigour increases progressively. According to Garcia de
Castro and Martinez-Honduvilla (1984), seed ageing is a
complex process, so it is essential to investigate this pro-
cess at the subcellular level in order to understand the
best conditions for seed storage. Despite the publication
of numerous papers on seed ultrastructure at various
phases of development during the last two decades
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(Berjak et al. 1994; Algan and Bakar 1997; Wang and
Berjak 2000; Wiśniewska et al. 2006; Teixeira and
Machado 2008; Egorova et al. 2010; Moura et al. 2010;
Chan and Belmonte 2013; Hu et al. 2013; and citations
therein) knowledge of the ultrastructural changes that
occur during seed storage is still insufficient. The com-
plexity of seed tissues and the difficulties in preparing
samples for microscopy have until now precluded ultra-
structural studies on Moringa oleifera Lam. seeds.

Moringa oleifera, or miracle tree, is known in many parts
of the world for its multiple uses as an agroforestry crop.
The leaves, flowers and immature fruits are edible (Anwar
and Bhanger 2003). The leaves are a good source of pro-
tein, vitamin A, B and C and minerals such as calcium and
iron (Dahot 1988). A number of medicinal properties have
been ascribed to various parts of this tree (Kumar et al.
2010). Moringa seeds contain �35–40 % oil, commerci-
ally known as ‘Ben oil’ (Anwar and Rashid 2007). Moringa
domestication and commercialization is still a challenge
as its agronomic properties have not been well eluci-
dated. It is a perennial tree that in most cases is grown
as an intercrop or in an agroforestry set-up and only
bears fruit (capsule) once a year. The crop is mainly pro-
pagated by seed (Radovich 2012). Many studies (Bezerra
et al. 2004; Madinur 2007; De Oliveira et al. 2009) have
found that M. oleifera seeds lose their viability and vigour
within 6–12 months depending on the conditions in
which they are stored. High-quality seed is essential for
most crops including agroforestry crops like Moringa.
Seed ageing is one of the main causes of reduction in
seed quality (FAO/IPGRI 1994). Finding appropriate stor-
age conditions to ameliorate deterioration is essential.

Simple techniques such a hessian sacks, cotton bags,
paper containers, cardboard, aluminium cans and foil,
glass jars and plastic film stored at ambient temperature
have been used to maintain seed viability in both domes-
ticated and wild sources since early times (Willan 1985;
Ellis et al. 1996; Akai 2009). In sub-Saharan Africa and
other developing countries around the world, traditional
methods of seed storage have been used for many years
with little or no modification (Mannan and Tarannum
2011). Traditional storage facilities such as underground
pits and different types of solid wall bins (made of timber,
earth and stone) are usually used by subsistence or
small-scale farmers to keep part of their products to
be used as seed in the following planting season (Ali
Ahmed and Ahmed Alama 2010). Farmers must also be
able to store their products until the next successful
harvest and this might be more than a year in the case
of crop failure (Blum and Bekele 2000).

Seed stored within the pods of some legumes can with-
stand infestation by storage pests and tend to extend
seed viability. This relatively positive feature is often

used by farmers to minimize crop damage by storing in
pods. The method can be applied to a variety of edible
legumes, and is particularly valid for bambara nuts,
groundnuts and cow peas (Odogola 1994). Cow pea
pods are usually hand-picked when mature, bagged and
then hauled to a place where they are stored for a variable
period until they are threshed. After threshing, the seed
becomes more exposed to post-harvest insect pests
and is vulnerable to these insects throughout subsequent
storage (Murdock et al. 2003). It is with this background in
mind that this study was initiated.

No study has investigated the effects of traditional
methods of storage, which are used primarily by most
small and poor farmers. The aim of this study was to
determine the germination percentage of M. oleifera
seed that was left within the fruit (capsule) and stored
at ambient room temperature and to provide details on
ultrastructural changes that occur during seed ageing.

Methods

Seed material

Fruits (capsules) of M. oleifera were harvested during 2009
and 2011 from an orchard growing on the Experimental
Farm of the University of Pretoria (25845S, 28816E). They
were bagged in open poly mesh bags and stored at am-
bient room temperature (annual average temperature:
23–25 8C) for 12, 24 and 36 months. Seeds from the
2011 harvest were assessed after 12 and 24 months
and seeds from the 2009 harvest were assessed after
36 months. After threshing, only seeds with the physical
characteristics of maturity were selected for the study.

Seed morphology and ultrastructural studies

The outer part of the seed coat of fresh, 12-month-old
seeds and 36-month-old seeds was removed. Seeds
were imbibed for 24 h after which the samples were
divided into two sub-samples: one for light micro-
scopic and another for transmission electron microscopic
examination.

Seed morphology. Morphological characteristics of the
seed were observed using a dissecting microscope. The
cotyledons and the embryo were carefully separated.
Photographs were taken with the Zeiss Discovery V20
stereo microscope (Jena, Germany).

Light microscopy. The cotyledons of the seeds were
separated and fixed with FAA (formaldehyde, acetic
acid and ethanol) inside polytops. Thereafter, samples
were dehydrated in an ethanol series (30, 50, 70 and
100 %) and each concentration was replaced after 24 h,
except for 100 % alcohol that was repeated. Ethanol
was extracted from the samples with a series of xylene
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(30, 50, 70 and 100 %). After gradual wax infiltration, the
samples were embedded in pure wax and mounted on
stubs. A microtome (2040 Autocut Sterea Star Zoom,
Reichert Jung-0.7× to 42 × 570, Leica, Vienna, Austria)
was used to cut samples at �10 mm. Sections were
stained with saffranin, counterstained with fast green
and mounted in DPX mountant. Pictures were taken
with a digital camera (Nikon DXM 1200) mounted on
a Zeiss Discovery V20 stereo microscope and light
microscope (Nikon/SMZ-1, Japan).

Transmission electron microscopy (TEM). Small samples
(2 × 2 mm) were excised from the cotyledons to include
the epidermis and sub-epidermal layers as well as
samples from the central part of the cotyledons and
then prepared for TEM, according to Coetzee and Van
Der Merwe (1996). The samples were fixed for 3 days
in 2.5 % glutaraldehyde in 0.075 M phosphate buffer
(pH 7.4), after which they were rinsed three times
(10 min each) in 0.075 M phosphate buffer. Samples
were further post-fixed in 0.5 % aqueous osmium
tetroxide for 2 h and thereafter rinsed three times with
distilled water. This was followed by dehydration in an
ethanol series (30, 50, 70, 90 and 100 %), infiltrated
with 30 and 60 % quetol for 1 h each and pure quetol
for 4 h and then polymerized at 60 8C for 39 h. Ultrathin
sections were prepared using a Reichert Ultracut E
ultramicrotome (Vienna, Austria). The sections were
stained with 4 % aqueous uranyl acetate and lead
citrate (Reynolds 1963) for viewing and photographing
with a JEOL JEM-2100F transmission electron microscope
(JEOL, Tokyo, Japan).

Seed germination

Seeds of all the treatments were germinated using the
same procedure. Each treatment consisted of four repli-
cates of 50 seeds. Prior to germination, the outer part
of the seed coat was removed to minimize fungal attack.
The inner part of the seed coat containing remnants of
the inner integument remained tightly attached to the
cotyledons and could not be removed without damaging
the cotyledons. The seeds were then disinfected in 1 % of
sodium hypochlorite for 25 min and rinsed three times in
sterile distilled water in a the laminar airflow hood. Seeds
were germinated according to ISTA (2006) procedure. The
50 seeds of each replicate were distributed on paper
towel rolls soaked with 70 mL of water and incubated in
controlled temperature chambers at alternative tem-
peratures of 20/30 8C. Germinated seeds were counted
for the first time after 7 days and the last count after
14 days.

Tetrazolium test (TTA). The TTA was conducted on seeds
that did not germinate to test for possible lack of viability.
The test was done according to ISTA (ISTA 2006). Tissues
necessary for development of seed into seedling should
stain red.

Electrolyte leakage

Solute leakage of seeds was estimated by placing one
seed gram (i.e. without seed coat) into 10 mL of distilled
water for 24 h at 25 8C (Rao et al. 2006). This was repli-
cated at least four times (≥20 seeds/treatments). Elec-
trical conductivity of the water containing the leakage
was measured with a conductivity meter (Mettler Toledo,
8603. Switzerland).

Statistical analysis

Germination percentage and electrical conductivity were
statistically analysed using STATISCA software (STATISCA
12, Statsoft 2013). A one-way analysis of variance (ANOVA)
was performed to determine the statistical difference
between germination percentage and electrolyte leakage
as influenced by storage duration. The Duncan post-hoc
test (P , 0.05) was used to check the significance between
groups.

Results

Seed morphology and ultrastructure

Seed morphology. The general morphology of M. oleifera
seed is represented in Fig. 1. The seeds are round,
protected with a brownish seed coat containing three
white wings (Fig. 1A). When trying to remove the seed
coat, the inner part containing remnants of the outer
integument and the inner integument remains tightly
attached to the cotyledons as a creamy white layer
with three stripes containing vascular bundles below
the wings (Fig. 1B and C). The diminutive embryonic axis
(1.5–2 mm) is located in the small cavity between the
two cotyledons near the micropilar region (Fig. 1D). The
embryonic axis has a distinguished radicle (whitish) and
plumule that is slightly split into two ends, representing
the primordial of the first leaves (Fig. 1E).

Light microscopy. The transverse section of a mature
M. oleifera seed reveals cotyledons enclosed by inner
endotesta and inner integument composed of different
layers of non-living cells (Fig. 2A and B). As described
by Muhl (2014), the endotesta originates from parts
of the outer integument and is made up of layers of
elongated, thickly reticulate cells. Below the endotesta is
the compressed inner integument with prominent
epidermis cells having a thick cell wall. Cells of the
cotyledons are isometric or roundish in shape and filled
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sub-epidermal tissue (Fig. 2C) and present in the central
layers (Fig. 2D). No difference was visible between seed
of different ages with the light microscope.

Transmission electron microscope (TEM)

Cotyledons. As seen with the light microscope, the
epidermal cells of the inner integument have thick cell
walls (Fig. 4A). A small nucleus is present at the centre
of some cells (picture not shown). Below the inner
integument are the epidermal cells of the cotyledon
(Figs 3A, 4B and 7A). They are occupied by lipid bodies
and a conspicuous nucleus. Protein bodies are seldom
present and plastids are absent. No difference was
found between epidermal cells of seeds from different
storage periods.

The structure of sub-epidermal cells of the cotyledon
was uniform. Lipid bodies surrounded the protein bodies
and filled most of the remaining space in all healthy cells,
irrespective of the age (Figs 3C, 4C–D and 5C–D). The lipid
bodies are numerous, round to oval in shape, small in size
and have a uniform grey interior. Protein bodies occupy
most of the cytoplasm volume. Globoid inclusions were
present occasionally (Fig. 4D). Most organelles were not
noticeable in the cotyledon as the entire cytoplasm was
filled with storage materials, except for the irregularly

shaped nucleus with a well-defined nuclear membrane
(Fig. 3D).

Sub-epidermal cells of the 1-year cotyledon showed no
sign of deterioration (Fig. 4). In the 3-year-old cotyledon,
the deterioration was not uniform. Some cells seemed to
be still perfectly healthy (Fig. 5C) while damage was no-
ticeable in others (Fig. 5D and E). The membrane of the
protein body was deteriorated, causing lipid bodies to
enter the protein body (Fig. 5D). Cell deterioration was
also marked by the collapse of the cell wall adjacent to
the intercellular cavity (Fig. 5E). A degraded Golgi appar-
atus next to the broken cell wall (Fig. 5E) was observed.

In the 3-year-old seeds, the central cells of the cotyle-
dons were almost completely filled with scattered oil bod-
ies (Fig. 6A and B). The protein bodies were disrupted and
smaller in size compared with those found in sub-
epidermal cells. No sign of deterioration was evident in
central cells of cotyledons of the 1- and 3-year-old seeds.

Embryo axis. The main storage material in the embryo
axis was protein bodies. They occupied more of the cell
volume compared with the sub-epidermal cells of the
cotyledons (Fig. 7A–C). Globoid inclusions were small
and numerous when present. Lipid bodies formed a wall
lining along the plasma membrane and built a single
layer around protein bodies. The cells of the embryo

Figure 1. Moringa seed morphology. (A) Seed with seed coat and wings. (B) Seed with internal seed coat and vascular bundle. (C) Seed with
partially removed internal seed coat. (D) Separated cotyledon. (E) Embryo axis. Wing (w), vascular bundle (arrowhead), cotyledon (c), endotesta
(end), embryonic axis (black arrow), radical (rd), plumule (p).
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axis were not totally filled with storage material as
was the case with cotyledon cells; the remaining space
was filled with ground substances or cytoplasm and
various organelles. A prominent nucleus with well-
defined nucleolus was present in most cells. Mitochondria
with cristae and a double membrane (Fig. 7D) were present
in cells of all ages. Golgi apparatus was spotted in cells of
fresh embryo (Fig. 7E).

As was the case with sub-epidermal cells of the cotyle-
don, some cells of the embryo axis still maintained the
ultrastructure of healthy cells while others showed
some anomalies (Fig. 7F). In some cells, the cytoplasm
had shrunk and detached from the cell wall. The extent
of the detachment varied from one cell to another;
some were moderate and others severe.

Seed viability and electrical conductivity

The mean germination percentage and the electrolyte
conductivity of seed stored for different periods are repre-
sented in Table 1. The germination percentage was

determined to be 67 % for the fresh seeds and decreased
to 16 %, while the seed viability (germination
percentage + TTA test) was initially 80 % and declined to
18 % after the fruits were stored at ambient temperature
for 3 years. Seeds maintained a high germination percent-
age until the end of 1 year of storage; after 2 years seed
viability declined significantly (P , 0.05). The electrical
conductivity of seed increased significantly as the storage
duration increased.

Discussion

Morphology and ultrastructural studies

Cotyledons. The ultrastructure of cotyledonary tissues
of M. oleifera is similar to those of other oily seeds
(Muller et al. 1975; Young et al. 2004; Kuang et al. 2006;
Donadon et al. 2013) and other seeds in general
(Cecchifiordi et al. 2001; Pinzón-Torres et al. 2009). The
seeds are filled with storage material that hampers
the visualization of organelles, except for the lobed

Figure 2. Light micrographs of parts of M. oleifera seed. (A) Transverse section of cotyledons and remnant of seed coat. (B) Endotesta, inner
integument (ii) covering the outer cell layer of the cotyledon. (C) Sub-epidermal cell layers of cotyledon. (D) Central tissue of cotyledon. Endo-
testa (end), epidermis of inner integument (epi), vascular bundle (vb).
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nucleus and plastids that were spotted in some cells. The
scarcity of organelles may suggest low metabolic activity
and the restricted function of cotyledons as storage
organs (Pinzón-Torres et al. 2009). The organization
of storage material in different tissues is probably
determined by the role they play and the order in which
they are used during germination. Starch grains are
totally absent in the cotyledons.

The ultrastructure of the 1-year-old cotyledons
was similar to that of the fresh cotyledons. In the sub-
epidermal cells of the 3-year-old seed, the membrane
of the protein bodies had ruptured, leading to the coales-
cence of protein bodies into a large confluent masse and
the engulfment of lipid bodies by the protein substances.
Similar observations have been reported by Smith (1978)
and Dawidowicz-Grzegorzewska and Podstolski (1992), in

artificially aged lettuce and Brassica napus seeds. Protein
bodies contain several hydrolytic enzymes, among them
phosphatases. The release of their contents into the cyto-
sol as a result of membrane deterioration can cause loca-
lized cellular autolysis (Dawidowicz-Grzegorzewska and
Podstolski 1992). The breakdown of the cell wall and the
disintegration of the Golgi apparatus were also evident in
severely deteriorated cells. Breakages of cell wall have not
been reported in previous studies. One would be tempted
to assign this breakage to sample preparation but with
the presence of disintegrated Golgi apparatus next to
the broken cell wall, the breakage was likely caused by de-
terioration during ageing. Cellular membrane damage is
mediated by oxidative attack, which promotes phospho-
lipid degradation and the loss of membrane organization
(Pukacka and Ratajczak 2007). The decrease in size of lipid

Figure 3. Sections of a fresh (control) M. oleifera seed (cotyledons). (A) Epidermis with fewer protein bodies and a thick external cell wall.
(B) Epidermal and sub-epidermal cell. (C and D) Sub-epidermal cells filled with large protein and lipid bodies. Note the electron-dense nucleus
(n in D) of irregular shape with well-defined membrane squeezed between storage materials. Lipid bodies (lb), protein bodies (pb), nuclear
membrane (nm). Scale bars: A–C (5 mm); D (10 mm).
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bodies and their coalescence have been reported in
aged and non-viable seed by other authors (Garcia de
Castro and Martinez-Honduvilla 1984; Neya et al. 2004;
Walters et al. 2005; Donadon et al. 2013). Lipid bodies
of M. oleifera remained intact after 3 years of storage.

Embryo axis. As found for M. oleifera, lipid and
protein bodies in cells of the embryo axis have been
reported in the seed of many species such as B. napus
(Kuraś 1984; Dawidowicz-Grzegorzewska and Podstolski
1992), Origananum majorana (Wiśniewska et al. 2006),
Amaranthus hypocondriacus (Ciombra and Salema 1994),
Picea mariana (Wang and Berjak 2000) and carrot
(Dawidowicz-Grzegorzewska 1997). Germination is initiated
in the embryo. Protein content in the embryo is higher
than that in the cotyledon. The protein reserve function
is to supply amino acids for the formation of enzymes

during germination, which are used by the cell for
hydrolysis of storage materials (Pernollet 1978). Lipid
bodies in embryo axis cells of a number of species
are thought to serve as reservoirs during germination
(Pinzón-Torres et al. 2009).

Damage observed in the embryo was different from
that of the cotyledons. The separation of the plasma-
lemma from the cell wall in non-viable seeds has been
observed in many species (Anderson 1970; Garcia de
Castro and Martinez-Honduvilla 1984) but has also been
linked to imbibition damage (Hoekstra et al. 1999). Thus
membrane withdrawal can occur either as a result of age-
ing or during sample preparation (fixation). In this study,
the storage may have played a huge role as the leaching
of cellular constituents in the 3-year-old seeds was found
to be significantly higher than in other seeds. The nuclei
maintained their morphology in the old seed even when

Figure 4. Section of 1-year-old seed (cotyledon) of M. oleifera. (A) Epidermis cells of the inner integument. Note the thick cell wall. (B) Epidermal
cells of cotyledons. (C) Sub-epidermal cell filled with protein and lipid bodies. (D) Protein bodies embedded in the cytoplasm. Note globoid
(g) inclusions in protein bodies. Scale bars: A (10 mm); B–D (5 mm).
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some parts of the cells were damaged. The resistance of
nucleus to deterioration during senescence has also been
reported by Simola (1974).

Seed viability and electrical conductivity

Nouman et al. (2012) observed that dehulling of Moringa
seed did not significantly increase the germination
rate while Mubvuma et al. (2013) reported that they
scarify the seed before planting in order to increase
water uptake. According to our observations (Figs 3B and
5A–B), it is not possible to remove the entire seed coat
without damaging the seed, which suggests that for
any germination test, research should be more specific
about the removal of the seed coat.

Initial germination percentages of 84 and 93 % for
M. oleifera have been reported by Bezerra et al. (2004)
and Madinur (2007), respectively. The germination per-
centages obtained in the present study compare well
with dehulled seeds of Nouman et al. (2012). According
to the TTA test 13 % of the seeds were dormant, probably
as a result of the remnants of the seed coat remaining

attached to the cotyledons. This finding is supported by
Nouman et al. (2012), who reported that priming the
seed with Moringa leaf extract improved the emergence
of Moringa seedlings. Similar observations were made
by Mubvuma et al. (2013); they found an increase in ger-
mination percentages after storing seeds for 60 days
at 25 and 35 8C, but they argue that Moringa seeds are
non-dormant because fresh seeds can readily germinate
after exposure to favourable conditions and that the im-
provement after exposure to high temperature may be
explained by genetic adaptation of seed within their cen-
tres of origin where the temperature ranges between 30
and 35 8C. By the same logic it is likely that Moringa seeds
acquire dormancy when they are grown in an environ-
ment with an average annual temperature below 30 8C.
High temperatures and priming treatment are some of
the methods used to break seed dormancy.

De Oliveira et al. (2009) reported that M. oleifera seeds
retain their viability after 6 months of storage at ambient
temperature, irrespective of the type of storage. This was
supported by a previous study done by Bezerra et al.

Figure 5. Sections of 3-year-old seed (cotyleton) of M. oleifera. (A) Epidermal cells with few protein bodies between lipid bodies. (B) Epidermal
and sub-epidermal cells. (C) Sub-epidermal cells. Note the presence of protein body membrane. (D and E) Deteriorated sub-epidermal cells. (D)
Membrane has deteriorated and protein appears coalescent. (E) Broken cell wall allowing merging between the plasmalemma of intercellular
space and adjacent cells. Note the presence of a deteriorated Golgi apparatus (dga). Scale bars: A and E (5 mm); B–D (10 mm).
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WTFigure 6. Section of central cotyledon cells of 3-year-old M. oleifera. (A) Scattered lipid bodies occupy most of the cell volume. (B) Protein bodies
are small and disrupted. Scale bars: A and B (10 mm).

Figure 7. Section of embryo axis of M. oleifera. (A–C) Healthy cells of fresh, 1- and 3-year-old seeds. (D) Mitochondria with double membrane
(arrow). (E) Golgi apparatus (ga) occupying part of the cytoplasm. (F) Deteriorated cells of embryo axis of 3-year-old seed. Note the withdrawal of
the plasmalemma (double arrow). Scale bars: A–C and F (5 mm); D (1 mm); E (2 mm).
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(2004). The authors also observed a 65 % decrease in
germination percentage after 12 months and a complete
loss of viability after 24 months. Madinur (2007) reported a
continuous significant decrease from 2- to 12-month stor-
age at room temperature. In the present study, the seed
viability remained almost unchanged after 12 months
and maintained 46 % viability after 24 months of storage.
These values are considerably higher than those found in
studies where seeds were separated from the capsules
before storage. Seed viability decreases as a result of loss
of membrane integrity (Fig. 6D), which is supported by the
increase of solute leakage (Table 1). Higher leachates have
also been recorded in other stored high oil content seed
such as Carthamus tinctorius (Alivand et al. 2012) and
sunflower (Kallapa 1982). According to these authors the
higher electrolyte leakage in oily seed is a result of
the leaching out of free fatty acid during storage.

Conclusions
The remnants of the outer integument and the inner in-
tegument that remain tightly attached to the cotyledons
when trying to remove the seed coat probably play a role
in seed dormancy. The decrease in seed viability during
storage is associated with the loss in membrane integrity
and it is confirmed by the increase in electrolyte leakage.
The longevity of M. oleifera seeds can be extended if they
are stored within their capsules (fruit). Capsule storage
does not require additional equipment and can be adopted
by small farmers. Moringa oleifera seed are high in oil con-
tent, making fixative infiltration very difficult and therefore
affecting the quality of the micrographs.
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Wiśniewska M, Lotocka B, Suchorska-Tropiło K, Dąbrowska B. 2006.
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Abstract. Understanding changes in the interactions between parasitic plants and their hosts in relation to onto-
genetic changes in the hosts is crucial for successful use of parasitic plants as biological controls. We investigated
growth, photosynthesis and chemical defences in different-aged Bidens pilosa plants in response to infection by Cus-
cuta australis. We were particularly interested in whether plant responses to parasite infection change with changes
in the host plant age. Compared with the non-infected B. pilosa, parasite infection reduced total host biomass and net
photosynthetic rates, but these deleterious effects decreased with increasing host age. Parasite infection reduced the
concentrations of total phenolics, total flavonoids and saponins in the younger B. pilosa but not in the older B. pilosa.
Compared with the relatively older and larger plants, younger and smaller plants suffered from more severe damage
and are likely less to recover from the infection, suggesting that C. australis is only a viable biocontrol agent for younger
B. pilosa plants.

Keywords: Defence; deleterious effect; growth; invasive plant; parasitic plant.

Introduction
A parasitic plant is a type of angiosperm (flowering plant)
that directly attaches to another plant via a haustorium
(Press 1998). Over 4500 known plant species are parasitic
to some extent and acquire some or all of their water,
carbon and nutrients from a host (Press 1998; Li et al.
2014). Parasitic plants are classified as stem or root para-
sites including facultative, hemiparasitic and holoparasi-
tic forms (Yoder and Scholes 2010).

Infection by parasitic plants has been considered as an
effective method for controlling invasive plants because
the parasites partially (hemiparasites) or completely

(holoparasites) absorb water, nutrients and carbohy-
drates from their host plants, suppressing the vitality of
the host (Parker et al. 2006; Yu et al. 2008, 2009; Li et al.
2012). For example, the holoparasite Cuscuta australis,
native to China, can inhibit the growth of Bidens pilosa,
an invasive plant in China, and thus serve as an effective
biological control agent for controlling the invasive
B. pilosa (Zhang et al. 2012, 2013). Compared with the
effects of feeding by herbivores, the defence responses
of plants infected by parasitic plants have rarely been
studied (Runyon et al. 2006; Ranjan et al. 2014), even
though such knowledge is important for the successful
use of parasitic plants as enemies against invasive plants.

* Corresponding author’s e-mail address: lijmtzc@126.com
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It has been documented that plant defences to herbi-
vore or pathogen damage vary with a plant’s ontogenetic
stages (Boege and Marquis 2006; Barton and Koricheva
2010; Tucker and Avila-Sakar 2010; Barton 2013). The
ontogenetic patterns of plant defences were found to
differ with plant life form (woody, herbaceous and grass,
Barton and Koricheva 2010; Massad 2013), growth stage
(seedlings, juveniles, mature plants, Barton and Koricheva
2010; Houter and Pons 2012; Barton 2013), development
stage (flowering stage, fruiting stage, Tucker and
Avila-Sakar 2010) and growth rate (slow-growing plant
and fast-growing plant, Massad 2013). For herbaceous
plants, for example, young plants are normally more
heavily chemically defended than older ones (Cipollini
and Redman 1999; Barton and Koricheva 2010; Massad
2013). However, as expected from the resource limitation
hypothesis, the smaller reserves of resources stored in
younger plants may negatively influence secondary meta-
bolites in comparison with the larger resource reserves
stored in mature plants, as expected from the resource
limitation hypothesis (Bryant et al. 1991). Thus, younger
plants may be less defended and less able to recover
after herbivory or parasitic infestation (Hódar et al. 2008).

Similar to those defence reaction induced by herbivores
and pathogens infection, plants may increase their chem-
ical complexes to defend against parasitic infection
through plant hormones, salicylic acid and jasmonic
acid pathway (Runyon et al. 2010). Little attention has
been paid to the ontogenetic changes of invasive plants
inresponse to holoparasites. Wu et al. (2013) found that
Cuscuta campestris seedlings cannot parasitize the inva-
sive Mikania micrantha if the stem diameter of the host is
≥0.3 cm. Our field investigation found that the infest-
ation rate of plants, such as B. pilosa, Solidago canadensis
and Phytolacca americana, by C. australis decreased with
increasing host age (data not shown). Accordingly, we
conducted an experiment to understand the host
defences in relation to host age in a holoparasite–host
system. The growth characteristics and the concentra-
tions of the main chemical defences were determined
in different-aged invasive B. pilosa plants infected by
C. australis to test the hypothesis that younger hosts are
more easily damaged and less able to recover than the
older ones because the younger plants with limited
resource reserves have less capacity to produce chemical
defences and to promote compensatory growth. We
aimed to answer the following questions: (i) Do younger
and older B. pilosa plants differ in their responses to infec-
tion by C. australis? (ii) Are these differences in responses
are correlated with the growth of different-aged invasive
host plants? The answers to these questions could pro-
vide basic scientific knowledge for using C. australis to
manage the invasive plant B. pilosa.

Methods

Plant species

Bidens pilosa is native to the tropical America and has
widely spread throughout China. It is an annual forb
and can grow up to 1 m in height and produces numerous
seeds every year, and it grows both in nutrient-rich
and -poor soils. In November, 2009, seeds of B. pilosa
were collected near Sanfeng temple (121816′E, 28888′N)
in Linhai City, Zhejiang Province, China, and stored in a
low-humidity storage cabinet (HZM-600, Beijing Biofuture
Institute of Bioscience and Biotechnology Development)
until use.

Cuscuta australis, a native annual holoparasitic plant
species to South China, and is considered a noxious
weed of agriculture (Yu et al. 2011). It can infect a wide
range of herbs and shrubs (e.g. plants in the families of
Fabaceae and Asteraceae), including the invasive plants
M. micrantha, Ipomoea cairica, Wedelia trilobata, Alter-
nanthera philoxeroides and Bidens (Yu et al. 2011; Wang
et al. 2012; Zhang et al. 2012).

Experimental design

We conducted a greenhouse experiment at Taizhou
University (121817′E, 28887′N) in Linhai City, Zhejiang
Province, China. We sowed B. pilosa seeds in trays with
sand to germinate in a greenhouse on 13 March, 22
March and 6 April 2011, to create three different-aged
B. pilosa seedlings of three different ages. Approximately
20 days after sowing, B. pilosa seedlings (�10 cm in height)
were transplanted into pots (28 cm in inner diameter and
38 cm deep; 1 seedling per pot) filled with 2.5 kg yellow
clay soil mixed with sand in a 2 : 1 ratio (v : v). Plant materi-
als and stones were removed from the yellow clay soil col-
lected from fields in Linhai. The soil mixture had a pH of
6.64+0.01, with an organic matter content of 15.74+
2.65 g kg21, available nitrogen of 0.27+0.10 g kg21, avail-
able phosphorus of 0.026+0.004 g kg21 and available
potassium of 0.049+0.003 g kg21.

The pots were randomly placed in a greenhouse and
irrigated with tap water twice daily. One week after trans-
plantation, 2 g slow release fertilizer (Scotts Osmocote,
N : P : K ¼ 20 : 20 : 20, The Scotts Miracle-Gro Company,
Marysville, OH, USA) was added to each pot.

On 5 June, when B. pilosa plants were of ages 59 days
(mean height 32.0 cm and mean diameter 2.7 mm),
74 days (mean height 62.6 cm and mean diameter
5.1 mm) and 83 days old (mean height 93.3 cm and mean
diameter 5.7 mm), plants were infected by C. australis
manually. Three 15-cm long segments of parasitic
C. australis stems collected from fields in Linhai were twined
onto the stems of a B. pilosa plant to induce infection. After
24 h, most of C. australis successfully parasitized the host
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and died segments were substituted by new ones. For each
age class, six individuals were infected and six plants were
left intact as controls (n¼ 6). Six individuals were harvested,
separated into shoots and roots, and then dried at 70 8C for
72 h, to determine the initial plant biomass (W1) at the be-
ginning of infection (t1, i.e. 5 June).

Measurements

On 30 June 2011, i.e. after 26 days of infection, the net
photosynthetic rate (Pn) of B. pilosa plants was determined
on fully expanded, mature sun leaves in the upper canopy
between 10:00 and 11:30 am, using a portable photosyn-
thesis system (LI-6400/XT, LI-COR Biosciences, Lincoln,
NE, USA). For each measurement, three leaves per plant
were chosen, and six consecutive measurements were
performed.

On 9 July 2011 (t2), i.e. 35 days after infection, when
C. australis was flowering and the host plants were
94, 109 and 118 days old, respectively, all plants were
harvested. Cuscuta australis plants were separated from
their hosts and dried at 70 8C for 72 h to determine the
C. australis’ biomass (Bc). The host plants were separated
into leaves, stems and roots. Leaves, stems and roots of
the host plants were dried at 70 8C for 72 h to determine
their biomass (W2). The relative growth rate (RGR) of
biomass was calculated with the equation RGR ¼ (ln
W2 2 ln W1)/(t2 2 t1) (González-Santana et al. 2012; Li
et al. 2012).

The dried stems of the host plants were ground using a
universal high-speed grinder (F80, Xinkang Medical
Instrument Co. Ltd, Jiangyan, Jiangsu). The powder was
filtered through a 20-mesh sieve and stored in a drier
until chemical analysis.

Approximately 0.1 g of powder was extracted three
times with 70 % ethanol (v/v) under reflux at 90 8C
and the aqueous extract was used to measure the con-
centration of total phenolics and total flavonoids. The
concentration of total phenolics and total flavonoids
was determined using the Folin–Denis method and
AlCl3 reaction method according to Cortés-Rojas et al.
(2013) and Jin et al. (2007). Absorbance at 750 nm for
total phenolics and 420 nm for total flavonoids was de-
termined with a T6 UV–VIS spectrophotometer (Beijing
Purkinje General Instrument Co. Ltd, Beijing, China). Gallic
acid and rutin (purchased from National Institutes for
Food and Drug Control, Beijing, China) were used as
the standard for total phenolics and total flavonoids,
respectively.

Approximately 0.1 g of powder was extracted three
times with 70 % methanol under reflux at 70 8C, and
the aqueous extract was used to measure the concen-
tration of saponins and alkaloids. The concentration
of total saponins and alkaloids was determined by a

colourimetric method and bromocresol green reaction
method, respectively, according to Li et al. (2006) and
Jin et al. (2006). Absorbance at 560 nm (saponins) and
470 nm (alkaloids) was determined with a T6 UV–VIS
spectrophotometer (Beijing Purkinje General Instrument
Co. Ltd, Beijing, China). Ginsenosides-Re and berberin
HCl (purchased from National Institutes for Food and
Drug Control, Beijing, China) were used as the standard
for saponins and alkaloids, respectively.

Approximately 0.1 g of powder was extracted three
times with boiled water and the aqueous extract was
used to measure the concentration of soluble tannin via
the potassium permanganate redox titrations method
according to Li et al. (2007). Gallic acid (purchased from
National Institutes for Food and Drug Control, Beijing,
China) was used as the standard.

Data analysis

The plastic responses (PR) of the host plants to parasite in-
fection were calculated for all plant traits studied, using the
equation PR ¼ (VPP 2 MVC)/MVC (Barton 2008), where VPP
is the value of a trait in a parasite-infected plant and MVC is
the mean value of that trait in the same-aged controls. For
example, if the mean biomass of the non-parasitized
B. pilosa is A and the biomass of the parasitized B. pilosa
is B, then PR ¼ (B 2 A)/A. Such PR values reflect the relative
changes in the host traits caused by parasites. A value of
PR¼ 0 indicates no response. A value of PR , 0 indicates
a negative response, whereas a value of PR . 0 indicates
a positive response of the host to parasite infection.

The normality of the distribution and the homogeneity
of the data were checked (Kolmogorov–Smirnov test)
before any further statistical analysis. A two-way ANOVA
was used to analyse the effects of parasitism and host
age on the host traits studied, followed by a one-way
ANOVA and Tukey’s HSD analysis to test the difference in
means within a parasite treatment and between the
infected and non-infected plants. All tests were conducted
at a significance level of P , 0.05 using SPSS (version 16.0).

Results

Effects of C. australis infection on host growth

Cuscuta australis infection decreased the root, stem, leaf
and total biomass of the hosts compared with the con-
trols within each age class (Fig. 1, upper panel), and this
negative effect on host growth significantly decreased
with increasing host age (Fig. 1, lower panel). Compared
with the non-infected control hosts, the total plant
biomass of the infected hosts decreased 84 % for the
59-day-old plants, 48 % for the 74-day-old plants and
21 % for the 83-day-old plants.
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The growth of the parasites significantly increased with

host age (Fig. 2A). However, the biomass ratio of parasite
to host significantly decreased with host age (Fig. 2B).

The infection of C. australis significantly decreased the
growth rates in the younger (i.e. the 59- and 74-day-old
hosts; both P , 0.001) but not in the 83-day-old hosts
compared with those in the corresponding controls

(Fig. 3A and D). The infection significantly suppressed
the net photosynthetic rates only in the younger (59-
and 74-day-old) hosts but not in the older hosts (Fig. 3B
and E). Cuscuta australis infection had no effects on the
root/shoot ratio in different-aged hosts (Fig. 3C), and
the root/shoot ratio tended to decrease with increasing
host age (Fig. 3C). The negative effect of C. australis

Figure 1. The root (A), stem (B), leaf (C) and total plant biomass (D) of different-aged invasive B. pilosa plants infected and not infected by
C. australis, and the PR of the stem (E), root (F), leaf (G) and total plant biomass (H) of the infected B. pilosa plants. Values are given as
means +1 SD (n ¼ 6). Asterisks in the upper panel indicate significant difference in means between non-infected and infected plants within
the same age class at *P , 0.05, **P , 0.01 and ***P , 0.001, respectively. Different letters in the lower panel indicate significant difference
between PRs (P , 0.05).

Figure 2. The biomass of parasites (A) of different-aged invasive B. pilosa plants, and the ratio of parasite biomass to host biomass (B). Values are
given as means +1 SD (n ¼ 6). Different letters indicate significant difference between host plants of different ages at P , 0.05. F-value and
significance levels are given. ***Significant difference in means between plants within the same age class at P , 0.001.
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infection on B. pilosa’s RGRs (Fig. 3D), net photosynthetic
rates (Fig. 3E) and root/shoot ratios (Fig. 3F) decreased
with increasing host age (Fig. 3D–F). Host age (A)
interacted with parasites (P) to affect the total biomass
(P , 0.01 for A × P interaction), RGRs (P , 0.001) and
net photosynthetic rates (P , 0.001) of the hosts
(Table 1).

Effects of infection on host’s secondary metabolites

The infection significantly decreased the concentrations
of the phenolics in the younger plants (59 and 74 days
old) but not in the older hosts (Fig. 4C), and the negative
effect of C. australis decreased with increasing host age
(Fig. 4D). The infection significantly decreased the con-
centrations of the terpenoids in the younger plants (59
days old) but significantly increased those concentrations
in the older plants (74 and 83 days old) (Fig. 4G). Host
age interacted with parasite infection to influence the
levels of total phenols and saponins (Fig. 4C and G). No
effects of host age, parasite infection and their inter-
action on the concentrations of tannin, total flavonoids
and alkaloids in the hosts were observed (Fig. 4A, E and

I). The effect of infection on the concentration of total
flavonoids in the younger plants was negative (59 days
old), whereas that in the older plants was positive (74
and 83 days old) (Fig. 4F).

Discussion

Recovery ability in relation to the host age

The present study found that the deleterious effects of
parasite infection on the older B. pilosa were significantly
less severe than on the younger plants, indicating that
the younger plants were more sensitive to parasite infec-
tion than the older ones. These results supported our
hypothesis that the damage to younger B. pilosa caused
by C. australis infection is greater than the damage to
older B. pilosa.

Previous studies have shown that older hosts exhibit a
defence mechanism that hampers the development of
haustoria and thus mitigates parasite infection (Runyon
et al. 2006; Meulebrouck et al. 2009; Lee and Jernstedt
2013). However, this conclusion was not supported by
the present study because the parasite biomass did not

Figure 3. The RGR (A), net photosynthetic rate of leaves (B) and root/shoot ratio (C) of different-aged invasive B. pilosa plants infected and not
infected by C. australis, and the PR of RGR of plant biomass (D), net photosynthetic rate of leaves (E) and ratio of root biomass to shoot biomass (F)
of different-aged invasive B. pilosa to the parasitic C. australis. Values are given as means +1 SD (n ¼ 6). Different letters indicate significant
difference between host plants of different ages at P , 0.05. F-value and significance levels are given. Asterisks indicate significant difference in
means between plants within the same age class at ***P , 0.001.
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decrease but increased with increasing host age in asso-
ciation with host size. Older hosts, with larger size and
greater resource storage, could support greater growth
of the attached parasites, leading to a mean increase in
parasite biomass by 142 % for the 74-day-old hosts and
248 % for the 83-day-old hosts compared with that for
the 59-day-old hosts.

Our study found that root, stem, leaf and total bio-
mass, RGR and photosynthetic ability were significantly
negatively affected by parasite infection in the younger
plants (59 and 74 days old) but not in the older plants
(83 days old), indicating that the young plants fail to com-
pensate whereas the older plants do (Tan et al. 2004;
Zhang et al. 2012). Herbivory can induce compensatory
growth by stimulating photosynthesis, altering mass
allocation and increasing growth rates (Markkola et al.
2004; Hódar et al. 2008). Therefore, the responses of
younger B. pilosa to parasite infection is not similar to
the responses of plants to damage by herbivores (Barton
and Koricheva 2010; Barton 2013). Stout et al. (2002)
have found that younger rice plants appeared to be less
tolerant to herbivory than older rice plants, though
Elger et al. (2009) have reported a higher sensitivity to
herbivore attacks in young seedlings of British grassland
species than in older conspecifics.

Parasite infection had no effects on the root/shoot
ratio in different-aged hosts, i.e. parasite infection did
not alter the mass allocation to roots and shoots. This
result may be due primarily to changes in the light con-
ditions caused by the attack behaviour of the parasite.
Herbivores destroy parts of plants, resulting in increases
in light quality and quantity within a plant and thus lead-
ing to increases in photosynthesis and growth rates.
In contrast, parasite infection may shade a host and de-
crease the light intensity within a host plant, especially if
the hosts plants are small or young, thus leading to
decreases in photosynthesis and growth rates (Rijkers
et al. 2000).

The decreases in photosynthesis induced by parasitic
infection led to a limited availability of resources, which
further resulted in lower growth rates in smaller and
younger hosts. These results indicated that the resistance
of hosts to parasitic infection is negatively correlated with
the availability of the resources stored in a host plant
(Shen et al. 2013). For woody forest plants, negative
effects of mistletoe infection on host tree growth
and mortality have been consistently and extensively
reported (Shaw et al. 2008; Logan et al. 2013), and
those negative growth effects have widely been consid-
ered to result from decreased photosynthetic production
(Meinzer et al. 2004) caused by decreased leaf size and
leaf N content (Ehleringer et al. 1986; Cechin and Press
1993; Logan et al. 1999; Mishra et al. 2007).
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Chemical defence relative to host age

Little attention has been paid to changes in chemical
defences, such as alkaloids, phenolics, flavonoids,

cyanogenic glycosides (Elger et al. 2009; Quintero and
Bowers 2013), induced by parasitic infection, whereas
ontogenetic changes in chemical defences against

Figure 4. The concentrations (mean values + 1 SD, n ¼ 6) of tannin (A), total phenolics (C), total flavonoids (E), saponins (G) and alkaloids (I) in
different-aged invasive B. pilosa plants infected and not infected by C. australis, and the PR of tannin (B), total phenolics (D), total flavonoids (F),
saponins (H) and alkaloids (J) in stems of the different-aged B. pilosa plants to the parasitic C. australis. Different letters indicate significant
difference between host plants of different ages at P , 0.05. F-value and significance levels are given. Asterisks indicate significant difference
in means between plants within the same age class at *P ,0.05, **P ,0.01 and ***P , 0.001, respectively.
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herbivory are well documented (Van Zandt and Agrawal
2004; Barton 2008). The concentrations of cyanogenic
glycoside (Schappert and Shore 2000), nicotine (Ohnmeiss
and Baldwin 2000), alkaloids (Ohnmeiss and Baldwin 2000;
Elger et al. 2009) and phenolics (Donaldson et al. 2006;
Elger et al. 2009) have been found to be higher in older tis-
sues/plants than in younger tissues/plants exposed to her-
bivory. The present study found that the concentrations of
total phenolics, total flavonoids and saponins were signifi-
cantly negatively affected by C. australis infection in younger
B. pilosa but not in older plants. A positive response of total
phenolics was found only in the 83-day-old plants; a positive
response of total flavonoids and saponins occurred in both
74- and 83-day-old plants. These results supported our ini-
tial hypothesis that the younger plants with limited resource
reserves have less leeway to produce chemical defences.
Similarly, it has been reported that older plants that had ac-
cumulated resources over a long period were better able to
maintain anti-herbivore defences than younger plants with
limited resources (Boege 2005; Elger et al. 2009).

However, other studies have reported opposite or
neutral responses of chemical defences to herbivory
(Thomson et al. 2003; Barton and Koricheva 2010).
Goodger et al. (2013) demonstrated that the levels of
phenolics produced in response to herbivory were highest
in seedlings compared with those in juveniles and mature
trees. A meta-analysis based on data from 36 published
studies also did not find any clear relationships between
ontogenetic stage and chemical defences induced by
herbivory (Barton and Koricheva 2010). Ontogenetic pat-
terns of plant chemical responses to herbivory or parasite
infection might vary with plant species, chemical com-
pounds and disturbance (e.g. parasite or insect infection)
(Webber and Woodrow 2009; Rohr et al. 2010). Further
studies are needed to identify, clarify and quantify the
chemical defences in different hosts and different-aged
hosts infected by different parasites.

Plant resistance traits, including physical defences
traits and chemical secondary compounds, and tolerance
traits such as compensatory re-growth are detectable,
when plants are damaged by insect, pathogen or parasite
infection (Stowe et al. 2000; Quintero and Bowers 2013).
Previous studies prove that trade-offs between resistance
and tolerance traits of plants do occur following damage
(Orians et al. 2010; Quintero and Bowers 2013). However,
several studies reported that the trade-offs between
resistance and tolerance traits are not detectable for all
development stages (e.g. Quintero and Bowers 2013),
for example, during the seedling development stage (Bar-
ton 2008). Our results showed that younger hosts had
higher concentrations of tannin and alkaloids but lower
concentrations of flavonoids, phenolics and terpenoids,
as well as a lower re-growth ability; conversely, older

hosts had lower concentration of tannin and alkaloids,
but higher concentrations of flavonoids, phenolics and
terpenoids, as well as a higher capability of compensatory
growth. These results provided an indirect evidence for
supporting the above-mentioned viewpoints that younger
hosts with lower biomass invest fewer resources in growth
but more resources in higher concentrations of tannin and
alkaloids, whereas the older hosts have a higher biomass
and higher concentrations of flavonoids, phenolics and ter-
penoids, but lower concentrations of tannin and alkaloids.
Accordingly, the overall pattern of response might depend
on the age or size of the host and even on the diversity of
damage.

In conclusion, the intensity of damage caused by the
parasite C. australis was dependent on the host age or
size associated with the host biomass, showing that
younger and smaller hosts were more easily damaged
and less able to recover. This result supported the
resource limitation hypothesis (Bryant et al. 1991)
because hosts with increasing host age (or size) have
more resources available to defend against or limit the
establishment of haustoria (Runyon et al. 2010). Our
field investigation found that B. pilosa plants with a
height .90 cm were resistant because they were less
infected by C. australis, whereas B. pilosa plants with a
height ,30 cm were effectively and successfully con-
trolled by C. australis. Our results, therefore, indicate
that the parasite C. australis could be successfully used
as a potential biological agent in the control of invasive
B. pilosa plants only in the early stages of development.
However, as Boege (2005) indicated, further studies are
needed to better and fully understand the mechanisms
underlying the effects of host ontogeny on the responses
of the host plants to herbivores or (holo) parasites.
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Abstract. Recycled wastewater is a popular alternative water resource. Recycled water typically has higher salinity
than potable water and therefore may not be an appropriate water source for landscapes planted with salt-intolerant
plant species. Coast redwoods (Sequoia sempervirens) are an important agricultural, horticultural and ecological
species assumed to be salt intolerant. However, no studies have analysed how salinity impacts coast redwood
growth. To determine salt-related growth limitations, as well as susceptibility to particular salt ions, we divided 102
S. sempervirens ‘Aptos Blue’ saplings evenly into 17 salinity treatments: a control and four different salts (sodium
chloride, calcium chloride, sodium chloride combined with calcium chloride, and sodium sulfate). Each salt type
was applied at four different concentrations: 1.0, 3.0, 4.5 and 6.0 dS m21. Trees were measured for relative growth,
and leaves were analysed for ion accumulation. Results showed that the relative stem diameter growth was inversely
proportional to the increase in salinity (electrical conductivity), with R2 values ranging from 0.72 to 0.82 for different
salts. Analysis of variance tests indicated that no particular salt ion significantly affected growth differently than the
others (P . 0.1). Pairwise comparisons of the means revealed that moderately saline soils (4–8 dS m21) would
decrease the relative height growth by 30–40 %. Leaf tissue analysis showed that all treatment groups accumulated
salt ions. This finding suggests reduced growth and leaf burn even at the lowest ion concentrations if salts are not
periodically leached from the soil. Regardless of the specific ions in the irrigation water, the results suggest that growth
and appearance of coast redwoods will be negatively impacted when recycled water electrical conductivity exceeds
.1.0 dS m21. This information will prove valuable to many metropolitan areas faced with conserving water while at
the same time maintaining healthy verdant landscapes that include coast redwoods and other long-lived conifers.

Keywords: California; drought; Mediterranean climate; reclaimed water; urban forestry; urban horticulture.

Introduction
Water used to irrigate important verdant, social land-
scapes (e.g. arboreta, public parks and golf courses)
faces competition with other uses of fresh water including
increasing agricultural and urban demands (Hamilton
et al. 2005). Recycled wastewater has been highlighted

as one of the most affordable alternative resources for
agricultural, industrial and urban non-potable purposes
in arid and semi-arid regions like California, where current
fresh water reserves are at a critical limit (Lazarova et al.
2001). In California natural prolonged periods of summer
drought have been exacerbated in recent years by low win-
ter rainfall. California’s 2014 Water Year, which ended

* Corresponding author’s e-mail address: lroki@ucdavis.edu
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30 September 2014 was the third driest in 199 years of
record; and was the warmest year on record (USGS
2015). In addition, California’s population is estimated to
increase by 15.4 million residents (a 39 % increase) over
the next 50 years (Palmer and Schooling 2013). Both the
rise in population and the uneven distribution of these
new inhabitants will cause an increase in water demand
(Hanak and Davis 2006). To mitigate the effects of
increased competition for limited potable water, horticul-
turalists and municipalities in California and in arid and
semi-arid climates around the world are developing
sources of recycled wastewater (Hamilton et al. 2005;
Miller 2006; Toze 2006).

Types of wastewaters used for recycling include treated
and untreated sewage effluent, storm water runoff,
domestic greywater and industrial wastewater (Toze
2006). Although recycled water meets many social and
environmental objectives by reducing competition for
fresh water, there are some drawbacks that make it less
suitable than potable water for horticultural applications.
Primarily, recycled water often has a greater salt concen-
tration than potable water. Although the salinity of
recycled water is not usually high enough to make it
unsuitable for irrigation (Vartanian 2008), it can contain
10 times more salt (e.g. 1.0–2.0 dS m21) than potable
water (�0.1 dS m21). Thus, recycled water can be harm-
ful to salt-intolerant plants (Maas 1986).

Salinity in low concentrations (,2.0 dS m21) has been
shown to have adverse effects on growth and physiology
of many plants (Kozlowski 1997; Chaves et al. 2009).
Salinity impacts plant growth by decreasing the osmotic
potential of the soil and imposing physiological drought,
or through toxic effects from high concentrations of par-
ticular ions, such as sodium or chloride that can injure the
plant (Chaves et al. 2009). Although there is an extensive
literature on the negative effect of salt on plant growth
for many agricultural crops (Sohan et al. 1999; Sultana
et al. 1999; Katerji et al. 2003; Zheng et al. 2008), there
is a limited amount of information quantifying growth
responses to salt for important horticultural species. In
particular, there is only one report published about the
salt tolerance of the coast redwood tree (Sequoia semper-
virens) (Wu and Guo 2006), which is surprising given this
species’ important ecological and horticultural value.

The coast redwood is emblematic of western US coni-
fers known for its towering height (.100 m) and longev-
ity (.1500 years). This charismatic tree species’ native
range extends along the fog-belt of the Pacific coast
from southern Oregon to central California. The coast red-
wood is an important timber species, prized in building for
its burnt-sienna coloured wood that is naturally decay
resistant. Coast redwoods are also used extensively in
Pacific horticulture (CA, OR, WA), in public parks, golf

courses, highways and private landscapes; and are popular
horticultural specimens used throughout the USA and
in temperate climates around the world. Although the
coast redwood is indigenous within a Mediterranean
climate, which is typified by long periods of summer
drought, coast redwoods thrive in areas with significant
summertime moisture, typically derived from abundant
marine fog. Moisture input from fog drip in the summer
can constitute 30 % or more of the total water input
each year (Dawson 1998). The coast redwood is character-
ized as having low to moderate drought tolerance (Sunset
Books 2000) and requires supplemental irrigation where
fog or summer precipitation events are lacking. Without
natural precipitation (rain or fog) or supplemental irriga-
tion, dry summer conditions may inhibit the performance
of mature individuals of coast redwood in urban settings
where signs of water stress often include leaf senescence
and stem die back (Litvak et al. 2011) (Fig. 1).

The work presented herein was initiated to fill a knowl-
edge gap by determining the level of tolerance of coast
redwood to sodium and chloride. The research was
designed in response to reports from water districts in
the San Francisco Bay Area, which claimed that coast red-
woods within public parks had shown signs of decline or
death after irrigation with recycled water. To determine
the effects of sodium and chloride ions on the growth
and health of redwoods, Sequoia sempervirens ‘Aptos
Blue’ specimens were placed in a greenhouse and irri-
gated daily with one of 17 treatments represented by a
non-saline nutrient solution that was used as the control
treatment plus four different salt solutions at four differ-
ent concentrations. We hypothesized that redwoods

Figure 1. A photograph of coast redwoods (Sequoia sempervirens)
that are growing in a public park in the San Francisco Bay Area, CA.
The coast redwoods are the tall, slender conifers, exhibiting charac-
teristic leaf senescence (browning) and stem dieback. The cause of
stress of these trees was identified as water stress. Water stress can
be caused by lack of soil moisture, or physiological drought from
increased soil salinity.
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would be classifiable as a ‘salt-sensitive’ species, demon-
strated by declines in growth at soil salinity concentrations
,3.0 dS m21. Further, we hypothesized that different salt
solutions would be more toxic than others, represented by
statistically different growth responses.

Methods

Experimental design

The experiment was conducted in a glasshouse at the UC
Davis Environmental Horticulture Complex (Davis, CA, USA).
Greenhouse daytime low and high temperatures were
maintained between 21 and 24 8C, and night-time low
and high temperatures were maintained between 13 and
17 8C. No artificial lighting was supplied to the plants. The
glasshouse was divided into two blocks to control for nat-
ural gradients of sunlight, temperature and humidity. Pots
were placed 1 m apart throughout the two blocks. One
hundred and two Sequoia sempervirens ‘Aptos Blue’ sap-
lings in 8 L pots (21 cm tall, with a 21 cm diameter taper-
ing to 18.5 cm) were obtained from Generation Growers,
Modesto, CA, USA. Potting media contained a mix of
humus and sand in a 4 : 1 volumetric ratio, 6.0 kg m23

dolomite, 0.6 kg m23 calcium nitrate, 1.2 kg m23 ferrous
sulfate heptahydrate, 3.0 kg m23 nitroform, 2.4 kg m23

double super phosphate and 1.2 kg m23 oyster shell lime.
The salinity treatments consisted of a control, as well as

four different salts: sodium chloride (NaCl), calcium chlor-
ide (CaCl2), sodium chloride and calcium chloride (NaCl +
CaCl2) and sodium sulfate (Na2SO4). Each salt was applied
at four different concentrations represented by electrical
conductivity (EC) of 1.0, 3.0, 4.5 and 6.0 dS m21. NaCl was
selected because it is the most common salt in recycled
water. Na2SO4 was used to isolate Na symptoms, whereas
CaCl2 served to isolate Cl symptoms. The combination of
NaCl and CaCl2 provided a treatment simulating environ-
mental conditions, where combinations of monovalent
and multivalent cations would be present in the irrigation
water and/or soil. Each salt type was added to a one-
quarter strength Hoagland’s fertilizer ‘Solution 2’ which
had an EC of 0.5 dS m21 (Epstein and Bloom 2005). The
control treatment received only the modified Hoagland’s,
without additional salt. Six trees were replicated in
each of 17 treatments. Treatments were initialized on
15 October 2005.

Dosatronw DI-16 injectors (Dosatron USA, Clearwater,
FL, USA) were used to mix the salinity treatments
into the irrigation water. Three Netafimw Woodpecker
pressure-compensating emitters (Netafim Irrigation,
Fresno, CA, USA, rated 4 L h21) at each pot produced an
average total flow rate of 12.8 L h21 (SE ¼ 0.08, n ¼ 9).
Multiple emitters at each pot allowed for uniform satur-
ation of the container medium. Daily irrigations were

scheduled with a Hunterw ICC irrigation timer (Hunter
Industries Inc., San Marcos, CA, USA). A leaching fraction
of 0.4–0.5 was applied to all treatments independently.
The leaching fraction is defined as the ratio of the quan-
tity of water draining past the root zone to that infiltrated
into the soil’s surface. This fraction was used to isolate
symptoms related to the salt treatments by eliminating
stress due to both insufficient water and increasing con-
tainer EC due to evapotranspiration. Further, this leaching
fraction was designed to provide sufficient irrigation
treatment volume to allow for uniform saturation of the
container medium. Irrigation treatment salinity concen-
trations were evaluated weekly by collecting solute
from the emitter tube at each tree during the day’s irriga-
tion cycle. After the irrigation cycle, a portable meter was
used to test the EC and pH of each sample leachate
(Table 1).

Data collection

Stem diameter and stem length (i.e. tree height) were
measured every second week starting on 25 September

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Mean (+SE) cumulative treatment and leachate EC values
from the testing period 12 July 2005 to 1 September 2007. A leaching
fraction of 0.4–0.5 was applied to all treatments independently.
Irrigation treatment salinity concentrations were evaluated weekly
by collecting solute from an emitter tube at each tree prior to the
day’s irrigation cycle.

Treatment Cumulative mean

treatment EC

(dS m21)+++++1 SE

Cumulative mean

leachate EC

(dS m21)+++++1 SE

Control 0.5 dS m21 0.57+0.01 0.66+0.01

NaCl 1.0 dS m21 1.05+0.01 1.67+0.05

NaCl 3.0 dS m21 3.12+0.03 4.52+0.11

NaCl 4.5 dS m21 4.32+0.05 5.71+0.11

NaCl 6.0 dS m21 5.72+0.08 7.08+0.12

CaCl2 1.0 dS m21 1.06+0.01 1.54+0.02

CaCl2 3.0 dS m21 2.95+0.02 5.08+0.13

CaCl2 4.5 dS m21 4.52+0.04 7.10+0.16

CaCl2 6.0 dS m21 6.12+0.04 8.83+0.17

NaCl + CaCl2 1.0 dS m21 1.09+0.01 1.61+0.03

NaCl + CaCl2 3.0 dS m21 2.94+0.03 4.60+0.11

NaCl + CaCl2 4.5 dS m21 4.59+0.03 6.83+0.16

NaCl + CaCl2 6.0 dS m21 6.10+0.04 8.40+0.15

Na2SO4 1.0 dS m21 1.09+0.01 1.73+0.05

Na2SO4 3.0 dS m21 3.10+0.04 4.68+0.11

Na2SO4 4.5 dS m21 4.71+0.01 6.08+0.09

Na2SO4 6.0 dS m21 6.10+0.02 7.37+0.11
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2005 and ending 3 January 2007. A set of digital calipers
(Fisher Scientific, Pittsburgh, PA, USA) was placed around
the trunk at a height of 3 cm above the potting medium in
a constant orientation for each tree. The trunk was
marked to indicate the points of contact for the calipers
and the diameter was measured across these points
each time. Tree height was evaluated every third week
starting 15 September 2005 and ending 8 January
2007. Height was measured with a tape from an indicated
point on the pot rim to the apex of the central leader of
the tree.

The concentration of salt ions accumulated in the
leaves was determined from analyses of leaves sampled
from the previous flush of growth. These leaves were
identified as originating from lignifying stem segments
occurring directly behind the youngest, light green leaves
on solid green stems. Consistency of tissue maturity has
been shown to be an important characteristic for obtain-
ing comparable results (Mills and Jones 1996). Leaf
tissue-sampling events occurred on 17 October 2005, 9
January 2006, 18 May 2006, 22 September 2006 and 15
January 2007. The experiment was terminated shortly
after the fifth sampling. Both proximal (P) and distal (D)
leaf blade sections were collected on each date. The distal
portions of leaves were removed first; the halfway cut
point was determined visually. Then the basal sections
of the cut leaves were removed by cutting them as closely
to the stem as possible. A minimum of 1.5 g dry weight
(3.8 g fresh weight, 39 % dry: fresh weight ratio) was col-
lected for each sample. The dried samples were analysed
for % Ca+, % Cl2 and % Na+ by using the ‘Nitric/Perchloric
Wet Ashing Open Vessel’ (P – 3.10) technique, and Cl was
analysed using the ‘2 % Acetic Acid Extraction’ (P – 4.20)
technique by Dellavallew Laboratory, Inc. (Fresno, CA,
USA). Ion accumulation rates were evaluated for the
different concentrations within each salinity treatment
type (e.g. 1.0 dS m21 NaCl vs. 6.0 dS m21 NaCl), as well
as within treatment concentration level between the
various salinity treatment types (e.g. 1.0 dS m21 NaCl
vs. 1.0 dS m21 CaCl2).

Statistical analysis

The experimental design represented a randomized
complete block (RCB) with every treatment appearing in
either block. Blocking of experimental groups in the green-
house was used to control for variances that may have
originated from the environmental conditions. The treat-
ment and block effects were treated as random variables.
Analysis of variance (ANOVA) tests were used to evaluate
if differences in stem (height) growth and stem diameter
growth could be confidently attributed (P , 0.05) to block-
ing, salinity type and salinity concentration. For each salt
type, a linear regression was used to determine the

influence increasing salinity concentrations (EC) had on
height and diameter growth responses (Fig. 2). Tukey’s
HSD were used as a post-hoc pairwise comparison of
means within treatments when statistical differences
were attributable to the treatment variables (salt or
concentration). Relative comparisons of the mean ion con-
centrations, collected in proximal and distal tissues, were
used to understand the differences attributable to salinity
type and salinity concentration (Figs 3–5).

Figure 2. (A) Irrespective of salt ion the relative diameter growth
was inversely proportional to the increase in salinity (R2 ¼ 0.75),
which was measured as the mean of the irrigation and leachate
EC. The R2 relationship between EC and relative diameter growth va-
lues for the control and four concentrations within each salinity type
ranged from 0.72 for the CaCl2 treatments to 0.82 for the Na2SO4

treatments. Analysis of variance tests indicated that the specific
salt (or ion combination) did not have a significantly greater effect
on the diameter growth of the stem (P . 0.1). (B) The specific ion
(or ion combination) did not have a significantly greater effect
on the vertical growth of the stem (P . 0.1). The relative stem
growth was poorly explained as a response to increasing salinity
(EC) (R2 ¼ 0.27). Yet, there were significant differences in height
(P , 0.001) between the different concentration levels within the
salt treatment. Pairwise multiple comparisons of the means suggest
that the final relative height in the control group and the lowest ion
concentration (1.0 dS m21) were significantly greater (P , 0.05)
when compared with the two higher ion concentrations (4.5 and
6.0 dS m21).
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Growth

The stem length (height) and diameter measurements
were highly dependent on the natural variability of initial
starting size rather than the treatment effects. To
elucidate the treatment effects we investigated the rela-
tive growth for each tree, rather than the absolute
growth. Relative growth was calculated by dividing the re-
corded height or diameter measurements by the original
(9 September 2005) height or diameter measurements.
Analysis of variance results suggest no significant differ-
ences (P . 0.1) attributable to the experimental blocks.
The magnitude of salinity effects, measured as mean EC
from the cumulative irrigation EC and the cumulative
leachate EC, was similar for all four salt treatments.
Trees grown at 6.0 dS m21 increased �1.5 times the ori-
ginal diameter. Trees grown at 1.0 dS m21 increased �2.5
times the original diameter (Fig. 2A), which was similar to
the growth by the control group. The proportion of the
variation in stem diameter growth responses explained
by increasing salinity (EC) ranged from R2 ¼ 0.72 for the
CaCl2 treatments, R2 ¼ 0.74 for NaCl + CaCl2, R2 ¼ 0.77
NaCl, to R2 ¼ 0.82 for the Na2SO4 treatment. Analysis of

variance tests indicated that the specific salt (or ion com-
bination) did not have a significantly greater effect on the
diameter growth of the stem (P . 0.1). An ANOVA testing
the response of height growth to the salt treatments sug-
gested significant differences (P , 0.001) between the
different concentration levels within the salt treatments.

Means of all the treatments showed an inverse rela-
tionship between stem length growth and increasing EC
(Fig. 2B). Yet, the mean relative stem length and the
corresponding standard errors overlapped greatly. Inter-
mediate salinity concentrations caused the most variation
within and between treatments in relative tree height
(Fig. 2B). Relationships between EC and relative height
was poorly described by linear modelling with R2 values
for each salinity type ranging from 0.18 for the NaCl +
CaCl2 treatments, R2 ¼ 0.2 CaCl2, R2 ¼ 0.34 NaSO4, to
0.38 for the NaCl treatment. ATukey HSD pairwise compari-
son revealed that the final relative height (15 January
2007) of the control group (2.4+0.2) was not significantly
greater (P . 0.1) than the final relative height of any of the
lowest salinity concentration (1.0 dS m21) (NaCl: 2.1+0.2;
CaCl2: 2.1+0.2, NaCl + CaCl2: 2.0+0.3; Na2SO4: 2.2+
0.2). Yet Tukey HSD pairwise comparisons suggest that
the final relative height in the control group and the lowest

Figure 3. Na+ ion concentration in the distal and proximal ends of the leaf tips from all treatment groups (excluding the CaCl2 treatments). At
every harvest the greatest % Na+ in leaf tissues (distal and proximal) were detected in the 6.0 dS m21 group in NaCl treatment. Over time, the
% Na tissue concentration increased in all salinity concentrations across all ion treatments. The per cent concentration did not differ greatly
between distal and proximal ends of the leaf for any treatment combination. The distal and proximal leaf tissues harvested from plants treated
with NaCl had 2–3 times greater Na+ when compared with the NaCl + CaCl2 group, and 25 % greater than the NaSO4 group.
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(P , 0.05) when compared with the two higher ion con-
centrations (4.0 and 6.0 dS m21). The significant differ-
ences between the high and low salinity groups suggest
that if recycled water generates moderately saline soils
(4–8 dS m21) that the relative height growth of coast
redwoods may decrease by 30–40 %.

Tissue analysis

At every harvest, the greatest % Na+ in leaf tissues (D or P)
was detected in the 6.0 dS m21 group in NaCl treatment
(Fig. 3). The per cent concentration did not differ greatly
between D or P leaf sections for any treatment combin-
ation and hereafter will not be differentiated. Over time,
the % Na+ tissue concentration increased in all salinity
concentrations across all ion treatments (excluding
CaCl2, which did not contain Na+ ions). The leaf tissues
harvested from plants treated with NaCl had 2–3 times
greater Na+ when compared with the NaCl + CaCl2
group, and 25 % greater than the NaSO4 group.

Similar to the Na+ tissue analyses, the rate of Cl2

increase was relative to the salinity concentration in the
irrigation solution with the greatest tissue concentrations
occurring in the plants in treatment groups with the
greatest ions concentration (Fig. 4). Like Na+, the % Cl2

concentration did not differ greatly between D and P

ends of the leaf for any treatment combination. The leaf
Cl2 concentration did not initially increase (October
2005–January 2006). However, subsequent harvests
exhibited increasing concentrations of Cl2 ions in the
leaf tissues for all treatments containing Cl2 ions.

Calcium ion concentration in the leaf tissues followed
the same pattern as Na+ and Cl2, with similar concentra-
tions being found in D and P segments and the greatest
concentrations being relative to the treatment ion con-
centrations, which increased with exposure over time
(Fig. 5). A notable difference between the % Na+

(Fig. 3), % Cl2 (Fig. 4) and % Ca+ (Fig. 5) analyses is that
the % Ca+ in the control group was nearly an order of
magnitude greater than either of the other two ions
(1 % compared with 0.1 %). Corresponding to this rela-
tively increased baseline, the final concentrations of Ca+

ions found in the leaf tissues at January 2007 were .2 %
for all Ca+ containing salt treatments. Conversely, no
treatment had .2 % Cl2, and only the 6.0 NaCl treat-
ments had .2 % Na.

Discussion

Growth responses

The impetus of the study was to quantify the toxicity
of Na+ and Cl2 to coast redwood, since horticultural

Figure 4. The rate of Cl2 increase was relative to the salinity concentration rate in the irrigation solution, with the greatest tissue concentrations
in the plants in treatment groups with the greatest ions. The % Cl2 concentration did not differ greatly between distal and proximal ends of the
leaf for any treatment combination. The Cl2 concentration did not initially increase (October 2005–January 2006). However, subsequent har-
vests exhibited increasing concentration of Cl2 ions in the leaf tissues.
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problems had been observed in coast redwoods irrigated
with recycled water salinity in the Santa Clara, CA, USA
area, and NaCl is the primary salt in recycled water in the
Santa Clara, CA, USA, area. The salinity of recycled water
may be the single most important parameter in determin-
ing its suitability for irrigation (EPA 2012). Salinity limits
vegetative and reproductive growth of plants by inducing
severe physiological dysfunctions and causing widespread
direct and indirect harmful effects, even at low salt con-
centrations (Kozlowski 1997). Although the salts present
in recycled water can vary greatly depending on the
water source, the more common elemental ions include
B3+, Ca2+, Cl2, Na+ and SO4

− (Martinez and Clark 2012).
The treatments were designed to isolate particular ion

effects: NaCl, the salt of interest, CaCl2 to isolate the
chloride effect, Na2SO4 to isolate the sodium effect, and

the combination of NaCl + CaCl2 to represent a mixture
of mono- and divalent cations that would be closer to
a ‘real’ exposure. The similar growth patterns and lack
of statistical differences (P . 0.1) between salt ions at
each respective concentration level (Fig. 2) suggest that
none of the ions or ion combinations were more toxic
than the others for coast redwood growth. Growth
was significantly decreased when salinity in irrigation
water was .3 dS m21 when compared with water with
1.0 dS m21 levels of salt (P , 0.05) (Fig. 2). The diameter
growth responses to increasing salinity were fairly uni-
form with nearly three-quarters or more of the variation
(R2 ¼ 0.72–0.82) being explained by increasing salinity.
The height (stem length) responses were also negatively
correlated with increasing salinity. Yet scarcely a third, at
best, of the variation was attributable to increasing

Figure 5. Calcium ion concentration in the leaf tissues followed the same pattern as Na+ and Cl2, with similar concentrations being found in
distal and proximal segments and the greatest concentrations being relative to the treatment concentrations, which increased with exposure
over time. The final concentrations of Ca+ ions found in the leaf tissues in January 2007 were .2 % for all Ca+ containing salt treatments. Con-
versely, no treatment had .2 % Cl2, and only the 6.0 NaCl treatments had .2 % Na.

114 Botany: Growth and Developments of Plants

__________________________ WORLD TECHNOLOGIES __________________________



WT

salinity (R2 ¼ 0.18–0.38). At intermediate salinity concen-
trations (EC 3.5 and 5.5) it appears (Fig. 2B) that CaCl2 was
less inhibiting on stem growth than other salts (e.g. NaCl).
Yet differences in salt type were not found to be statistically
significant determinant of stem growth (P . 0.2). The coast
redwood is a hexaploid—each of its cells containing six sets
of chromosomes, with 66 chromosomes. Natural genotypic
variation is incredibly complex in this species and long-lived
tree species in general. Additional analyses with greater
sample sizes over longer duration could potentially improve
the clarity of response between salt type and stem elong-
ation. Nonetheless, the lack of statistical differences in
growth reduction between specific salt ions agrees with pre-
vious research that did not find specific ion effects on red-
wood leaf responses to salt spray (Wu and Guo 2006).
Confirming that overall salinity reduces growth, more so
than specific ion toxicity, is an important finding because
it suggests that a variety of sources of recycled water may
be suitable for irrigation water in areas where coast red-
woods are growing. However, these effects may change
over time depending on the soil and climate where the
trees are growing.

Salt may become progressively concentrated in the
root zone because the plant roots absorb water but very
little salt (Kozlowski 1997). In semi-arid and arid environ-
ments, saline soils can be problematic due to the lack of
adequate rainfall to leach ions from the surface soil
layers. The concentration of salt ions can have different
effects in different soils. For instance, Na cations are
known to interact with anionic clay soils resulting in swel-
ling dispersion of the clay particles, which can reduce soil
permeability (Halliwell et al. 2001). The buildup of salts in
any type of soil will reduce the hydraulic conductivity,
which can impact on the ability of water to infiltrate
into the soil profile, and thus reduce the water availability
to irrigated plants (Toze 2006). Plants will accumulate
non-toxic osmolytes in the leaves to counter the change
in soil osomotic potential (Greenway and Munns 1980;
Munns and Tester 2008). In plants that are unable to
exclude the salt, of salt ions, overabundant salt ions will
also accumulate in leaf tissue vacuoles (Greenway and
Munns 1980; Chaves et al. 2009). While this concentration
of salt ions in the vacuoles can provide temporary osmotic
balance and allow for water uptake, it can also become
toxic over time as the ions begin to degrade the chloro-
plasts (Chaves et al. 2009). The statistical differences in
growth across the given concentrations (Fig. 2) are even
more clearly represented by the visual effects of leaf
burn and necrosis (Fig. 6). The continually increasing
salt ion concentrations in the leaf tissues (Figs 3–5) sug-
gests that there is the possibility for reduced growth and
leaf burn even at the lowest ion concentrations. These
results demonstrate that salts must be periodically

leached from the soil to prevent the accumulation of
greater ionic concentrations in the leaves over time. Salt
accumulation in the soil may not be problematic in areas
where winter rainfall is sufficient to leach the salt ions.
However, this will depend in part on the soil chemistry
and structural properties including infiltration and
drainage rates.

There has only been one previous study published
regarding salt tolerance of coast redwoods (Wu and
Guo 2006). Wu and Guo (2006) reported that coast
redwood variety Aptos Blue should be placed in the salt
sensitive category, because leaves were significantly
chlorotic when foliar sprays were applied at a concentra-
tion of .2.0 dS m21. The experimental design of their
study differed considerably from the work presented
herein. Wu and Guo’s (2006) salt tolerance categorization
was based on the quantity of leaf yellowing after the
application of a foliar spray containing salts. Yellowing is
an important consideration for horticultural aesthetics,
however, because the tolerable level of leaf chlorosis
will depend on the management objectives, it is a more
subjective measurement compared with the growth re-
sponses reported herein. Another important difference
is that Wu and Guo’s (2006) study focussed on foliar con-
tact, which is important in situations where small trees
may be sprayed by overhead irrigation. Yet salt spray on
leaves may not be relevant in landscape situations
where the spray from an overhead sprinkler is well
below the crown of a mature coast redwood. We believe
that our results, which analysed impacts of soil salinity,
compliment the previous research on foliar responses to
salinity. This is especially so considering that if recycled
water is being utilized as a means of water conservation,
in which case it should be used in conjunction with effi-
cient irrigation methods (e.g. drip or micro spray emitters)
(Pereira et al. 2002). Foliar spray on mature trees would be
unlikely from these more efficient forms of irrigation.

Management considerations for recycled water
in urban landscapes and horticulture

Sodium and other forms of salt are difficult to remove and
may be persistent in recycled water (Toze 2006). Reverse
osmosis, the most commonly used desalination technol-
ogy (Fritzmann et al. 2007), is typically reserved for the
production of high-quality recycled water (i.e. potable
water) and would not be practical or economical for land-
scape irrigation (Toze 2006). Considering that long-term
accumulation is a concern for coast redwoods, if salts
were present in recycled water, irrigation management
would have to rotate between recycled water and fresh
water to leach salt ions, utilize recycled water blended
with higher quality water to reduce salinity or depend
on natural precipitation events. In a container nursery
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setting—where the soil media is well drained and leached
regularly—recycled water with low salinity (,2.0 dS m21)
could also be applied safely to irrigate coast redwoods as
long as the containers were leached periodically with
non-saline water to inhibit accumulation overtime.

The responses demonstrated in our study by the
coast redwood, including decreased growth at moderate
salinity levels and mortality at high salinity, were
similar to responses reported for other conifers (Croser
et al. 2001). Similar to our finding of increased salt

accumulation over time (Figs 3–5), needle burn in pon-
derosa pine (Pinus ponderosa L.) irrigated with recycled
wastewater was largely correlated with needle Na+ con-
centration (Qian et al. 2005). However, it has been re-
ported that loblolly pine (Pinus taeda L.) irrigated with
untreated laundry wastewater had improved shoot
growth, which the authors attributed to the CaCl2 found
in the wastewater (Warren et al. 2004). Considering our
results, these findings may not translate to all conifers.
Further, the presence of CaCl2 was found to decrease

Figure 6. Photographs of the leaves of individual trees taken on 22 September, 2006, �1 year after the salinity treatments had been initiated.
The visual evidence presented in these photos is characteristic of the leaf burn that was typical for all plants within each particular salt/con-
centration group. The photos display how little the leaves were affected at 1.0 dS m21, with progressively more burn at higher concentrations.
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nutrient uptake in Norway spruce (Picea abies (L.) Karst.)
(Bogemans et al. 1989). In general, there are very few stud-
ies of the impacts of salinity on conifers, which presents a
challenge for mangers using recycled water and an oppor-
tunity for future studies. We conclude that Sequoia sem-
pervirens ‘Aptos Blue’ was sensitive to salinity regardless
of salt composition, particularly as the EC of the irrigation
water exceeded 1.0 dS m21 (Figs 2 and 6).

Conclusions
Fresh water is an essential resource—integral to all
ecological and societal activities (Gleick 2012). Growing
global human populations must manage finite fresh
water resources to meet basic human needs while
also ensuring that the extraction of water from natural
sources (e.g. rivers, lakes, aquifers etc.) does not deleteri-
ously affect other important ecosystem services derived
from freshwater ecosystems (Millennium Ecosystem
Assessment 2005).Water reuse for non-potable (i.e. irri-
gation, industrial) or indirect potable (e.g. discharge into
drinking water reservoirs or supply) purposes has been
considered across the USA, but particularly in drier or
drought-ridden communities such as Arizona, California,
Colorado and Texas; or communities experiencing sub-
stantial population and economic growth that place a
strain on water supplies (e.g. Georgia and Florida) (Hartley
2006).

Unlike monoculture agriculture that manages a single
species most landscape plantings include a diverse
assemblage of species. Therefore, salt concentrations in
recycled water must be acceptable for the most sensitive
landscape plant species. The growth responses of the
coast redwood to drip irrigation with a variety of salt ions
across a range of salinity concentrations had never been
reported until this work. This information will prove
valuable to the many metropolitan areas faced with con-
serving water while at the same time maintaining healthy,
verdant landscapes that include coast redwoods and other
long-lived conifers. For instance, recycled water is a neces-
sity in many metropolitan communities in California, in-
cluding the San Francisco suburb Redwood City. Redwood
City delivers �2500 ML year21 of recycled water for muni-
cipal irrigation, which is a portion of the 40 150 ML year21

of recycled water provided by the South Bayside System
Authority for municipal uses (primarily urban landscapes)
(Ingram et al. 2006). The EC of this recycled water typically
ranges from 1.0 to 1.5 dS m21 (Santa Clara Valley Water
District 2007). As the name Redwood City suggests, the
coast redwood is an important component of the urban
forest, and is the ‘City Tree’ of nearby Palo Alto, CA, USA,
a city named for a charismatic Sequoia sempervirens
‘El Palo Alto’ (Spanish for tall stick). The results from this

study show that like other long-lived conifers, coast red-
woods may be able to tolerate the low levels of salt that
are typically found in recycled water. In landscapes
where interaction between clay soils and saline recycled
water may exacerbate salt stress, more drought tolerant/
salt tolerant conifers such as pines (e.g. Pinus palustris
Mill., P. pinea L., P. pinaster Aiton, and P. radiata D. Don)
(Antonellini and Mollema 2010) could be suitable replace-
ments to coast redwoods.
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Abstract. Plant species distributions are determined by the response of populations to regional climates; however,
little is known about how alien plants that arrive in central Europe from climatically warmer regions cope with the
temperature conditions at the early stage of population development. Ambrosia artemisiifolia (common ragweed)
is an invasive annual plant causing considerable health and economic problems in Europe. Although climate-based
models predict that the whole of the Czech Republic is climatically suitable for this species, it is confined to the
warmest regions. To determine the factors possibly responsible for its restricted occurrence, we investigated the ef-
fects of temperature and nutrient availability on its seedlings. The plants were cultivated at one of seven temperature
regimes ranging from 10 to 34 8C, combined with three nutrient levels. The data on the rate of leaf development were
used to calculate the lower developmental threshold (LDT, the temperature, in 8C, below which development ceases),
the sum of effective temperatures (SET, the amount of heat needed to complete a developmental stage measured in
degree days above LDT) and width of the thermal window. The rate of development decreased with decrease in tem-
perature and nutrient supply. Besides this, the decrease in the availability of nutrients resulted in decreased LDT, in-
creased SET and wider thermal window. The dependence of LDT and SET on the availability of nutrients contradicts the
concept that thermal constants do not vary. Our results highlight temperature as the main determinant of common
ragweed’s distribution and identify nutrient availability as a factor that results in the realized niche being smaller than
the fundamental niche; both of these need to be taken into account when predicting the future spread of
A. artemisiifolia.

Keywords: Ambrosia artemisiifolia; common ragweed; invasive species; non-indigenous plants; nutrient limitation;
plant nutrition; rate of development; thermal time.

Introduction
Plant species distributions are determined by the re-
sponse of populations to regional climates. Alien plants,

many of which arrive in regions from areas with a warmer
climate, provide a suitable model for studying the effect
of temperature on determining their distribution. Since
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the early stage of population development is crucial for
determining whether or not a species can successfully
establish in a given region (Richardson et al. 2000;
Blackburn et al. 2011), knowing the response of seedlings
to temperature can greatly improve our understanding
of invasion and provide knowledge necessary for the
efficient management of invasive species.

Common ragweed (Ambrosia artemisiifolia) is an inva-
sive wind-pollinated annual plant causing considerable
health and economic problems (Rybnı́ček and Jäger
2001; Chauvel et al. 2006; Kömives et al. 2006; Fumanal
et al. 2007; Essl et al. 2009; Šikoparija et al. 2009). It was
introduced in Europe in the 19th century from its native
range in North America, where it occurs in eastern and
central USA (Kartesz and Meacham 1999; Brandes and
Nitzsche 2007), and at the beginning of 2000s it was
reported as a neophyte by 36 countries, in the majority
of which it was naturalized (Lambdon et al. 2008). After
an extended lag phase, it has spread since the 1940s via
transportation networks and contaminated crop seed,
and recently rapidly invaded central Europe (Chauvel
et al. 2006; Brandes and Nitzsche 2007; Dullinger et al.
2009; Essl et al. 2009; Richter et al. 2013a, b; Martin et al.
2014). It is predicted that it will spread further in Europe as
the species is assumed to be favoured by ongoing global
warming (Richter et al. 2013b; Storkey et al. 2014). In its
global invaded range, which includes all continents
and some islands (New Zealand, Hawaii, Madagascar,
Mauritius; Brandes and Nitzsche 2007), it occurs in a
wide range of open and nutrient-rich, disturbed ruderal
habitats and arable land (Chauvel et al. 2006; Essl et al.
2009; Pinke et al. 2011; Pyšek et al. 2012a).

Climate-dependent phenological models suggest that
the distribution of A. artemisiifolia in Europe is limited by
low temperatures in the North where plants are pre-
vented from completing reproduction by autumn frosts,
which kill adult plants (Chapman et al. 2014), and drought
in the South, which inhibits seed germination and seed-
ling emergence (Storkey et al. 2014). On the other hand,
other environmental variables such as habitat type, land
use, crop type and soil nutrients also play a role in the
occurrence and abundance of A. artemisiifolia at a region-
al scale (Essl et al. 2009; Pinke et al. 2011, 2013). At a
local scale, soil disturbance and removal of vegetation
enhance seedling recruitment of ragweed from the soil-
seed bank (Fumanal et al. 2008), by favouring the growth
of juveniles as this species is not a good competitor
(Bazzaz 1974; Leskovšek et al. 2012a). Its success as an
invasive species is associated with its high production of
seed (1200–2500 seeds per plant; Fumanal et al. 2007;
Moravcová et al. 2010), which form a long-term persistent
soil-seed bank, with seeds remaining viable for up to 40
years (Baskin and Baskin 1980).

Ambrosia artemisiifolia was introduced with clover seed
from North America and first recorded in the Czech
Republic in 1883, and is classified as an invasive neophyte
(term used for species introduced after 1500 A.D.) in that
country (Pyšek et al. 2012b). Naturalized populations
occur only in the warmest parts of the country, i.e. in
the Elbe region, and southern and northern Moravia,
with casual populations scattered throughout the rest
of the country (Pyšek et al. 2012a). This species prefers
open dry habitats on sandy or gravel substrata with low
vegetation cover. Most records are from around railway
stations, river harbours, transit sheds, agricultural and
industrial areas dealing now or in the past with soya
beans, and neighbouring ruderal areas (Jehlı́k 1998).

The present distribution of A. artemisiifolia in the Czech
Republic does not correspond to the climate-based pre-
diction that the whole country is suitable for this species
to complete its life cycle and set seed (Cunze et al. 2013;
Chapman et al. 2014; Storkey et al. 2014). Some predic-
tions highlight the importance of taking local environ-
mental conditions into account (Stratonovitch et al.
2012). These authors indicate that this plant’s response
to climate change is confounded by variation in soil prop-
erties, which accords with the reported effects of soil
nutrients on A. artemisiifolia distribution (Pinke et al.
2011, 2013). The role of nutrient availability is indicated
by analyses of the factors that affect the distribution of
this species in Europe (Pinke et al. 2011, 2013) and by
greenhouse experiments (Leskovšek et al. 2012a, b), but
its interaction with temperature has not been experimen-
tally tested.

To obtain a detailed insight into the ecological factors
that are likely to co-determine the performance of
A. artemisiifolia in the field, we investigated the effect
of temperature and nutrient availability on the rate of
development (RD) of its seedlings. The good survival of
seedlings is crucial for the establishment and successful
population regeneration of annual species and there are
several studies directly linking seedling traits with inva-
sion success (Grotkopp and Rejmánek 2007; Morrison
and Mauck 2007; Zheng et al. 2009; Skálová et al. 2012).
The effect of temperature on seedling development has
been previously studied (Granier et al. 2002; Gramig
and Stoltenberg 2007), with one of the few studies on
A. artemisiifolia (Deen et al. 1998a). This approach,
which is based on measuring the rate of plant develop-
ment at different temperatures, provides results that
can be used to calculate the following characteristics:
the lower developmental threshold—LDT (the tempera-
ture below which development ceases); the sum of
effective temperatures—SET [the amount of heat needed
to complete a developmental stage measured in degree
days (DD) above the LDT] and thermal window (the
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difference between the minimum and maximum tem-
peratures of the range over which development occurs)
(Jarošı́k et al. 2002, 2004).

In this paper, we ask the following questions: What are
the effects of temperature and nutrient availability on the
RD of A. artemisiifolia seedlings? What is the SET and
LDT for development and are they modified by nutrient
availability? How does nutrient availability affect varia-
tions in the thermal window of this species? What are
the effects of temperature and nutrient availability on
size and biomass allocation in seedlings?

Methods

Experimental design

The seeds of A. artemisiifolia were collected at a ruderal
site (48843′35.0′′N; 16858′42.7′′E) 1.4 km south-east of
the town of Lanžhot in S Moravia, the Czech Republic, in
October 2009. We collected �1000 seeds from at least
50 plants in a population of hundreds of individuals
growing in an area of �300 m2 at a soil dump. After
collection, the seeds were stored in paper bags at room
temperature. Before the experiment, the seeds were cold-
stratified in wet sand in the dark at 4 8C for 3 months and
then germinated at a diurnally fluctuating temperature of
25/10 8C (day/night cycle 12 h/12 h with a corresponding
light/dark alternation). Germinated seeds with a radicle
length of 5–10 mm were moved to containers filled
with pure silica sand. Sixteen germinated seeds were
planted and grown at each of the temperatures and
nutrient regimes, giving a total of 336 plants (i.e. 7 tem-
perature regimes × 3 nutrient regimes × 16 replicates).
Some of the seeds did not germinate or the seedlings
died during cultivation and in total 48 individuals
(14.2 % of the initial set) were lost.

The seedlings were grown in growth chambers
(Vötsch 1014) under identical irradiation [14/10 h light/
dark regime; photosynthetically active radiation of
360 mmol m22 s21, red radiation (R, l ¼ 660 nm) of
26 mmol m22 s21 and far-red radiation (FR, l ¼ 730 nm)
of 15 mmol m22 s21, R/FR ¼ 1.73; radiation measured
using an SPh 2020 photometer from Optické dı́lny Turnov,
Czech Republic] and air moisture (80 %) conditions. The
seedlings were cultivated at constant temperatures of
10, 14, 18, 22, 26, 30 and 34 8C, which is the full range
of temperatures possible using the above growth
chambers. The three different nutrient levels used in our
experiments were obtained using 10, 50 and 100 % Knop
nutrient solution; 100 % Knop solution contained 152 mg
N/L. To achieve a stable nutrient supply, conductivity of
the solutions was measured daily and nutrient solution
or demineralized water was added to keep the conductiv-
ity at 370, 1770, 3450 mS cm21, respectively. In addition,

the nutrient solutions were changed every second day to
prevent the growth of algae.

Recording the rate of seedling development

To record the time between the appearance of the first
and seventh pair of stem leaves (excluding cotyledons),
the plants were checked and measured daily (following
Gramig and Stoltenberg 2007). The leaves were assumed
to have appeared when their size was equal to or
exceeded 1 mm. After appearance of the seventh pair
of leaves, height was measured and the plants harvested.
The biomass was divided into shoots and roots, dried at
70 8C for 8 h and weighed.

Data analysis

The rate of development was defined as 1/(time in days
between appearance of the first and seventh pair of
stem leaves) ¼ 1/d. For each nutrient level, the relation-
ship between the RD and temperature (t) was fitted by
a linear equation in which a is the intercept with the
y-axis and b is the slope: RD ¼ a + bt (Jarošı́k et al.
2004). The LDT, i.e. base temperature, at which the RD
ceases (i.e. RD ¼ 0), was then calculated as LDT ¼ 2a/b.
The values were calculated separately for individual nutri-
ent levels. The SET thus corresponds to 1/b, which indi-
cates the number of DD above the LDT. Thermal window
was expressed as the difference between the LDT, and the
temperature at which the maximum RD was recorded.

The effect of temperature and nutrients was tested
using analysis of variance (ANOVA). A square-root
transformation was used to normalize the distributions
of plant heights, total biomasses and root/shoot ratios.
Logarithmic transformation was similarly used for the
data on the time between appearance of the first and
seventh pair of stem leaves.

Results
Both the decrease in temperature and availability of
nutrients resulted in a decrease in the RD of the seedlings
(Fig. 1) and increase in the time from the appearance of
the first and seventh pair of stem leaves (Fig. 1). The
slopes of the regression lines arising from the three nutri-
ent levels are significantly different [analysis of co-
variance (ANCOVA), F ¼ 12.37, P ¼ 0.001]. The highest
temperature of 34 8C resulted in 5.1, 5.3 and 5.8 times
faster development than at 10 8C for the low, moderate
and high nutrient levels, respectively. A decrease in the
availability of nutrients also resulted in a decrease in
the LDT from 5.4 to 3.0 8C (Table 1) and increase in the
SET needed to complete this stage in the development
of the plants from 392.5 to 546.9 DD (Table 1). Conse-
quently, the thermal window for development was
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increased from 28.7 8C when the plants were provided
with a full nutrient supply to 31.0 8C when provided with
the weakest nutrient supply.

The seedlings grew taller with increase in temperature
and decrease in nutrient availability (Table 2, Fig. 2A).
Despite their rather quick development and increase in
stem height, a marked decrease in biomass was recorded

for seedlings grown at the highest temperature of 34 8C
(Table 2, Fig. 2B). With decrease in nutrients and decrease
in temperature, the seedlings allocated more biomass to
roots (Table 2, Fig. 2C).

Discussion
This experiment revealed a pronounced decrease in
developmental rate of A. artemisiifolia seedlings when
reared at low temperatures and provided with weak
solutions of nutrients. This suggests that physiological
mechanisms at an early stage in their development con-
tribute to shaping the current distribution of this species
in the Czech Republic. The negative response to low tem-
perature is in accordance with its current distribution only
in the warmest parts of the country (Jehlı́k 1998; Pyšek
et al. 2012a). This corresponds to the distribution pattern
in Austria (Essl et al. 2009), but differs from that in
Hungary where the occurrence correlates with low
temperatures (Pinke et al. 2011, 2013). As the spring
and summer temperatures in Hungary are within the
thermal window identified by our experiments, this
might indicate the importance of other environmental
factors such as precipitation and soil characteristics in
determining the distribution in this country (Pinke et al.
2011). The spring and summer temperatures in most
of the Czech Republic are also within the common

Figure 1. Dependence of the RD of A. artemisiifolia seedlings mea-
sured as 1/(time from the appearance of the first and seventh pair
of stem leaves) on temperature; continuous line and black triangles
indicate 100 % Knop solution, dashed line and grey squares 50 % so-
lution, dotted line and white diamonds 10 % solution and bars indi-
cate SD; for the regression equations, coefficient of determination
(R2) and calculated values—LDT and SET, see Table 1.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Dependence of the RD on temperature, t, fitted using linear regression. The table shows regression equations, R2, LDT, LDT in 8C and SET,
SET in DD for nutrient levels equal to 10, 50 and 100 % Knop solution.

Nutrients (% Knop solution) Regression equation R2 LDT (+++++SD) (88888C) SET (DD)

10 RD ¼ 0.0018t 2 0.006 0.99 3.01+2.13 546.9

50 RD ¼ 0.0024t 2 0.012 0.99 4.89+1.29 411.8

100 RD ¼ 0.0025t 2 0.014 0.98 5.35+2.06 392.5

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Effects of temperature and nutrient level on (i) the RD of A. artemisiifolia seedlings, expressed as the time between the appearance of
the first and seventh pair of stem leaves, (ii) SET (those above the LDT) between the appearance of the first and seventh pair of stem leaves, (iii)
time between the appearance of the first and seventh pair of stem leaves, (iv) height, (v) biomass and (vi) root/shoot ratio of harvested plants.
Significance of the effects was tested using ANOVA, significant values are in bold. For all the variables tested, the numbers of degrees of freedom
for the effect of temperature, nutrients, the interaction and residuals were equal to 1, 1, 1 and 284, respectively.

Temperature Nutrients Temperature 3 nutrients

F P F P F P

RD 2191.33 <0.001 63.8 <0.001 36.5 <0.001

SET (DD) 3.5 0.062 431.3 <0.001 24.1 <0.001

Developmental time (days) 932.1 <0.001 13.9 <0.001 3.6 0.059

Final seedling height 206.8 <0.001 4.8 0.029 0.4 0.555

Total biomass 50.6 <0.001 0.5 0.468 2.6 0.106

Root/shoot ratio 188.6 <0.001 265.6 <0.001 13.3 <0.001
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ragweed’s thermal window, but at low temperatures the
plants’ development is delayed. For A. artemisiifolia, an
opportunistic species confined to open, disturbed and
nutrient-rich ruderal sites and arable land (Pyšek et al.
2012a), the above factors are likely to influence its
already rather poor competitive ability (Leskovšek et al.
2012a) in regions where temperatures and nutrient sup-
ply are suboptimal, and adversely affect the early stage of
population establishment.

The maximum rate of leaf development of seedlings of
A. artemisiifolia was recorded in our experiment at 34 8C,
which is close to the 31.7 8C reported by Deen et al.
(1998b) and the maximum rates of development are
also similar. Here it needs to be noted that the rate of
seedling development increased up to the highest tem-
perature we used, and testing the response to tempera-
tures above 34 8C was not possible due to the technical
limitations of the growth chambers. Nevertheless, the
abrupt decrease in biomass recorded at the highest tem-
perature and taking into account the results of Deen et al.
(1998b) it is reasonably certain that 34 8C is indeed likely
to be the maximum temperature at which A. artemisiifolia
seedlings can develop. Our results also reveal that the
optimum temperature for leaf development is much
higher than that for seed germination, which is 18.3 8C
(Leiblein-Wild et al. 2014). On the other hand, the tem-
perature range of germination, 32.5 8C, i.e. from 2 to
34.5 8C, is similar to that for seedling development
(Leiblein-Wild et al. 2014).

The width of the thermal window for seedling develop-
ment varied from 28.7 to 31.0 8C depending on the
nutrient supply, which differs from the theoretical predic-
tion based on the biochemical kinetics of metabolism of a
constant width of 20 8C (Gillooly et al. 2002; Charnov and
Gillooly 2003). The deviation from this theoretical predic-
tion, as well as the recorded variation in the RD, LDT and
SET, is associated with the availability of nutrients; to the
best of our knowledge, this is the first study assessing the
effect of an environmental factor on thermal constants of
a plant. Still, there are some commonalities if our results
are compared with those for insects; the increased rate of
seedling development at high nutrient supply is analo-
gous to faster development of ladybirds provided with
either more and/or better quality food (Hodek et al.
2012; Jarošı́k et al. 2014). For plants, the accelerating ef-
fect of nutrients on the development of A. artemisiifolia
corresponds to the faster leaf development previously
recorded at higher levels of radiance for this species
(Deen et al. 1998b), or the increase in the rate of leafing
and tillering of the tropical grass Brachiaria brizantha
recorded when provided with nitrogen (N) and sulfur (S)

Figure 2. The height (A), biomass (B) and root/shoot ratio (C) of
A. artemisiifolia seedlings at the seventh pair of stem leaves stage
recorded at different temperatures. For significance of these depen-
dences, see Table 2. Black triangles indicate 100 % Knop solution,
grey squares 50 % solution, white diamonds 10 % solution and
bars indicate SD.
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fertilizers (de Bona and Monteiro 2010). Unlike in aphids
and ladybirds (Dixon et al. 2013; Jarošı́k et al. 2014), the
increased nutrient supply did not result in a decrease in
the LDT; on the contrary, nutrient-limited seedlings of
the common ragweed had lower LDT. However, it needs
to be noted that we derived the LDT from a linear model
of plant development and possible non-linearity may
occur at temperatures ,10 8C. The thermal window of
A. artemisiifolia is also very wide compared with experi-
mentally obtained windows of a large set of both native
and invasive species in central Europe (L. Moravcová and
H. Skálová, unpubl. data). Whether a flexible thermal
window is a trait associated with invasiveness, which re-
sulted from the evolution of highly invasive genotypes of
A. artemisiifolia due to seed-mediated gene flow pro-
moted by agricultural disturbance during the westward
expansion of human populations in the USA (Martin
et al. 2014), requires further study. The same holds for
possible development of genotypes with wider thermal
windows or those shifted towards lower temperatures
driven by the existence of locally adapted genotypes,
similar to those reported to occur in A. artemisiifolia for
salinity (DiTommaso 2004).

The faster increase in height of A. artemisiifolia seed-
lings recorded at high temperatures may prevent them
from being shaded by neighbouring vegetation, and
increase the competitive ability of plants in early stages
of population establishment. On the other hand, the tall
seedlings that developed at high temperatures weighed
less and were weak plants, which may have an opposite
effect. In addition, the competitiveness at high tempera-
tures is probably further decreased by reduced allocation
to the roots, which constrains nutrient acquisition.
The negative effect of nutrient limitation on the perform-
ance of A. artemisiifolia and the interaction of nutrient
availability with temperature explains why this species
is confined to nutrient-rich disturbed habitats (Chauvel
et al. 2006; Essl et al. 2009; Šikoparija et al. 2009).

Conclusions
We found that A. artemisiifolia plants grow within a
temperature range exceeding the 20 8C thermal window,
predicted based on the biochemical kinetics of metabol-
ism. The LDT and SET were influenced by growing condi-
tion, which contradicts the thermal constant concept. Our
results highlight temperature as the main determinant of
common ragweed’s distribution and identify nutrient
availability as a factor that results in the realized niche
being smaller than the fundamental niche; both of
which need to be taken into account when predicting
the future spread of A. artemisiifolia.

Sources of Funding
This research was funded by grants GACR 206/09/0563
and 14-36098G, long-term research development project
no. RVO 67985939 from the Czech Academy of Sciences,
and by the Praemium Academiae award to P.P.

Contributions by the Authors
Conceived and designed the experiments: H.S., L.M., P.P.
and A.F.G.D. Performed the experiments: H.S. and
L.M. Analysed the data: P.K. and H.S. Contributed
reagents/materials/analysis tools: H.S., L.M., P.P. and
P.K. Wrote the paper: H.S., L.M., P.P., P.K. and A.F.G.D.

Acknowledgements
We thank the journal editors and two anonymous
reviewers for their valuable comments on the manu-
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Jarošı́k V, Pergl J, Winter M, Anastasiu P, Andriopoulos P,
Bazos I, Brundu G, Celesti-Grapow L, Chassot P, Delipetrou P,
Josefsson M, Kark S, Klotz S, Kokkoris Y, Kuehn I, Marchante H,

Perglova I, Pino J, Vila M, Zikos A, Roy D, Hulme PE. 2008. Alien

flora of Europe: species diversity, temporal trends, geographical
patterns and research needs. Preslia 80:101–149.

Leiblein-Wild MC, Kaviani R, Tackenberg O. 2014. Germination and
seedling frost tolerance differ between the native and invasive
range in common ragweed. Oecologia 174:739–750.
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productive characteristics of neophytes in the Czech Republic:
traits of invasive and non-invasive species. Preslia 82:365–390.

Morrison JA, Mauck K. 2007. Experimental field comparison of native
and non-native maple seedlings: natural enemies, ecophysiol-
ogy, growth and survival. Journal of Ecology 95:1036–1049.
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Brandt J. 2009. The Pannonian plain as a source of Ambrosia pol-
len in the Balkans. International Journal of Biometeorology 53:
263–272.
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Abstract. Reproductive biology of carnivorous plants has largely been studied on species that rely on insects as
pollinators and prey, creating potential conflicts. Autogamous pollination, although present in some carnivorous spe-
cies, has received less attention. In angiosperms, autogamous self-fertilization is expected to lead to a reduction in
flower size, thereby reducing resource allocation to structures that attract pollinators. A notable exception is the car-
nivorous pyrophyte Drosophyllum lusitanicum (Drosophyllaceae), which has been described as an autogamous selfing
species but produces large, yellow flowers. Using a flower removal and a pollination experiment, we assessed, respect-
ively, whether large flowers in this species may serve as an attracting device to prey insects or whether previously
reported high selfing rates for this species in peripheral populations may be lower in more central, less isolated popu-
lations. We found no differences between flower-removed plants and intact, flowering plants in numbers of prey
insects trapped. We also found no indication of reduced potential for autogamous reproduction, in terms of either
seed set or seed size. However, our results showed significant increases in seed set of bagged, hand-pollinated flowers
and unbagged flowers exposed to insect visitation compared with bagged, non-manipulated flowers that could only
self-pollinate autonomously. Considering that the key life-history strategy of this pyrophytic species is to maintain a
viable seed bank, any increase in seed set through insect pollinator activity would increase plant fitness. This in turn
would explain the maintenance of large, conspicuous flowers in a highly autogamous, carnivorous plant.

Keywords: Autogamous selfing; Drosophyllum lusitanicum; floral display; pollination biology; prey capture; pyrophyte;
seed set.

Introduction
Carnivorous plants have long captivated naturalists and
scientists worldwide (Chase et al. 2009; Król et al. 2012).
Charles Darwin himself was most fascinated by them and
was the first to demonstrate plant carnivory experimen-
tally (Darwin 1875). Carnivory has evolved several times

independently in the angiosperms and �600 species of
carnivorous plants can be found today across the globe,
most prominently in tropical and temperate regions
(Heubl et al. 2006; Ellison and Gotelli 2009). They are
largely restricted to infertile, wet, open habitats (Givnish
et al. 1984) where they have adapted to extremely low
nutrient levels by evolving elaborately modified leaves
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that trap small animals, mainly insects, as prey (Ellison
and Gotelli 2001, 2009; Gibson and Waller 2009) and
absorb the necessary mineral nutrients from them, par-
ticularly nitrogen and phosphorus (Adamec 1997).

Since most carnivorous plants are also entomophilous
(i.e. they rely on pollinating insects to facilitate sexual
reproduction), a pollinator–prey conflict might occur if
they trapped potentially efficient pollinators (Zamora
1999; Ellison and Gotelli 2001). However, there are
mechanisms in carnivorous plants to avoid or minimize
this conflict, such as separation (spatial or temporal) of
flowers from leaf traps to avoid pollinators being trapped
as prey, or the occurrence of autogamous self-pollination
to become somewhat independent of the role of insect
vectors for reproduction (Ellison and Gotelli 2001; Jürgens
et al. 2012). Autogamous self-pollination is actually com-
mon in some species from different carnivorous genera
(see references in Jürgens et al. 2012).

Drosophyllum lusitanicum (Drosophyllaceae), the only
extant species of the family Drosophyllaceae (Heubl
et al. 2006), is an example of autogamous self-pollination
in carnivorous plant species (Ortega-Olivencia et al. 1995,
1998). This species (Drosophyllum, hereafter) is endemic
to the western Iberian Peninsula and northern Morocco
(Garrido et al. 2003; Paniw et al. 2015), where it is
restricted to acidic, nutrient-poor Mediterranean heath-
lands (Müller and Deil 2001; Adlassnig et al. 2006) and
tightly associated to post-fire habitats (Correia and
Freitas 2002; Paniw et al. 2015). Drosophyllum is a short-
lived subshrub up to 45 cm tall with circinate, linear leaves
grouped in dense rosettes and covered with stalked
mucilage-producing glands (Paiva 1997). It produces
large, sulfur-yellow, hermaphrodite flowers, radiate and
pentamerous, borne in stalked, cymose inflorescences
(Paiva 1997; Correia and Freitas 2002; Fig. 1). Flowers are
homogamous, i.e. possess a spatial and temporal close-
ness between dehiscing anthers and receptive stigmas,
with high selfing capability even in pre-anthesis (Ortega-
Olivencia et al. 1995, 1998).

It is well established that autogamous selfing in angios-
perms is favoured under pollinator limitation (Schemske
and Lande 1985; Morgan and Wilson 2005), and it is usu-
ally accompanied by morphological changes in floral
traits such as the occurrence of homogamy and a dra-
matic reduction in corolla size (Goodwillie et al. 2010;
Sicard and Lenhard 2011). This reduction in flower size
and other floral traits (e.g. showiness) is explained as a
way to minimize resource allocation to floral display
when pollinator attraction is no longer necessary (e.g.
Andersson 2005; Celedón-Neghme et al. 2007). However,
one of the noticeable features of the autogamous Droso-
phyllum is the production of large, showy flowers on ped-
uncled inflorescences (Fig. 1). Therefore, considering the

high allocation costs of flower production (Galen 1999;
Andersson 2005), what are the benefits of large, con-
spicuous flowers in a carnivorous plant species presum-
ably independent of the role of pollinating insects for
reproduction (Ortega-Olivencia et al. 1995)?

Here, we present two field experiments on the floral
and reproductive biology of Drosophyllum aimed to deter-
mine fitness benefits from the production of large,
conspicuous flowers. First, assuming independence of
pollinating insects for reproduction (Ortega-Olivencia
et al. 1995), we explored whether the large, bright yellow
corollas in this carnivorous species act as attracting
devices for enhancing prey capture onto the sticky leaf
traps, thereby supporting plant growth. Although there
is virtually no overlap between prey and flower-visiting
insect faunas (Bertol et al. 2015), it is well established
that the bright yellow colour is attractive to many insect
species, particularly flies (e.g. Neuenschwander 1982; Yee
2015), which are the most common prey in Drosophyllum
(Bertol et al. 2015). Specifically, we hypothesized that
flowering Drosophyllum plants whose flowers are
removed would trap fewer prey insects than co-occurring,
intact flowering plants, which would indicate an increase
in plant fitness through insect capture resulting from
maintenance of large, yellow flowers.

Second, we conducted a controlled pollination experi-
ment to investigate the actual contribution of pollinators
to fecundity (i.e. seed production) of this species. Unlike
previous pollination experiments on this species (Ortega-
Olivencia et al. 1995, 1998), which have been performed
in geographically isolated, small populations, our experi-
mental populations were located in the northern side of
the Strait of Gibraltar, where populations are larger and
more abundant (Garrido et al. 2003; Paniw et al. 2015).
Since marginal populations of normally outcrossing plant
species frequently show a considerable increase in the
selfing rate (Lloyd 1980; Pujol et al. 2009), the highly
autogamous self-fertilization of Drosophyllum reported
previously might be contingent on geographical isolation.
We predicted that attraction of pollinating insects by
Drosophyllum flowers would increase fitness through an
increase in fecundity in this carnivorous species, thus
accounting for its large, conspicuous flowers.

Methods

Ecology of Drosophyllum

Drosophyllum is a disturbance-adapted, carnivorous
species, colonizing (from a persistent seed bank) recently
burned heathlands or heathland patches where small-
scale disturbances create open space (Garrido et al.
2003; Paniw et al. 2015). Within 4–6 years after fire,
regenerating heathland shrubs outcompete above-ground
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Drosophyllum individuals, making the formation of a seed
bank—in which populations may persist for several dec-
ades until another fire—a critical life-history strategy
(Paniw et al. 2015; M. Paniw, P. Quintana-Ascencio,
F. Ojeda and R. Salguero-Gómez, unpublished). In habitats
where small-scale disturbances, e.g. browsing, create and
maintain open space, individuals may reach up to 10 years
of age (Juniper et al. 1989). Individuals grow in rosettes,
and number of rosettes is a good proxy for age. Plants 1–2
rosettes in size initially reproduce in the second year after
emergence and the number of rosettes per plant increases
each growing season (Ortega-Olivencia et al. 1995;
Garrido et al. 2003; Fig. 1D). Demographic censuses of

populations across southern Spain determined that
each rosette produces one floral scape with an average
(+SD) of 3.5+2.1 flowers (M. Paniw, P. Quintana-Ascencio,
F. Ojeda and R. Salguero-Gómez, unpublished). Bright
sulfur-yellow flowers on each scape open gradually and
last 1 day in full anthesis, so that no more than two flow-
ers per rosette are in anthesis at the same time (Fig. 1).
Flowers are large (Correia and Freitas 2002), with an aver-
age petal length of 2.84+0.21 cm and petal width of
1.89+0.17 cm (A. Salces-Castellano, unpubl. data), and
show high autogamy rates (Ortega-Olivencia et al. 1995,
1998). High autogamy is also supported by the high
inbreeding coefficients found in Drosophyllum populations

Figure 1. Visual description of Drosophyllum. (A) Young reproductive individual with a single rosette of leaves and a stalked inflorescences with
two open flowers. (B) Lateral view of the flower showing the five large, bright yellow petals (scale bar ¼ 10 mm). (C) Frontal view of the flower,
showing the homogamous lack of separation between anthers and stigmas (scale bar ¼ 10 mm). (D) Schematic description of the plant’s life
cycle.
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(Paniw et al. 2014). Each flower produces a dehiscent
capsule with an average of 9.8+2.4 seeds (M. Paniw, P.
Quintana-Ascencio, F. Ojeda and R. Salguero-Gómez,
unpublished).

Study region and sites

Two field experiments were conducted in five natural Dro-
sophyllum populations, located at five sites within the
southern Aljibe Mountains, at the European side of the
Strait of Gibraltar (Table 1; Fig. 2). From all its distribution
range, this is where Drosophyllum is more abundant and
populations are largest (Garrido et al. 2003; Paniw et al.
2015). This region is characterized by a mild Mediterra-
nean climate (�18 8C mean annual temperature and
�1200 mm annual rainfall) and a rough topography
dominated by Oligo-Miocene sandstone mountains and
hills, which produce acidic, nutrient-poor soils in ridges
and upper slopes (Ojeda et al. 2000). These infertile
soils are covered by Mediterranean heathlands, domi-
nated by dwarf shrubs like Erica australis, Pterospartum
tridentatum, Quercus lusitanica, Calluna vulgaris and
Halimium lasianthum, and are the primary habitat of
Drosophyllum (Müller and Deil 2001; Paniw et al. 2015).
Although this species is highly pyrophytic (i.e. associated
with the recurrent presence of fire) and therefore threa-
tened by large-scale anthropogenic activities such as
afforestation (Andrés and Ojeda 2002) and fire suppres-
sion (Correia and Freitas 2002), it profits from small-scale
vegetation clearances, where populations can still thrive
(Garrido et al. 2003; Paniw et al. 2015).

We chose the study sites to represent the most com-
mon habitats of Drosophyllum populations (Paniw et al.
2015). Monte Murta is an open, rocky sandstone ridge
with sparse heathland vegetation, which had been mech-
anically removed about 30 years ago for pine afforest-
ation. In 2014, the Drosophyllum population consisted

of �5000 individuals, where young flowering plants, con-
sisting of 1–2 rosettes, and old flowering plants (.2
rosettes) co-occurred. Sierra Carbonera is a regenerating
heathland patch from a fire suffered in early autumn
2011. The Drosophyllum population here was also large
(�3000 individuals) and consisted mainly of young flow-
ering plants (2–3 years old), plus juveniles and a few
seedlings. Montera del Torero is an old firebreak line
across a heathland created by mechanical clearance of
the vegetation. The Drosophyllum population at this site
consisted of �3700 individuals and has persisted for
.30 years, being dominated by old (.5 years) flowering
plants. Lastly, two populations with different relative
abundance of old reproductive individuals were encoun-
tered in Monte Retin. The population in Monte Retin North
has persisted for .20 years in an open heathland on a
rocky sandstone ridge. It consisted of �1500 individuals
where old and young flowering individuals co-occurred.
The population in Monte Retin South is found on a regen-
erating heathland patch from a fire suffered in early
autumn 2010. This population, which has been heavily
disturbed by cattle grazing and trampling, consisted of
�500 individuals, with an even distribution of young
and old reproductive individuals.

Flower contribution to prey attraction

To test whether flowers in Drosophyllum functioned to
attract prey insects, we carried out a field experiment at
three of the five study sites, Monte Murta, Monte Retin
North and Monte Retin South (Fig. 2) in April 2014, during
peak flowering. At each site, we located ‘isolated’ flower-
ing plants growing in open microhabitats (.1 m from the
nearest conspecific and .30 cm from the nearest inter-
specific neighbour), in order to avoid potential influences
of conspecific flowering neighbours on prey capture. We
randomly marked 14 plants and recorded the number
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Table 1. Description of sites used in the flower removal and pollination experiments quantifying the role of Drosophyllum flowers in prey capture
and pollinator attraction, respectively. N, total number of Drosophyllum individuals found in 2014.

Site Location Experiment Site characteristics Population characteristics

Monte Murta 36819′16′′N

5833′03′′W

Flower removal Open, rocky sandstone ridge N ¼ 5000; mixed-aged population

Monte Retin North 36811′53′′N

5849′25′′W

Flower removal Open heathland patch N ¼ 1500; mixed-aged population

Monte Retin South 36810′23′′N

5850′53′′W

Flower removal Post-fire regenerating heathland (fire 2010);

browsed and trampled by cattle

N ¼ 500; mixed-aged population

Sierra Carbonera 36812′35′′N

5821′37′′W

Pollination Post-fire regenerating heathland (fire 2011) N ¼ 3000; mainly young

reproductive individuals

Montera del Torero 36813′35′′N

5835′08′′W

Pollination Mechanically built firebreak N ¼ 3700; mainly old reproductive

individuals
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WTof rosettes and leaves per rosette of each plant. All prey
insects were then carefully hand-removed with tweezers
from each plant. Next, we randomly selected 7 plants out
of those 14 and removed all their flowers by cutting off the
inflorescence stalks with scissors. After 1 week, we returned
to each of the three populations and recorded the number
of prey insects attached to the leaves of the 14 plants.

We analysed the differences in insect capture between
flower-removed plants (treatment) and intact ones (con-
trol) for each site separately by fitting a generalized linear
model with a Poisson error distribution on the total num-
ber of insects, using the ‘flower-cut’ treatment as fixed
effect and total number of leaves per plant as the offset.
Using an offset allowed us to treat the response (number
of insects) as proportions (insects per leaf) but allowing
the models to be fit as count data in a generalized linear
mixed model framework. The analyses were performed
separately for each site because we did not have enough
spatial replicates to include site as a random effect in our
models (Bolker et al. 2009).

Pollination experiment

We carried out an experiment at two of the five study
sites, Sierra Carbonera and Montera del Torero (Fig. 2),
to investigate the contribution of pollinators to Drosophyl-
lum fecundity (i.e. seed production). In mid-April 2014, at
the beginning of the flowering season, we labelled 56 and
43 plants in Sierra Carbonera and Montera del Torero,
respectively. On each plant, flowers were randomly

assigned to one of four treatments: hand cross-pollination
(HCP), hand self-pollination (HSP), spontaneous self-
pollination (SSP) and control or open pollination (OP). In
the first three treatments, flowers were covered with
nylon-mesh bags (0.15-mm mesh) before anthesis to
exclude potential insect visitors. For the two hand-
pollination treatments, HCP and HSP, we collected ripe
anthers from plants separated .300 m (HCP) or from
the same flower (HSP) and brushed the stigmas with
them, taking care of bagging them back after this artificial
pollination. Flowers in the SSP treatment were not hand-
pollinated and remained bagged in order to account for
spontaneous autogamy. Finally, flowers in the OP treat-
ment (control) were left exposed to natural pollinator
activity. In most plants, there was more than one flower
for each treatment. We also collected a single petal
from an extra flower per plant to measure petal length
as a surrogate for flower size.

In July 2014, after fruit (capsule) ripening and before
seed dispersal (dehiscence), we collected the fruits of
the four treatments on each individual plant from the
two sites. They were stored individually in labelled
paper bags and taken to the laboratory, where we calcu-
lated fruit set (percentage of flowers within each treat-
ment developing into fruits) and seed set (percentage
of ovules per flower maturing into seeds) per treatment.
Additionally, three randomly chosen seeds per fruit were
weighed on an electronic balance to the nearest 0.1 mg
and their length (as a surrogate for size) measured

Figure 2. Study area and location of the sites where the flower contribution to prey attraction (open star) and pollination experiments (filled
star) were performed. See Table 1 for detailed description of the Drosophyllum populations at each site.
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using an image analyser (Leica Application Suite v4.4.0,
LAS v4.4, Leica Microsystems).

We tested for differences in fruit set, seed set, seed
weight and seed size among pollination treatments by
means of a mixed effect models with a binomial error dis-
tribution for the response variables fruit set and seed set
and normal error distribution for the response variables
seed weight and size. We considered treatment (OP,
HCP, SCP and SSP) as fixed effect and plant individual as
a random effect in all models. We fitted the models for
each of the two sites separately.

All analyses were performed with R software (R Devel-
opment Core Team 2015). We used the R package lme4
(Bates et al. 2013) to fit the mixed effect models. In
both experiments described above, we used likelihood
ratio tests to determine significant differences between
treatments (Vuong 1989). These tests compare the
log-likelihoods of increasingly complex, or nested, models
to ones of simpler models (starting with intercept-only
models) and determine the significance of the deviance
between the log-likelihoods using a x2 test. When signifi-
cant differences between treatment levels were found, a
post hoc Tukey’s honestly significant difference (HSD) test
was applied to the linear predictors using the R package
multcomp (Hothorn et al. 2008) to detect significant pair-
wise differences between treatments.

Results

Flower contribution to prey attraction

Overall, insect capture levels differed between the three
sites, being considerably higher in Monte Retin South
(Fig. 3). However, we detected no significant differences
in insect capture rates between ‘flower-removed’ plants
and control plants across the three sites (Table 2).

Pollination experiment

Flowers had an overall smaller size (i.e. petal length) in
Drosophyllum plants from Montera del Torero (average
petal length+ SD: 2.64+0.89 cm) than in those from
Sierra Carbonera (2.98+0.59 cm; Welch’s t-test: t64.57 ¼

6.46, P , 0.0001).
Fruit set was very high in Drosophyllum, with no differ-

ences across the four treatments in the two sites (Table 3)
and almost 100 % flowers developing into fruits (Table 4).
In contrast, we detected significant differences in seed
set among treatments in the two study sites (Table 3).
These significant differences were due to the OP treat-
ment, which produced significantly higher seed set than
the other three treatments in Montera del Torero (but not
in Sierra Carbonera; Table 4; Fig. 4), and particularly the
SSP treatment, which produced significantly lower seed
set values than the other three treatments at both sites

as determined by the HSD test (Table 4; Fig. 4). Seeds
were larger and heavier in Sierra Carbonera than in Mon-
tera del Torero (Table 4). However, while seeds from the
OP treatment in Montera del Torero produced slightly
but significantly smaller seeds, no differences in seed
size nor weight were detected among treatments in
Sierra Carbonera (Tables 3 and 4).

Discussion
Although there are no closely related extant species to
Drosophyllum for comparison (Heubl et al. 2006), its

Figure 3. Average number of insects per leaf (+SE) at three sites
(Monte Murta, Monte Retin North and Monte Retin South) caught
by seven intact flowering plants (control; dark grey bar) and seven
plants whose flowers were removed (flower cut; light grey bar).
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Table 2. Results of the likelihood ratio tests for all considered models
testing the role of Drosophyllum flowers in attracting insects as prey.
The response variable (number of insects/leaf) was measured in a
field experiment performed at three sites. For each response, a
likelihood ratio test compares nested models assuming a
chi-square distribution, x2, with the critical value given by the
model deviance, D, and the degrees of freedom, df, corresponding
to the difference in parameters between the models compared.

Site Model df x2 D P

Murta Intercept 206.9

Flower cut 1 204.7 2.2 0.14

Retin North Intercept 97.6

Flower cut 1 95.8 1.9 0.17

Retin South Intercept 544.7

Flower cut 1 541.8 2.7 0.11
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large, bright yellow flowers seem to contradict the
paradigm of dramatic flower size reduction in highly
autogamous angiosperms (Goodwillie et al. 2010; Sicard
and Lenhard 2011). Considering the presumably high
allocation costs of flower production (e.g. Galen 1999;
Andersson 2005), we have explored the advantages or
benefits that large, conspicuous flowers confer on this
highly autogamous, carnivorous plant species.

Since small Diptera (flies) are the main prey insects in
Drosophyllum (Bertol et al. 2015), and the yellow colour
is particularly attractive to flies (Neuenschwander 1982;
Yee 2015), we tested the hypothesis that large, showy
flowers might not be directly related to reproduction,
but would instead support plant growth by enhancing
prey capture. An increase in prey capture might cause
an increase in seed production, as it has been reported

in Drosera species (Thum 1988), and would therefore
have indirect benefits on the reproductive output. How-
ever, insect capture rates between intact blooming plants
and those plants whose flowers were removed did not dif-
fer in any of the three populations (Fig. 3), so we rejected
the role of large yellow flowers as significant contributors
to prey attraction in Drosophyllum.

Considering that the Drosophyllum population at Mon-
tera del Torero was dominated by old reproductive plants
while most reproductive individuals in Sierra Carbonera
were young (Table 1), the differences in flower size
between the populations can be explained as an allomet-
ric effect of plant age. Branching (i.e. number of rosettes)
in this species increases with age (Ortega-Olivencia et al.
1995; Garrido et al. 2003), and flower (or inflorescence)
size is known to decrease with branching (Midgley and
Bond 1989).

Regarding the controlled pollination experiments, fruit
set was very high, with nearly 100 % of the flowers devel-
oping into fruit in the four treatments at the two sites
(Table 2). Therefore, our results concur with those of
Ortega-Olivencia et al. (1995, 1998), suggesting that
Drosophyllum is a highly autogamous species regardless
of geographic isolation and population size (Garrido et al.
2003; Paniw et al. 2015). However, when looking at seed
production, some interesting patterns emerged. First,
seeds were overall smaller in size and weight in plants
from Montera del Torero than in those from Sierra Carbo-
nera (Table 2). Again, this can be attributed to an allomet-
ric effect derived from plant age (see above), as there is a
strong direct relationship between petal size and seed
size in angiosperms (Primack 1987). The slightly but sig-
nificantly smaller and lighter seeds from the OP treat-
ment in Montera del Torero (Table 2) might be due to
the existence of a trade-off between seed number per
fruit and seed size/weight (e.g. Baker et al. 1994).

Second, while seed set values after the two hand-
pollination treatments (HCP and HSP) were remarkably
high in Sierra Carbonera, significantly higher than after
control, OP, they were significantly lower than after OP
in Montera del Torero (Fig. 4). These differences could
also be explained by the overall large differences in
plant age between reproductive plants of the two popula-
tions (Table 1). Since most reproductive plants from Mon-
tera del Torero were old, their siring ability might be low,
as pollen viability in plants decreases with ageing (Aizen
and Rovere 1995; Marshall et al. 2010). As only a single
anther brush was applied to stigmas of flowers in both
HCP and HSP hand-pollination treatments, this could have
been sufficient in Sierra Carbonera, where all reproductive
plants were young, but not in Montera del Torero. However,
we cannot discard differences in weather conditions
between populations during the pollination experiments
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Table 3. Results of the likelihood ratio tests for all considered models
testing the role of Drosophyllum flowers in attracting insects as
pollinators. The response variables (fruit set, seed set, seed size
and seed weight) were measured in a field experiment performed
at two sites (Sierra Carbonera and Montera del Torero). For each
response, a likelihood ratio test compares nested models
assuming a chi-square distribution, x2, with the critical value given
by the model deviance, D, and the degrees of freedom, df,
corresponding to the difference in parameters between the
models compared. Significant differences between models are in
bold.

Site Model df x2 D P

Response variable: fruit set

Sierra Carbonera Intercept 24.6

Pollination 3 22.6 2 0.58

Montera del

Torero

Intercept 13.2

Pollination 3 11.8 1.4 0.71

Response variable: seed set

Sierra Carbonera Intercept 2817.8

Pollination 3 2706.6 140.4 <0.01

Montera del

Torero

Intercept 2156.7

Pollination 3 1958.4 198.3 <0.01

Response variable: seed size

Sierra Carbonera Intercept 279.3

Pollination 3 278.5 0.7 0.9

Montera del

Torero

Intercept 291.5

Pollination 3 282.3 9.1 0.03

Response variable: seed weight

Sierra Carbonera Intercept 306.4

Pollination 3 305.4 1.0 0.8

Montera del

Torero

Intercept 128.7

Pollination 3 110.6 18.1 <0.01
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that might have produced different bagging effects. All the
same, the lack of differences in seed set between both HCP
and HSP treatments in the two populations confirms that
no mechanism of self-incompatibility is operating in this
species (Ortega-Olivencia et al. 1998).

But the most remarkable result found in this study has
been the significantly lower seed set values in the SSP
treatment at both sites (Table 2; Fig. 4). This means
that, even though Drosophyllum flowers are readily able
to self-pollinate spontaneously, as Ortega-Olivencia
et al. (1995) had already reported, insect visitation signifi-
cantly increases seed production by 15225 % in this
species, either by cross-assisted or by insect-assisted
self-pollination (facilitated selfing sensu Lloyd 1992).
Considering the relatively high rates of seed set after
SSP (Ortega-Olivencia et al. 1995; this study), may a

15–25 % increase in seed set through insect-assisted
pollination offset the costs associated with maintaining
large, showy flowers in this highly autogamous species?
Its life history and population dynamics suggest an
affirmative answer. Adult individuals of this early-
successional pyrophyte cannot persist in mature, dense
vegetation stands (Paniw et al. 2015), whose germination
and growth are largely confined to a short post-fire win-
dow (Correia and Freitas 2002; M. Paniw, P. Quintana-
Ascencio, F. Ojeda and R. Salguero-Gómez, unpublished).
In this short temporal window, producing seeds to
replenish the seed bank is critical for Drosophyllum, as it
happens in other pyrophytes (Quintana-Ascencio et al.
2003; Menges and Quintana-Ascencio 2004). Therefore,
any increase in seed set over autonomous selfing caused
by insect visitation—either by facilitated selfing (Lloyd
1992) or by favouring some outcrossing—would increase
plant fitness. This, in turn, would account for the main-
tenance of large, conspicuous flowers in this highly
autogamous plant species.

Conclusions
Although Drosophyllum flowers are certainly homogam-
ous (Fig. 1C; Ortega-Olivencia et al. 1995), their relatively
large, bright yellow corollas challenge the paradigm of
autogamous flowers being characterized by a dramatic
reduction in corolla size and showiness (Goodwillie et al.
2010; Sicard and Lenhard 2011). We rejected the possible
role of these flowers as attracting devices for enhancing
insect prey capture in this carnivorous species. On the
other hand, since the key life-history strategy of this
early colonizing pyrophyte is to produce a large, persist-
ent seed bank to maximize post-fire germination (Correia
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Table 4. Fecundity variables (fruit set, seed set, seed weight and seed length; mean+ SD) of D. lusitanicum per treatment in the two sites.
Pairwise significant differences (P , 0.05; Tukey’s HSD tests) between treatments are indicated by different superscript letters. HCP, hand
cross-pollination; HSP, hand self-pollination; SSP, spontaneous self-pollination; OP, control, open pollination.

Treatment No. of flowers Fruit set (%) Seed set (%) Seed weight (mg) Seed length (mm)

Sierra Carbonera

HCP 67 98.5 (+12.2) 77.7 (+18.9)A 4.36 (+0.35) 2.48 (+0.13)

HSP 36 100 (+0.0) 77.4 (+22.6)A 4.40 (+0.31) 2.48 (+0.15)

SSP 167 99.4 (+7.7) 61.0 (+30.7)B 4.35 (+0.45) 2.50 (+0.16)

OP 76 100 (+0.0) 70.6 (+29.7)C 4.39 (+0.41) 2.49 (+0.19)

Montera del Torero

HCP 43 100 (+0.0) 60.0 (+29.1)a 3.29 (+0.32)a 2.15 (+0.13)a

HSP 24 100 (+0.0) 54.6 (+28.2)a 3.28 (+0.23)a 2.15 (+0.12)a

SSP 135 99.3 (+8.6) 47.0 (+31.5)b 3.38 (+0.37)b 2.15 (+0.17)a

OP 65 100 (+0.0) 73.0 (+25.8)c 3.16 (+0.31)a 2.10 (+0.13)b

Figure 4. Boxplots of seed set of D. lusitanicum after HCP, HSP, SSP
and control, OP across two experimental sites (Sierra Carbonera
and Montera del Torero). Different letters represent significant pair-
wise differences (Tukey’s HSD, P , 0.05) of group means between the
four pollination treatments at each site.
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and Freitas 2002; M. Paniw, P. Quintana-Ascencio, F. Ojeda
and R. Salguero-Gómez, unpublished), any investment
into increasing seed production would have a positive
fitness effect. This would thus account for the mainten-
ance of large, showy flowers in a highly autogamous
plant species.
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Impact of an invasive nitrogen-fixing tree on 
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Abstract. Arbuscular mycorrhizal fungi (AMF) are obligate soil biotrophs that establish intimate relationships with
80 % of terrestrial plant families. Arbuscular mycorrhizal fungi obtain carbon from host plants and contribute to the
acquisition of mineral nutrients, mainly phosphorus. The presence of invasive plants has been identified as a soil dis-
turbance factor, often conditioning the structure and function of soil microorganisms. Despite the investigation of
many aspects related to the invasion of Acacia dealbata, the effect produced on the structure of AMF communities
has never been assessed. We hypothesize that A. dealbata modifies the structure of AMF community, influencing
the establishment and growth of plants that are dependent on these mutualisms. To validate our hypothesis, we car-
ried out denaturing gradient gel electrophoresis (DGGE) analysis and also grew plants of Plantago lanceolata in pots
using roots of native shrublands or from A. dealbata, as inoculum of AMF. Cluster analyses from DGGE indicated an
alteration in the structure of AMF communities in invaded soils. After 15 weeks, we found that plants grown in pots
containing native roots presented higher stem and root growth and also produced higher biomass in comparison with
plants grown with A. dealbata inoculum. Furthermore, plants that presented the highest biomass and growth exhibited
the maximum mycorrhizal colonization and phosphorus content. Moreover, fluorescence measurements indicated
that plants grown with A. dealbata inoculum even presented higher photosynthetic damage. Our results indicate
that the presence of the invader A. dealbata modify the composition of the arbuscular fungal community, conditioning
the establishment of native plants.

Keywords: Acacia dealbata; DGGE; microbial community structure; plant invasion; Plantago lanceolata; root inoculum;
soil sterilization.

Introduction
Plants cope with environmental stresses daily, without
the possibility of escape, being forced to relate and
extend intimate relationships with their immediate
neighbours. Among them, arbuscular mycorrhizal fungi
(AMF) are one of the most important symbiotic associa-
tions in nature (Willis et al. 2013). These plant– fungus
associations form specialized interfaces, where the

exchange of materials occurs between living cells (Pfeffer
et al. 2001).

Belonging to Glomeromycota phylum, these fungi are
usually obligated mutualists that establish intimate rela-
tionships with 80 % of terrestrial plant families (Smith
and Read 1997; Brundrett 2004; Harrison 2005; Willis
et al. 2013). The relationship can also be parasitic,
depending on the combination of fungal–plant species

* Corresponding author’s e-mail address: aleguisande@uvigo.es
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and environmental conditions (Klironomos et al. 2000;
Klironomos 2003). In their mutualistic associations
with plants, they obtain carbon from the host plant, con-
tributing simultaneously with the acquisition of mineral
nutrients, mainly phosphorus (P) (Harrison 2005; Willis
et al. 2013). Arbuscular mycorrhizal fungi are considered
non-host plant specific (Giovannetti and Hepper 1985;
Zhang et al. 2010), but there are studies that have
shown preference between fungus and plant species
(Vandenkoornhuyse et al. 2002; Croll et al. 2008). There-
fore, there are plant species that completely depend on
AMF associations to survive (Van der Heijden et al. 2008).
Arbuscular mycorrhizal fungi–plant interactions, at indi-
vidual or community levels, are conditioned by several
factors. Abiotic conditions, such as nutrients or micro-
environmental soil conditions, entail small-scale patchi-
ness in the abundance of AMF (Mummey and Rillig 2008),
and biotic factors such as competence or predation can
contribute to the modification of plant–fungi associa-
tions (Lin et al. 2015). Among them, the presence of
invasive alien plants (IAPs) has been identified as a
factor altering soil communities, despite interactions
between fungi and host plants (Zhang et al. 2010). In
their relationships with AMF, successful IAPs are usually
related with three criteria: nonmycorrhizal or facultative
symbionts, obligated symbionts but flexible in its asso-
ciations or transported together with their symbionts
(Richardson et al. 2000; Pringle et al. 2009). There are
many examples in the literature, which show the impact
of IAPs on the structure of AMF (Richardson et al. 2000;
Klironomos 2003; Hawkes et al. 2006; Broz et al. 2007;
Vogelsang and Bever 2009; Yang et al. 2014).

It is well known that the presence of IAPs is usually
accompanied by a reduction of native biodiversity, as
they are capable of replacing native species (Richardson
et al. 2000; Reinhart et al. 2005; Broz et al. 2007; Brewer
2008; Hoyos et al. 2010; de Abreu and Durigan 2011).
Modifications produced can alter biotic or abiotic compo-
nents of the soil environment, influencing the growth
of plant species that depend on soil microorganisms
(Bever et al. 1997). Nevertheless, due to the visual impact
that the invasive species produces in the aboveground, in
many cases, the belowground effects remain unexplored.
There are several mechanisms that IAPs may be using to
outcompete native plants and one of the most important
is the direct modification of the structure and function
of soil microbial communities (Richardson et al. 2000;
Hawkes et al. 2006; Zhang et al. 2010; Tanner and
Gange 2013; Souza-Alonso et al. 2014). Acacia dealbata
is a leguminous tree native to Australia that has become
a dangerous invader throughout the world (Richardson
and Rejmánek 2011). The plant causes damage at several
different levels on the invaded ecosystems, and this can

include a severe decrease in native biodiversity (Fuentes-
Ramı́rez et al. 2010; Lorenzo et al. 2010, 2012), seed bank
composition (González-Muñoz et al. 2012), modification
of decomposition processes (Castro-Dı́ez et al. 2012),
soil biochemical composition (Lorenzo et al. 2010),
changes in soil microbial communities (Lorenzo et al.
2010) or changes in soil microbial function (Souza-Alonso
et al. 2014). It has also been suggested that the alter-
ation, in both soil chemistry and microbial community,
is highly related to the type of ecosystem and with the
age of invasion (Souza-Alonso et al. 2014, 2015). Despite
the many aspects that have been investigated in relation
with A. dealbata invasion, the effect produced by the
entrance of the invader on the structure of native AMF com-
munities has never been assessed. It was suggested that,
at least, this species does not seem to be benefited by spe-
cific associations with AMF (Crisóstomo 2012). Therefore,
we hypothesize that A. dealbata could change the structure
of AMF community and these changes influence the estab-
lishment and growth of plants that are dependent on AMF,
as in the case of Plantago lanceolata (fam. Plantaginaceae).
Due to its AMF dependence, P. lanceolata is commonly used
as a model species in mycorrhizal studies (Gange and West
1994; De Deyn et al. 2009; Cotuna et al. 2013; Lorenzo et al.
2013). This species is commonly found in the studied region
associated with several ecosystems, including Atlantic
shrublands.

Therefore, we have two main objectives: firstly, to com-
pare AMF diversity in soils invaded by A. dealbata with
non-invaded soils by using denaturing gradient gel elec-
trophoresis (DGGE) technique, and, secondly, to evaluate
the effect of changes in AMF composition on the growth
of P. lanceolata, under controlled conditions in a green-
house experiment.

Methods

Preliminary soil sampling

With the aim of evaluating the global effect of A. dealbata
on AMF communities and justifying an extended
greenhouse assay, we carried out a preliminary study
of AMF structure in the invaded communities. With this
objective, we sampled three separate shrublands (S1,
42.266397, 28.208299; S2, 42.305789, 28.171543; and
S3, 42.306568, 28.172608) invaded by A. dealbata in
O Ribeiro Region (Galicia, NW Spain). Atlantic shrublands
are very common in this region and they are mainly
dominated by Ulex europaeus, Pterospartum tridenta-
tum, Erica cinerea, E. umbellata, Calluna vulgaris, Anchusa
sp. and Lotus spp. In each shrubland, we clearly identified
an invaded area (totally covered by A. dealbata) and
a native area (without A. dealbata presence). Native
areas were located contiguously to the invaded areas,
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assuring that soil characteristics were the same. At each
sampling point, surface litter was removed and 30 soil
samples were collected from the rhizosphere of at least
10 mature plants of A. dealbata (in the invaded zone) and
from at least 10 mature plants of the native shrubland (a
mix of the dominant species mentioned above) and
pooled. Soil was immediately taken to the laboratory,
freshly sieved (0.2 mm) and frozen at 220 8C until DGGE
analyses were carried out.

DNA extraction and DGGE analyses

Soil DNA extractions were performed using an UltraClean
Soil DNA Isolation Kit (MO BIO Laboratories, Inc., Carls-
bad, CA). An aliquot of 0.2 g soil of six replicates was
used per extraction and stored at 220 8C. DNA extracted
from soil samples was amplified using the primers AM1
(Helgason et al. 1998) and NS31-GC (Kowalchuk et al.
1997). All reactions were carried out in a final volume of
25 mL containing 1× polymerase chain reaction (PCR)
buffer, 2.5 U Taq DNA polymerase (VWR), 0.25 mM dNTP,
0.5 mM AM1, 0.003 g bovine serum albumin, 96 % electro-
phoresis degree (SIGMA) and 1 mL of extracted genomic
DNA. Polymerase chain reaction conditions are described
in Hassan et al. (2013): one cycle at 94 8C for 3 min, fol-
lowed by 30× (94 8C, 45 s; 58 8C, 45 s; 72 8C, 45 s) and a
final extension step at 72 8C for 10 min. Polymerase chain
reaction products, in aliquots of 5 mL, were analysed in
1 % agarose gel electrophoresis stained with GelRedTM

and then subjected to DGGE. The PCRs were performed
using a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA).

Denaturing gradient gel electrophoresis was performed
with a DGGE-2401 system from CBS Scientific (San Diego,
CA, USA). Twenty microlitres of each PCR product of the
soil samples were analysed. Denaturing gradient gel elec-
trophoresis analyses were conducted in 1× TAE buffer at
a constant temperature of 60 8C at 20 V for 15 min, fol-
lowed by 16 h at 70 V. Gels contained 8 % (w/v) acryl-
amide for fungi PCR products.

The linear gradient used was from 26 to 67 %, while
100 % denaturing acrylamide was defined as containing
7 M urea and 40 % (v/v) formamide. Gels were stained
with 1× GelStar for 20 min and destained in distilled
water for 30 min, after which they were visualized in a
UV-transilluminator.

Experimental design and sampling

After the differences found due to A. dealbata presence
in the structure of AMF communities inferred from
DGGE results, the consequences of structural changes
in the growth of P. lanceolata were evaluated. We com-
pared the effect of AMF from native sites (shrublands)
with AMF from invaded sites using roots as inoculum
(Klironomos and Hart 2002; Gu et al. 2011; Hassan et al.

2013). Mycorrhizal root fragments or active hyphal net-
works are both viable infection units, especially in thriv-
ing habitats (Smith and Read 2008).

To create our inoculum, soil and roots were collected in
the first week of March 2013, from the same places
described in the Preliminary soil sampling. In each area,
two different plant materials were selected, forming the
inoculum of our two treatments: from the invasive
A. dealbata and from the dominant species of native
shrubland. At the same time, soil was collected to fill
pots in which P. lanceolata would be sown. At each sam-
pling area, roots from at least 25 different plants of
A. dealbata were collected using hand-scissors. Similarly,
25 different plants of shrubland species were removed
with the use of a shovel, and roots carefully cut and
placed in plastic bags. At the same time, 30 samples of
soil were collected randomly in each zone within the
first 15 cm (+1 cm) with a hand shovel and pooled
together. Soil and plant material were immediately
taken to the laboratory for further processing. Once in
the laboratory, the soil was sieved (2 mm) and sterilized
by autoclaving for three consecutive days (Nazeri et al.
2013). Roots from acacia and shrubland were chopped
into small pieces (+1 cm) to facilitate incorporation
and homogenize their distribution in the pots. After
that, roots were separated into two different fractions;
one part was individually sterilized together with soils
and the other remained untreated. The roots were
mixed with sterilized soil in plastic pots (375 cm3) previ-
ously sterilized (ethanol, 80 % and UV-light, 30 min) and
then filled in a laminar chamber with a mixture of sterile
soil : perlite : roots in a ratio of 300 : 10 : 1; perlite was
added to ameliorate water retention and facilitate root
development. A total of four treatments were created:
(i) sterilized acacia roots (SA), (ii) non-sterilized acacia
roots (NSA), (iii) sterilized shrub roots (SS) and (iv) non-
sterilized shrub roots (NSS) and control without roots.
The inclusion of two treatments with sterilized roots is
due to the putative effect of root decomposition (Acacia
vs. shrub) providing a different source of nutrients. The
pots were arranged in a completely randomized design
with nine replicates. The experimental set-up was carried
out in a greenhouse at the University of Vigo (NW Spain).

In each pot, five seedlings of P. lanceolata were sown.
This species was selected by its use as a model species
in mycorrhizal studies (Gange and West 1994; Cotuna
et al. 2013; Lorenzo et al. 2013). Seeds were previously
sterilized in a sodium hypochlorite solution (1 %) for
5 min and thoroughly rinsed in distilled water. After
that, seeds were germinated in a growth chamber at
24/21 8C and 16/8 h light/darkness conditions. After
3 days, germinated seeds were selected and carefully
sown in a laminar flow chamber to minimize fungal
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contamination. Pots were maintained for 15 weeks (from
May to July 2014) under greenhouse conditions.

Fluorescence measurements

After 15 weeks and before P. lanceolata individuals were
harvested, fluorescence parameters were evaluated. As
we stated above, P. lanceolata is dependent on AMF,
and therefore, we suspect that the absence of fungal rela-
tionship can be translated into a loss of photosynthetic
efficiency. Chlorophyll a emission was monitored with a
fluorescence imaging system (Imaging-PAM M-Series,
Walz, Effeltrich, Germany). Five plants per treatment
were kept in darkness for 5 min to allow all reaction cen-
tres to open and to minimize fluorescence associated with
the energization of the thylakoid membrane (Krause et al.
1982). After this, the plants were successively illuminated
at an intensity of 0.5 mol m22 s21 for a measurement of
F0 (the minimum fluorescence of dark-adapted leaves),
with a saturating pulse of intensity 2700 mol m22 s21

for measurement of Fm (the maximum fluorescence of
dark-adapted leaves). With this procedure, we measured
fluorescence parameters as PSII efficiency (CII), regulated
and non-regulated dissipated energy rate (CNPQ and CNO,
respectively), non-photochemical quenching rate (qN)
and electronic transporting rate (ETR).

Plant harvest

After the fluorescence measurement, the plants were gen-
tly removed from the pots and the roots of each plant were
gently washed to remove any soil adhered, and then roots,
shoots and hypocotyls were measured in length. Subse-
quently, the fresh weight of aerial and belowground
material was measured and then plant material was
dried in an oven at 70 8C for a minimum of 72 h to collect
dry weights. Due to the key role of AMF in P uptake, we also
measured the content of P in leaves and roots of
P. lanceolata using ICP-OES (Perkin Elmer Optima 4300 DV).

Additionally, the root material from three plants of
each pot was used for the measurements of root colon-
ization. Roots from these plants were washed under tap
water to remove soil particles. After that, roots were cut
into small fragments (+1 cm), and these fragments
were stained following the method of Walker (2005),
slightly modified. The root fragments were briefly intro-
duced into amber glass vials containing Coomassie Blue,
the dye used for root staining, and covered with a cotton
mesh (1 mm diameter) in order to prevent root loss during
staining stages. The AMF colonization was assessed using
a modified grid-line intersection method according to
Lorenzo et al. (2013). To avoid misinterpretation, percen-
tages of control, SA and SS were averaged and compared
with non-sterile treatments since a slight percentage of
colonization in sterilized treatments was found.

Statistical analyses

To valorize the effect of A. dealbata on soil fungal struc-
ture, GelCompar II (Applied Maths, Belgium) was used in
the cluster analysis of AMF based on the DGGE results. The
unweighted pair-group method with arithmetic mean
algorithm and the Pearson product–moment correlation
coefficient were used for the analysis. Richness, defined
as the number of species, was calculated as the total
number of bands per sample. To calculate abundance
and diversity, defined as the number of different species
and their relative frequency, gel bands were classified
according to their intensity in six categories. Diversity
was calculated using a modification of the Shannon
index, H′ ¼ 2S[(ni/N) Ln(ni/N )], where ni had one of four
possible values (1–6), depending on band intensity. How-
ever, we assume that ecological parameters as defined
here require a cautious interpretation since bands from
DGGE cannot be unmistakably translated into AMF spe-
cies (van Elsas and Boersma 2011).

The effect of the independent variables of the model
(sterilization or not and species) on stem, hypocotyl and
root length, aboveground and belowground biomass, P
content, mycorrhizal colonization and fluorescence was
evaluated using two-way analysis of variance (ANOVA).
When interactions between independent variables were
found, the effects were investigated through pairwise
comparisons using Tukey’s honest significant difference
or Dunnett’s T3 as the post hoc test. All data were previ-
ously subjected to Kolmogorov–Smirnov test for normal-
ity and Levene’s test to check homoscedasticity of the
variances. The statistical analyses were carried out
using the SPSS v.19 (Chicago, IL) software for Windows.

Results

Soil characteristics and microbial community
analysis

Data from PCR-DGGE showed us alterations in the struc-
ture of soil AMF community. The cluster analyses revealed
differences between the invaded and native zones in each
shrubland (S1, S2 and S3), as indicated in the tree diagram
(Fig. 1). In each native area studied, AMF community of
invaded soils clustered together and separated from non-
invaded samples. In contrast, AMF diversity, richness and
density did not present significant differences between
invaded and non-invaded areas (data not shown).

Fluorescence measurements

Parameters related to fluorescence were significantly
affected in P. lanceolata due to the treatments during
the timing of the assay (Table 1). In general, we observed
that plants with the non-sterile shrub inoculum pre-
sented higher photosynthetic activity, indicated as a
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significant increase in the effective quantum yield at PSII
(CII), or a reduction in the qN. While the ETR was reduced
or virtually inhibited in other treatments, values of NSS
were significantly increased.

Plant growth and P content

We found a general effect of species and treatment in the
two-way ANOVA in the growth and development of
P. lanceolata (Table 2). Additionally, significant values of

interaction in the model between the independent vari-
ables species × treatment were observed. Therefore, we
can anticipate that differences found in the variables con-
sidered are not the same within species (A. dealbata or
native species inoculum) than within treatments (steri-
lized or non-sterilized).

The two-way ANOVA showed that biometric para-
meters were affected by species and treatment. There
were significant differences between treatments in

Figure 1. Dendrograms of AMF community structure based on PCR-DGGE bands, using the unweighted pair-group method with arithmetic mean
algorithm and the Pearson product–moment correlation coefficient. S1 (A), S2 (B) and S3 (C) are the soils used in the assay.
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length and biomass of P. lanceolata. In general, we found
an overall increase in plant growth in pots containing
non-sterile inoculum of native shrubs. More specifically,
we found an evident increase in the length of Plantago
leaves (P , 0.001) when plants were grown with non-
sterile shrub inoculum (Fig. 2).

As occurred with growth, the two-way ANOVA indicated
that leaf and root biomass were affected by species,
treatment and their interaction. Overall, the effect of
NSS was particularly evident in biomass production
(Fig. 3). When P. lanceolata grew with native shrub inocu-
lum, we found a significant increase in the production of
aerial biomass in comparison with control (341 %), NSA
(500 %), SA (492 %) and SS (517 %; P , 0.001, in all
cases). Complementarily, the production of root biomass
in NSS was also significantly increased in comparison with
control (110 %), NSA (263 %), SA (214 %) and SS treat-
ment (184 %; P , 0.001 in all cases). A general increase
in the P content related to NSS treatment in both the aer-
ial and root content was also evident (Fig. 4).

Mycorrhizal colonization

Significant differences (P , 0.001) were found between
treatments in mycorrhizal colonization of P. lanceolata
roots (Fig. 5). Plants treated with NSS inoculum had the
highest colonization rate, 75 % of root surface colonized
compared with the 13 % of colonization in NSA treat-
ment. We found a slight percentage of colonization in
treatments with sterile inoculum. Nevertheless, there
were no differences in colonization rates between treat-
ments with sterile roots and control.

Discussion
As we hypothesized, cluster analysis from DGGE revealed
that the structure of AMF community in non-invaded
areas was different than community from areas with
A. dealbata presence. In some cases, invasive plants
have the capacity to disrupt mutualisms between AMF
and native species (Klironomos 2003; Meinhardt and

Gehring 2012), even decreasing the competitiveness
of native plants (Yang et al. 2014). In this sense, it is inter-
esting to note that previous studies indicated that
A. dealbata does not seem to be benefited by specific
associations with AMF (Crisóstomo 2012) and so the
change in the AMF structure could be produced indirectly.
Apparently, the low dependence on AM symbionts could
be related with their highly invasive success (Pringle
et al. 2009). Arbuscular mycorrhizal fungi are obligate bio-
trophs that need host plants in order to live (Smith and
Read 1997), and the change in the dominant plant species
in the ecosystem could unbalance the established equilib-
rium favouring some fungal species. Nevertheless, the
reduction of plant community diversity that takes place
in areas invaded by A. dealbata (Lorenzo et al. 2012)
should decrease AMF community richness (Van der
Heijden et al. 1998), which does not occur. We suggest
that the change in plant composition and dominance in
the structure of the aboveground ecosystem could be
the main force that drives the change in AMF structure.
The reduction in plant diversity under A. dealbata canopy
(Lorenzo et al. 2012) decreases the possibilities of find-
ing compatible mutualisms. Therefore, selective forces
towards more competitive and adaptable fungal species
are probably active, contributing to the explanation of
the shift in the AMF community structure. In this sense,
impact is the term usually employed to describe the
effects produced after the entrance of the invasive plant
(Hejda et al. 2009). Following interpretation of data from
DGGE, we consider that the term ‘restructuration’ or
‘addressing’ can be more appropriate than ‘impact’ since
the diversity and richness of AMF species were not
affected in the invaded soils.

Native plants can vary widely in response to the AMF
change produced by IAPs. It was observed that the
inhibition of native mycorrhizas produced by the nonmy-
corrhizal IAP Alliaria petiolata modifies the scenario and
reduces the competitive ability of native plants (Stinson
et al. 2006). In the case of A. dealbata, the structural
change produced in AMF in the invaded soils could not

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Values of the effective quantum yield at PSII (CII), the quantum yield of light-induced heat dissipation (non-photochemical quenching,
CNPQ) and the quantum yield of all processes alternative to light-induced heat dissipation and photochemical use (CNO). The ETR and the qN in
P. lanceolata plants. Different letters indicate significant differences in Tukey’s or Dunnett’s T3 post hoc test at P ≤ 0.05 level.

Control NSA SA NSS SS

CII 0.004 (+0.01)b 0.012 (+0.02)b 0.005 (+0.01)b 0.14 (+0.05)a 0.022 (+0.02)b

CNPQ 0.62 (+0.08) 0.66 (+0.06) 0.65 (+0.05) 0.61 (+0.05) 0.61 (+0.02)

CNO 0.38 (+0.09) 0.33 (+0.06) 0.35 (+0.06) 0.26 (+0.01) 0.37 (+0.03)

ETR ,0.001 (+0.00)b ,0.001 (+0.00)b 2.02 (+2.58)b 28.77 (+8.41)a 4.45 (+4.01)b

qN 11.26 (+0.28)ab 10.92 (+0.5)ab 11.40 (+0.29)a 10.61 (+0.27)b 11.19 (+0.19)ab
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be related with the main hypothesis used to explain its
invasive success (fast growth, sprouting, allelopathy),
but with the low dependence on AM symbionts. Studied
ecosystems are generally dominated by plants from dif-
ferent functional groups, as we found in agricultural
fields, shrublands, grasslands or even forest dominated
by non-nitrogen-fixing species (Lorenzo et al. 2012;
Hernández et al. 2014; Souza-Alonso et al. 2014,
2015). Therefore, observed changes in AMF structure
are produced by the obvious replacement in the iden-
tity of plant species dominance in areas invaded by
A. dealbata. Nevertheless, it was also suggested that
substitution in the main functional group can also be rele-
vant in the response of the AMF community (Hoeksema
et al. 2010; Lin et al. 2015).

Our second objective was to evaluate the change
shown on AMF structure induced by A. dealbata on the
growth and development of P. lanceolata. This species is
highly colonized and dependent on AMF for development
(Gange and West 1994; Ayres et al. 2006; De Deyn et al.
2009; Cotuna et al. 2013). Additionally, in terms of symbi-
otic relationships, P. lanceolata seems to be favoured by
the coexistence with plant-related species (Bever 2002).
Therefore, changes in the composition or structure of
the established AMF communities probably entail conse-
quences on plant development and growth.

Results from fluorescence measurements, mainly the
significant increase in CII and ETR in plants growing
with native roots inoculum, indicate that the new struc-
ture of AMF present in the invaded area produced a strong
decline in photosynthetic efficiency, suggesting a pos-
sible damage to the photosynthetic machinery (Martı́nez-
Peñalver et al. 2012) of P. lanceolata. This fact is supported
by the external appearance of plants grown without
native inoculum, presenting signs of chlorosis and
nechrosis with evident tissue damage. A reduction in
the amount of light energy–indicated by the increase in
CII—reaching the photosynthetic apparatus usually
entails a significant decrease in the production of carbon-
derived compounds (Genty et al. 1989; Rolfe and Scholes
1995; Li et al. 2008). Therefore, the damage in the photo-
synthetic apparatus contributes to the evident decrease
in P. lanceolata growth.

Plants grown in pots with NSS inoculum presented
maximum growth, biomass, P content and colonization.
This occurs because AMF establish mutualistic associa-
tions with host plants, which raises the nutrient uptake,
mainly P (Jeffries et al. 2003; Hassan et al. 2013). Add-
itionally, it is important to consider that the difference
found in AMF structure in invaded soils does not necessar-
ily correspond to AMF species that effectively infect
P. lanceolata roots. Instead of the general trend that indi-
cates that AMF do not present high host specificity and
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plants are able to relate to almost every AMF (Giovannetti
and Hepper 1985; Zhang et al. 2010), our results, surpris-
ingly, do not go along the same line. We found different
fungal composition, whereas density, diversity and rich-
ness values were not significantly altered. Regardless of
the change in the ‘AMF species identity’—despite not
being specifically addressed—we assume that the pres-
ence of propagules, which grants opportunities to estab-
lish plant–fungal relationships, was similar between
invaded and non-invaded areas. Therefore, we should
expect that the number of infections were similar, but
this was not the case. Consequently, we cautiously sug-
gest that, in some cases, P. lanceolata presents some
level of specificity in selecting their partners, or vice
versa, probably influenced by nutrient requirements, soil
environmental conditions or the absence of local adapta-
tion. Another plausible explanation could be the different

form of AMF propagules identified in DGGE analyses. The
composition of AMF community is important, but the
form in which the AMF species is present—in the form
of hyphae or spores—could also be relevant.

Differences found in root colonization can be related to
the soil environment produced by A. dealbata in the field.
Root–AMF association is a chemically modulated process
and AMF can sense components of the rhizosphere
(Harrison 2005 and references therein). The extent of
the rhizomatous system of A. dealbata produces severe
physico-chemical changes in soils under its canopy
(Lorenzo et al. 2010; Souza-Alonso et al. 2014), producing
an unfavourable ambient in which the association of AMF
with plant roots can be challenging. These difficulties can
be produced mainly at two levels: diminishing spore ger-
mination or limiting the growth of the hyphal tube in the
search of a host root. In this sense, the chemoactive com-
pounds that this species releases (Reigosa et al. 1999;
Lorenzo et al. 2010, 2011; Aguilera et al. 2015) do not

Figure 2. Length of root, leaf and hypocotyl in all treatments. NSA,
non-sterilized acacia roots; SA, sterilized acacia roots; NSS, non-
sterilized shrub roots and SS, sterilized shrub roots. Different letters
indicate significant differences at P ≤ 0.05 level.

Figure 3. Dry weight (DW) of roots and leaves in all treatments. NSA,
non-sterilized acacia roots; SA, sterilized acacia roots; NSS, non-
sterilized shrub roots and SS, sterilized shrub roots. Different letters
indicate significant differences at P ≤ 0.05 level.

Figure 4. Phosphorus content of roots and leaves in all treatments.
NSA, non-sterilized acacia roots; SA, sterilized acacia roots; NSS, non-
sterilized shrub roots and SS, sterilized shrub roots. Different letters
indicate significant differences at P ≤ 0.05 level.

Figure 5. Percentage of colonization in P. lanceolata roots. NSA, non-
sterilized acacia roots; SA, sterilized acacia roots; NSS, non-sterilized
shrub roots and SS, sterilized shrub roots. Different letters indicate
significant differences at P ≤ 0.05 level.
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seem to affect native AMF colonization of P. lanceolata in
field conditions (Lorenzo et al. 2013).

Structural changes produced in the AMF community in
invaded soils could also have further consequences.
Native plants and mycorrhizal fungal communities show
interdependence, and so reassembly of one community
may be limited by the reassembly of the other (Lankau
et al. 2014). It has previously been indicated that the
influence of invasive species on soil characteristics
remains even after their removal, an effect known as ‘leg-
acy effect’. Residual effects are usually related to the age
(short- or long-term invasion) and degree of invasion (low
or high level of invasion) and takes place at several levels:
soil nutrient changes (Marchante et al. 2008), organic
matter content (Novoa et al. 2013) and even those that
alter the AMF community (Lankau et al. 2014; Shannon
et al. 2014). Therefore, it should be noted that the modi-
fication in the AMF structure could condition individual
plant establishment after A. dealbata management,
complicating ecosystem restoration processes.

Conclusions
Our results indicate that A. dealbata effectively changes the
structure of the AMF community in the invaded shrublands
with negative consequences. The change in the identity of
AMF species constrained the growth of plants that depends
on AMF, such as P. lanceolata. Our work highlights the
importance of maintaining soil communities, particularly
in regards to the entrance of invasive dominant species.

Sources of Funding
This work was supported by The Agroalimentary Research
Center (CIA) of the Regional Government of Galicia, also
A.G.-C. was awarded by the PhD Student grant of Univer-
sity of Vigo (00VI 131H 641.02). This is a contribution from
the Alien Species Network (Ref. R2014/036 – Xunta de
Galicia, Regional Government of Galicia).

Contributions by the Authors
P.S.-A., L.G. and A.G.-C. conceived and designed the idea.
A.G.-C. and P.S.-A collected the data. A.G.-C. and P.S.-A.
ran the statistics. A.G.-C., P.S.-A. and L.G. discussed the
results and wrote the manuscript.

Acknowledgements
We would like to give special thanks to Antonio López
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Abstract. Adaptive evolutionary processes in plants may be accompanied by episodes of introgression, parallel evo-
lution and incomplete lineage sorting that pose challenges in untangling species evolutionary history. Genus Pinus (pines)
is one of the most abundant and most studied groups among gymnosperms, and a good example of a lineage where
these phenomena have been observed. Pines are among the most ecologically and economically important plant species.
Some, such as the pines of the southeastern USA (southern pines in subsection Australes), are subjects of intensive breed-
ing programmes. Despite numerous published studies, the evolutionary history of Australes remains ambiguous and often
controversial. We studied the phylogeny of four major southern pine species: shortleaf (Pinus echinata), slash (P. elliottii),
longleaf (P. palustris) and loblolly (P. taeda), using sequences from 11 nuclear loci and maximum likelihood and Bayesian
methods. Our analysis encountered resolution difficulties similar to earlier published studies. Although incomplete lineage
sorting and introgression are two phenomena presumptively underlying our results, the phylogenetic inferences seem to
be also influenced by the genes examined, with certain topologies supported by sets of genes sharing common putative
functionalities. For example, genes involved in wood formation supported the clade echinata–taeda, genes linked to plant
defence supported the clade echinata–elliottii and genes linked to water management properties supported the clade
echinata–palustris. The support for these clades was very high and consistent across methods. We discuss the potential
factors that could underlie these observations, including incomplete lineage sorting, hybridization and parallel or adaptive
evolution. Our results likely reflect the relatively short evolutionary history of the subsection that is thought to have begun
during the middle Miocene and has been influenced by climate fluctuations.

Keywords: Australes; drought tolerance; parallel evolution; phylogeny; plant defence; southern pines; wood formation.

Introduction
Plant genome structure and evolution are subjects of
intensive investigations with recent milestone advances
spanning whole-genome sequencing of some of the

largest plant genomes, such as those of pines and
spruces (Birol et al. 2013; Nystedt et al. 2013; Krutovsky
et al. 2014; Neale et al. 2014; Zimin et al. 2014). These
advancements bring opportunities to ask more focussed
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questions about the dynamic processes that have con-
tributed to plant genome evolution and influenced phylo-
genetic relationships among plant species. Duplications,
from single gene to whole genome, are an intrinsic pro-
cess that appears to be the major force driving genome
evolution in plants (Freeling 2009; Li et al. 2015). Other
processes, such as introgression, incomplete lineage sort-
ing and parallel evolution, primarily influenced by extrin-
sic factors, additionally contribute to plant genome
complexity and evolution (Martinsen et al. 2001; Wood
et al. 2005; Willyard et al. 2009). The latter processes
may also shape phenotypic and genotypic similarities
among species becoming a challenge in phylogenetic
studies.

Pines (genus Pinus, family Pinaceae) comprise a group
of coniferous tree species occurring almost exclusively in
the Northern Hemisphere, with populations often domin-
ant across areas of the North Temperate Zone (Critchfield
and Little 1966). They are keystone species of the vast
boreal forest ecosystem. They provide pulp and timber
products as primary commodities (Lowe et al. 1999;
Borders and Bailey 2001; Alexander et al. 2002; Wear
and Greis 2002; Croitoru 2007), but some additional
pine forest products may include, for example, pine
nuts, berries, herbs and mushrooms (Alexander et al.
2002; Bürgi et al. 2013; Nagasaka 2013). They provide a
pivotal habitat for wildlife species (Brockerhoff et al.
2008), and greatly contribute to carbon storage and
other ecosystem services (Goodale et al. 2002; McKinley
et al. 2011). Due to their aesthetic value, they add recre-
ational and ornamental dimensions in urban and subur-
ban areas (Tyrväinen and Väänänen 1998; Knoth et al.
2002). These qualities extend to southeastern forest eco-
systems of the USA, where pines may grow also in mixed
forests with hardwoods (Sharitz et al. 1992), and where
they additionally play an important role in ecosystem
recovery from natural disturbances. For example, longleaf
pine has developed complex adaptations to fire that
allow fast stand regeneration (Outcalt 2000), and loblolly
pine helps minimize soil erosion and provides watershed
protection due to its fast growth (Schultz 1997).

Four major pines of the southeastern USA were investi-
gated in this study: shortleaf (Pinus echinata), slash
(P. elliottii), longleaf (P. palustris) and loblolly (P. taeda)
(four of the ‘southern pines’; subsection Australes, section
Trifoliae, genus Pinus). They are widely cultivated, greatly
dominating the southern US forest inventory (Sternitzke
and Nelson 1970), and are, therefore, a subject of breeding
programmes in the region (Wear and Greis 2002; McKeand
et al. 2003; Fox et al. 2007). The traditional classification
(Little and Critchfield 1969) considered 11 species in this
subsection with habitat stretching cumulatively from the
southeastern USA, through Mexico, to the Caribbean and
Central America: slash (P. elliottii), spruce (P. glabra), long-
leaf (P. palustris), pond (P. serotina) and loblolly (P. taeda)
pines in the southeastern USA; shortleaf (P. echinata),
Table Mountain (P. pungens) and pitch (P. rigida) pines in
the eastern USA; Cuban pine (P. cubensis) in Cuba; West
Indian pine (P. occidentalis) in the West Indies; and Carib-
bean pine (P. caribaea) in both the West Indies and
adjacent Central America. Attempts to refine the phyl-
ogeny of Australes are ongoing, but typically have been
approached in the broader context of the Pinaceae family
or along with other subsections.

Several previous investigations have provided insights to
the phylogenetic relationships of the four species on which
we focus in our study (i.e. P. echinata, P. elliottii, P. palustris
and P. taeda; Fig. 1). Adams and Jackson (1997) found a
very close relationship between P. palustris and P. taeda
based on 21 morphological characters, but their relation-
ship to P. echinata and P. elliottii remained unresolved, and
no statistical support was provided. Later, using RAPD mar-
kers and the neighbour-joining method, Dvorak et al.
(2000) suggested a close relationship among P. echinata,
P. palustris and P. taeda, in which P. echinata and P. taeda
were sister lineages, and P. elliottii was sister to P. caribaea.
Using a supertree approach and previously published phy-
logenies based on both morphological and molecular data,
Grotkopp et al. (2004) also inferred a close relationship
among P. echinata, P. palustris and P. taeda, but found
that P. palustris was sister to P. taeda; P. elliottii was,
again, sister to P. caribaea. Gernandt et al. (2005) used

Figure 1. Cladograms for the four Australes species—P. echinata, P. elliottii, P. palustris and P. taeda—from published studies. (A) Adams and
Jackson (1997). (B) Dvorak et al. (2000). (C) Grotkopp et al. (2004). (D) Gernandt et al. (2005). (E) Eckert and Hall (2006). (F) Hernández-León et al.
(2013). The original studies presented the four species in a broader context along with other pines.
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two chloroplast genes in 101 pine species, but relationships
among the four Australes species remained unresolved.
Eckert and Hall (2006) used four chloroplast genes in 83
pine species. In their study, P. echinata and P. palustris
were placed in one clade with low support, and P. elliottii
and P. taeda were placed in another. Most recently, based
on five chloroplast DNA (cpDNA) markers, Hernández-León
et al. (2013) placed P. echinata, P. elliottii and P. palustris
within the same clade, where P. elliottii and P. palustris
were sisters, and P. taeda was in a separate clade, albeit
with low bootstrap support (BS). Consequently, the mono-
phyly of the four species was placed under question.

Evidence from cpDNA used in recent studies additionally
questioned monophyly of the subsection Australes as
defined by Little and Critchfield (1969), and suggested
that the 11 Australes species may be scattered throughout
a larger clade of over twice as many species (Gernandt
et al. 2005; Eckert and Hall 2006; Hernández-León et al.
2013). Chloroplast genomes, however, may follow differ-
ent evolutionary trajectories than nuclear genomes, with
potentially confounding effects in phylogenetic studies
(Rieseberg and Soltis 1991). In pines, chloroplast genomes
are strictly paternally inherited, thus having smaller effect-
ive population sizes than nuclear genomes. Additionally,
cpDNA experiences lower substitution rates (Willyard
et al. 2007). Consequently, these factors may lead to dis-
cordant patterns of polymorphism between the two gen-
omes (Soltis et al. 1992; Hong et al. 1993b). Moreover,
cpDNA differentiation among populations of a species
can be high (Hong et al. 1993a), and the cpDNA sequence
variation in pines may be unevenly distributed throughout
the genome requiring a representative locus sampling
(Whittall et al. 2010). Finally, foreign chloroplast genomes
introduced through hybridization may undergo a rapid fix-
ation—chloroplast capture (Rieseberg and Soltis 1991;
Matos and Schaal 2000; Liston et al. 2007).

Apart from the specificity of cpDNA evolution, additional
problems with taxonomic classification of Australes may
stem from incomplete lineage sorting, a phenomenon
reported in pines (Syring et al. 2007; Willyard et al. 2009),
especially considering the relatively recent evolutionary
history of the subsection. Radiation within Australes
is thought to have begun only 7–15 million years ago
(MYA) (Willyard et al. 2007; Hernández-León et al. 2013).
Large overlap in present-day areas of the four species stud-
ied here has fostered occasional or historic hybridization
between some of them that may have additionally contrib-
uted to insufficient resolution in phylogenetic studies. Nat-
ural hybridization has been observed between P. echinata
and P. taeda (Zobel 1953; Mergen et al. 1965; Smouse
and Saylor 1973; Edwards-Burke et al. 1997), between
P. palustris and P. taeda (Chapman 1922) and between
P. elliottii and P. palustris (Mergen 1958). Almost all possible

hybrids for these species can be artificially generated in
controlled crosses, with the exception of P. echinata and
P. palustris that are not considered interfertile despite a
reported hybrid case (Snyder and Squillace 1966; Campbell
et al. 1969). Additionally, similar environmental constraints
could lead to a parallel support for beneficial alleles and/or
removal of detrimental ones. Nevertheless, sympatry
could have been repeatedly disturbed in the past; for
example, during the Pleistocene, P. taeda was likely con-
stricted to two refugia, P. elliottii and P. palustris could
have been separated, each one occupying one of the two
refugia, while P. echinata’s range was probably continuous
due to its cold-hardiness (Wells et al. 1991; Schmidtling and
Hipkins 1998; Schmidtling 2003). Each of these factors, or
their combination, could confound phylogenetic inference.

The challenge with inferring relationships among Aus-
trales indicates that more work is needed. Nuclear markers
are recommended to use when introgression, cytoplasmic
in particular, or lineage sorting phenomena are present
(Soltis et al. 1992). Consequently, we used 11 nuclear pro-
tein coding genes. Our objective was to refine and poten-
tially clarify the phylogenetic relationships among
P. echinata, P. elliottii, P. palustris and P. taeda. Pinus pinas-
ter was used as an outgroup. Despite the larger dataset
and application of advanced methods, untangling their
phylogeny was not straightforward. We discuss potential
factors that likely contributed to this problem and could
explain the difficulties in inferring phylogenies using mul-
tiple genes observed in previous studies.

Methods

Source of data

Data from 32 genes recently sequenced and annotated in
four pines from subsection Australes, namely P. taeda
(Brown et al. 2004; González-Martı́nez et al. 2006),
P. echinata, P. elliottii and P. palustris (Koralewski et al.
2014), were used to query the NCBI GenBank database
(Benson et al. 2013) for orthologs in related pine (genus
Pinus) taxa that could be used as appropriate outgroup
species. Eleven putative orthologous genes were identi-
fied in P. pinaster (Table 1), which was used as an out-
group. Given that the ingroup species belong to a single
subsection, it is possible that a species from a more
closely related subsection could be a more optimal out-
group for phylogenetic analyses; however, P. pinaster is
the best studied species with respect to the genes inves-
tigated in the southern pines, allowing us to utilize more
sequence data in the analyses. We assumed orthology of
the genes based on exon–intron structure and very high
sequence similarity. For each putative ortholog, the
E-value was 3E-46 or less and identity score was 95 %
or more in at least one comparison of an ingroup species
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WTwith P. pinaster; additionally, in comparisons where the
E-value was higher than E-100, the identity score was
99 %. However, well-annotated, mapped and well-
assembled whole-genome data are ultimately needed
to validate orthology. Such data are still unavailable,
although the first incomplete draft genome assembly
was published recently for loblolly pine (Neale et al.
2014; Zimin et al. 2014).

Multiple alignment

The FASTA sequences for individual genes were aligned
using BioEdit (ver. 7.0.9.0) (Hall 1999) and merged into
one dataset in SeaView (ver. 4.0) (Galtier et al. 1996). Con-
version from FASTA to NEXUS was done in SeaView, and
from FASTA to PHYLIP manually in the text editor
Notepad++ (ver. 5.9.3) (Ho 2011). Coding sites were
assigned based on annotation data in NCBI GenBank for
each individual gene separately using DnaSP (ver.
5.10.01) (Librado and Rozas 2009). The merged NEXUS
file was further manually annotated, and one of five cat-
egories was assigned to each site: a codon position (1, 2
or 3), intron or 3′UTR. All sites with missing data were
removed from the analysis [see Supporting Informa-
tion—Dataset S1].

Partitioning

Partitioning schemes and models of molecular evolution
were evaluated using PartitionFinder (ver. 1.1.1) (Lanfear
et al. 2012). Model selection was restricted to the set of
models implemented in the software in which we
intended to run the phylogenetic analysis (parameter

‘model ¼’ in PartitionFinder). At most 42 models were
evaluated simultaneously based on Akaike information
criterion (AIC) and Bayesian information criterion (BIC).
The parameters describing gamma distribution of rates
among sites (G or G) and a proportion of invariable sites
(I) were considered among the models exclusively, i.e.
none of the evaluated models accounted for both G and
I jointly, because of reported problems with independent
optimization of these two parameters (see discussions
and relevant references in Stamatakis 2008: pp. 20–21
and in Stamatakis 2014: p. 49). Additionally, in the
group of models evaluated for GARLI (Zwickl 2006) (see
below), one or more of the K81 models (K81, K81 + I
and K81 + G, depending on the subset of data; a few
data subsets were affected) caused convergence pro-
blems and were not considered. Depending on the
intended phylogenetic analysis, alternative partitioning
schemes were then implemented [see Supporting Infor-
mation—Table S1]: (i) by-gene-site: best partitioning
schemes for 39 sets corresponding to different genes
and site categories within genes, or (ii) by-gene: best
models identified for each of the 11 genes in the set (no
partitioning within a gene). Additionally, in the cases
where each gene was analysed separately, models were
identified for every gene independently with sites
assigned to one of the five site categories (by-site).

Phylogenetic analysis

The combined dataset of 11 genes was subjected to two
gene tree methods with partitioning by-gene-site: max-
imum likelihood (ML; GARLI, ver. 2.01) (Zwickl 2006) and

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Genes used in the study and their NCBI accession numbers. Genomic DNA sequences for the ingroup (P. echinata, P. elliottii, P. palustris
and P. taeda) were newly generated and presented in Koralewski et al. (2014), and both genomic DNA and mRNA sequences for the outgroup
(P. pinaster) were already available in NCBI.

Gene name Gene

abbreviation

Pinus

echinata

Pinus

elliottii

Pinus

palustris

Pinus

taeda

Pinus

pinaster

4-coumarate:CoA ligase 4cl KF158811 KF158813 KF158814 KF158816 HM482497

arabinogalactan 4 agp-4 KF158819 KF158821 KF158822 KF158824 AM501931

trans-cinnamate 4-hydroxylase 2 c4h-2 KF158875 KF158877 KF158878 KF158880 JN013973

cinnamyl alcohol dehydrogenase cad KF158882 KF158883 KF158884 KF158885 FN824799

cellulose synthase cesA3 KF158898 KF158900 KF158901 KF158903 FN257074

caffeate O-methyltransferase comt-2 KF158906 KF158908 KF158909 KF158911 HE574557

dehydrin 2 dhn-2 KF158924 KF158926 KF158927 KF158929 HE796687

early response to drought 3 erd3 KF158931 KF158932 KF158933 KF158934 EU020011

glycine hydroxymethyltransferase glyhmt KF158935 KF158936 KF158937 KF158938 HE574564

ABII protein phosphatase 2C-like pp2c KF158952 KF158953 KF158954 KF158955 EU020014

chloroplast Cu/Zn superoxide

dismutase

sod-chl KF158978 KF158979 KF158980 KF158981 AF434186
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Bayesian inference (BI; MrBayes, ver. 3.2.2) (Ronquist et al.
2012). Species trees were reconstructed using the Bayes-
ian method BEST (ver. 2.3) (Liu 2008) with partitioning
by-gene. To account for potential polytomies, and thus
potential for the star tree paradox (Suzuki et al. 2002;
Lewis et al. 2005), we ran Phycas (ver. 1.2.0) (Lewis et al.
2010), also a Bayesian method, with partitioning
by-gene-site. We then analysed each gene separately
using GARLI and MrBayes (partitioning by-site). The
MrBayes outputs were further investigated using Bayes-
ian concordance analysis (Ané et al. 2007), as implemen-
ted in BUCKy (ver. 1.4.0, mbsum ver. 1.4.2) (Larget et al.
2010), for seven values of a: 0.01, 0.5, 1, 2, 5, 10 and
10 000. The value of a corresponds to the probability
that loci share the same tree (the lower a the higher
the probability, and vice versa), thus affecting the clade
support (the higher the probability the higher support).
Formally, BUCKy is not considered a species-tree method;
however, the resulting primary concordance tree can be
generally considered comparable with species trees (for
an in-depth discussion about the species methods, see
Mateos et al. 2012).

All analyses were run in Windows 7 [see Supporting
Information—Table S1] except for BUCKy, which was
compiled and run under Cygwin. The tree figures were
visualized in FigTree (ver. 1.4) (Rambaut 2013) and further
edited manually to increase their readability and
compactness.

Clade support and convergence

In order to determine the clade support, BS was calculated
in GARLI using 1000 replicates [see Supporting Informa-
tion—Table S1]. SumTrees (ver. 3.3.1) (Sukumaran and
Holder 2010) was used to generate majority consensus
trees. Posterior probability (PP) estimates were used for
the BI methods. To verify that the Markov chain Monte
Carlo analysis converged on a stationary distribution and
that the sampling of the distribution was adequate, the fol-
lowing criteria were applied for MrBayes and BEST: (i) stable
PP values, (ii) small and stable average standard deviation
of the split frequencies of independent runs, (iii) potential

scale reduction factor close to 1 and (iv) an effective sample
size of at least 200 for the posterior probabilities. The con-
ditions (i) and (iv) were evaluated also for Phycas, and add-
itionally the split PP plot and split sojourn plot were
examined. Samples prior to reaching stationarity were dis-
carded as ‘burnin’. The conditions (i) and (iv) were evalu-
ated in Tracer (ver. 1.5.0) (Rambaut and Drummond
2009). Average standard deviation of mean sample-wide
concordance factor (CF) was examined for BUCKy, and
the CF was used to determine clade support.

Results

Combined evidence from all genes

Three methods, GARLI, MrBayes and Phycas, recovered
the clade echinata–elliottii for the concatenated matrix
of 11 genes. Support from the ML method was much
lower (highest BS ¼ 65 %, AIC partitioning) than that
from the BI methods (lowest PP ¼ 0.98 in MrBayes, BIC
partitioning). The BI methods additionally supported the
clade echinata–elliottii–palustris, but support varied con-
siderably (from PP , 0.50 in Phycas, AIC, to PP ¼ 0.94 in
MrBayes, BIC). Significant differences between the ML
and BI methods in support for the clade echinata–elliottii,
and in the case of the clade echinata–elliottii–palustris,
also between Phycas and MrBayes (Fig. 2) are character-
istic signatures of true or approximate star phylogenies
(Suzuki et al. 2002; Lewis et al. 2005).

BEST supported the clade echinata– taeda, absent in
the gene-tree methods, with PP ¼ 0.53 (AIC and BIC;
Fig. 3). This clade was present also in the primary con-
cordance tree in BUCKy (CF ranging from 0.35 to 0.44,
depending on a and model selection criterion). Another
clade present in the BUCKy’s primary concordance tree
was elliottii–palustris (CF ranging from 0.24 to 0.44,
depending on a and model selection criterion).

Individual gene approach

Given the results from the analysis of the combined data-
set resulting in mostly unresolved relationships among
the studied species, and the conflicts found between

Figure 2. Joint analysis of 11 genes in P. echinata, P. elliottii, P. palustris and P. taeda using GARLI (A), MrBayes (B) and Phycas (C). Numbers at
nodes correspond to BS for GARLI (%; AIC/BIC), and PP for MrBayes and Phycas (AIC/BIC). Branch lengths are shown for the BIC partitioning
schemes.
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the gene-tree and species-tree methods, we looked at
each gene separately using ML (GARLI) and BI (MrBayes).
The two approaches produced consistent results for each
gene, although the difference in clade support varied
among the genes [see Supporting Information—Fig.
S1]. We, therefore, clustered genes into three groups fol-
lowing similarity in topologies. The genes 4cl, c4h-2 and
cesA3 (Group A) supported the clade echinata– taeda,
the genes agp-4 and sod-chl (Group B) supported the
clade echinata–elliottii and the genes dhn-2 and erd3
(Group C) supported the clade echinata–palustris. Group
C genes disagreed in the placement of the species
P. elliottii and P. taeda; however, we decided to focus on
the similarity. Additional analysis in the R environment
(ver. 2.15.2) (R Core Team 2012) supported these group-
ings—principal coordinate analysis (function pcoa, pack-
age ape ver. 3.0-11) (Paradis et al. 2004) run on
Robinson–Foulds distance matrix for the individual gene
trees (function RF.dist, package phangorn ver. 1.99-7)
(Schliep 2011) placed the three groups of genes in distinct
clusters [see Supporting Information—Fig. S2]. Each set
was partitioned by-gene-site, and analysed using GARLI
and MrBayes. In general, the BS for the clades jointly sup-
ported by genes within each group increased, the PP
reached (or stayed at) 1.00 and the level of support for
these clades became consistent between GARLI and

MrBayes (Fig. 4) [see Supporting Information—Fig. S3].
In the case of Group B, the clade palustris–taeda, previ-
ously present only in the agp-4 gene tree, was also recov-
ered, although with low support. In Group C, P. elliottii and
P. taeda were placed as sister taxa in a clade with low BS
and high PP, which reflects the conflict between the two
individual gene trees.

Discussion
The discordance among various approaches applied in
this study mirrors the conflicting results from previously
published work (see Introduction). Comparison of the
topologies supported by Group A vs. Group B vs. Group C
genes shows highly consistent results within each group
across different methods, yet the conclusions contradict
each other among the groups. The clade echinata2

taeda, supported by Group A genes, was previously recov-
ered by Dvorak et al. (2000) using RAPD markers and the
neighbour-joining method with BS ¼ 0.90. The species in
the clade palustris–taeda, supported by the gene agp-4
(Group B), were placed in one clade by Adams and Jack-
son (1997) based on parsimony analysis of morphological
characters, and by Grotkopp et al. (2004) through a super-
tree approach (57 % of individual trees agreed with the
supertree at the node). Both clades echinata–palustris
and elliottii–taeda supported by the Group C genes corre-
sponded to grouping in Eckert and Hall (2006), who used
chloroplast data.

Given life history of the subsection (see Introduction),
long-distance gene flow through pollen, hybridization
events that still occur today and large (but variable in the
past) population sizes of the investigated species, incom-
plete lineage sorting could be the simplest and most
straightforward explanation of the pattern observed in
our study. It is a known phenomenon in pines (Syring
et al. 2007; Willyard et al. 2009), and it is likely to confound
phylogenetic inference in a clade as recent as Australes.
Interestingly, however, the genes forming the three groups

Figure 3. Joint analysis of 11 genes in P. echinata, P. elliottii,
P. palustris and P. taeda using BEST (A) and BUCKy (cladogram; B).
Numbers at nodes correspond to PP for BEST (AIC/BIC) and CFs for
BUCKy (AIC/BIC; range of CFs for a values from 10 000 to 0.01).

Figure 4. Analysis of three groups of genes: Group A (4cl, c4h-2 and cesA3; A), Group B (agp-4 and sod-chl; B) and Group C (dhn-2 and erd3; C) in P.
echinata, P. elliottii, P. palustris and P. taeda using GARLI and MrBayes. Cladograms are shown. Numbers at nodes correspond to clade support:
GARLI (AIC/BIC; top row) and MrBayes (AIC/BIC; bottom row). The BS for the clade palustris–taeda in Group B was ,0.50.
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are also connected at the putative functional level
(Table 2). The Group A genes all directly affect wood prop-
erties: 4cl and c4h-2 are both part of the lignin biosynthesis
pathway (Whetten and Sederoff 1995; Boerjan et al. 2003),
and cesA3 is involved in cellulose synthesis (Pot et al.
2005). Another gene in our dataset, comt-2, is also
involved in lignin biosynthesis (Whetten and Sederoff
1995; Boerjan et al. 2003) but did not recover the echi-
nata–taeda clade. Unlike the other three genes in Group
A, it supported the clade elliottii–palustris. An additional
joint analysis of all four genes, using the same method-
ology, showed that the support for the previously recov-
ered clade echinata–taeda almost did not change, while
the clade elliottii–palustris received a low-to-moderate
support [see Supporting Information—Fig. S4]. The
latter two species were previously placed in one clade
(BS ≤ 0.50) by Hernández-León et al. (2013) based on an
ML method applied to plastid data. Conversely, the Group
B and C genes are not involved in the lignin biosynthesis
pathway directly. The Group B genes (agp-4 and sod-chl)
appear to contribute to plant defence, water management
and other functions. Proteins from the arabinogalactan
family play signalling and protective roles, and participate
in xylem development, cell growth and expansion, pro-
grammed cell death and other processes (Loopstra and
Sederoff 1995; Loopstra et al. 2000; Zhang et al. 2000,
2003; Showalter 2001; Seifert and Roberts 2007). Sod-chl
has antioxidative properties (Huttunen and Heiska 1988;
Bowler et al. 1992). It was also drought responsive (Costa
et al. 1998) and hence was considered a drought-tolerance
candidate gene in loblolly pine (González-Martı́nez et al.
2006). Dhn-2 and erd3 (Group C) are also associated with
water stress recognition and response. Dhn-2, a dehydrin,
is responsive to dehydration stress and also plays
other protective functions (González-Martı́nez et al. 2006;
Eveno et al. 2008). The role of erd3 is less known, but it has
been found active in an early stage of dehydration stress
(González-Martı́nez et al. 2006; Eveno et al. 2008).

Regardless of the extent of the potential effects of
shared ancestral polymorphisms, two other hypotheses
of parallel evolution within the functional gene groups
could be pursued in follow-up studies. The functionally
bound clades could have resulted from a transfer of

adaptive alleles via introgressive hybridization from an
adapted pine donor, followed by positive selection and
subsequent purifying or balancing selection acting in
both donor and acceptor populations. Alternatively, spe-
ciation could have begun while the locus was already
under purifying or balancing selection, which continued
working simultaneously in both populations in parallel,
given common habitat locations and environmental pres-
sures. Sympatry, shifting locale of the optimum habitat,
population size changes and the recent evolutionary ori-
gin of the southern pines could have facilitated hybridiza-
tion, while crucial roles of the genes belonging to the
three groups could have resulted in preservation of adap-
tive variants, especially under similar environmental
selection pressures. A tight physical linkage among the
loci within each group can be excluded as an alternative
possible explanation for the observed phenomenon. Most
of the genes studied here are mapped to different linkage
groups in P. taeda, or far from each other, although no
linkage data were found for dhn-2 and erd3 [see Support-
ing Information—Table S2]. These two hypotheses
require more assumptions to explain the observed pat-
tern when compared with the hypothesis of incomplete
lineage sorting, and therefore, the latter should be pre-
ferred, although some form of interplay of all three is cer-
tainly possible.

In order to reject the hypothesis of incomplete lineage
sorting, and to pursue an alternative, limitations of our
study need to be overcome. Multiple individuals sampled
for each species would allow for thorough identification
of shared ancestral polymorphisms and variation fixed
at the species level. Including more genes per functional
group would allow to examine whether the observed pat-
tern holds also for other members of a given pathway or
process, or if it is purely stochastic. Samples from all
members of the clade Australes would likely help improve
overall robustness of the phylogenetic inference. Add-
itionally, to test the monophyly of the clade Australes in
the traditional sense (Little and Critchfield 1969), which
has been questioned by cpDNA-based studies (Gernandt
et al. 2005; Eckert and Hall 2006; Hernández-León et al.
2013), species traditionally classified as Attenuatae,
Leiophyllae and Oocarpae should be included in the
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Table 2. Groups of genes based on phylogenetic analysis of P. echinata, P. elliottii, P. palustris and P. taeda, their selected putative functions and
numbers of nonsynonymous (N) and silent (S) nucleotide substitutions in each group.

Group Genes Putative function N S

A 4cl, c4h-2 and cesA3 Wood properties 2 10

B agp-4 and sod-chl Plant defence, water management 4 10

C dhn-2 and erd3 Water stress recognition and response 2 11
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nuclear marker-based study. Alternative outgroup spe-
cies could also be considered, especially those from sub-
sections Contortae and Ponderosae that are more closely
related to the ingroup than P. pinaster. Solving these
caveats, however, requires additional resources and can-
not be done purely analytically. Given the limitations of
the data, our primary intention was to apply a spectrum
of methods to a gene sample that would maximize gen-
ome coverage.

Recent estimates of radiation within Australes sug-
gested that it could have begun as recently as 7 MYA
(P. taeda–P. radiata split), although the split between
the ancestors of Ponderosae and Australes might have
happened as early as 15 MYA (Willyard et al. 2007). This
timeframe overlaps with the mid- to late-Miocene
(about 14–15 MYA), starting at or directly following the
middle Miocene climate transition (MMCT), a period of
cooling and ice-sheet expansion that took place about
14 MYA (Shevenell et al. 2004). Pines experienced habitat
locale shifts both before and after the MMCT, for example,
during the Eocene (56–34 MYA), interpreted as the major
stimulus for pine divergence at the time, and during the
Pleistocene (2.6–0.01 MYA) (Millar 1993). The MMCT likely
affected population sizes, species range and distribution
of the allelic variation, and probably had the momentum
to trigger radiation within Australes. The potential for
hybridization events resulting in introgression was likely
greater back in time, especially when the ancestral spe-
cies were far less diverged and stressed by recurrent
changes in environmental pressures and by range shifts.
Range expansions could have then brought multiple gen-
etic effects (Excoffier et al. 2009) including increase in fre-
quency of rare (and also newly introduced) variants. This
process would have happened much faster if the newly
acquired alleles were advantageous.

The adaptations shared among the southern pines and
shaped by the vibrant historic climate are particularly
interesting in the light of the ongoing and forthcoming cli-
mate changes, amidst the discussion on assisted migra-
tion (Vitt et al. 2010; Krutovsky et al. 2012; Koralewski
et al. 2015). The historical events might have led to
increased standing genetic variation in these species, dir-
ectly influencing their level of adaptability and making
them somewhat ‘climate-change ready’. Additional
inquiries directed towards the loci studied here could
improve breeding strategies in the face of climate change
(Krutovsky et al. 2013).

Conclusions
Incomplete lineage sorting, introgression and parallel
evolution can explain inconsistencies observed in the
phylogenetic analysis of the four southern pines. However,

more data are needed to discriminate among these
hypotheses. The conflicting signals were vigorously tested,
but evidence in the current data was not robust enough to
support potent claims, and thus, the simplest hypothesis
of incomplete lineage sorting may be preferred, while
the alternatives may be pursued in future studies. To over-
come limitations of our study, additional sampling should
include multiple individuals per species, additional species
that form one clade with the four pines investigated here,
less distant outgroup species and additional functionally
related genes. Our work provided new insights into the
Australes phylogeny, but their evolutionary history remains
elusive.
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Supporting Information
The following additional information is available in the
online version of this article —

Dataset S1. Multiple alignment in NEXUS format.
Figure S1. Separate analysis of each gene for the four

Australes species: P. echinata, P. elliottii, P. palustris and
P. taeda. Cladograms are shown. From top to bottom:
4cl, c4h-2 and cesA3 (A); agp-4 and sod-chl (B); dhn-2
and erd3 (C); cad, glyhmt, pp2c and comt-2 (D). Numbers
at nodes correspond to clade support: GARLI (AIC/BIC; top
row) and MrBayes (AIC/BIC; bottom row).

Figure S2. Principal coordinate analysis run on Robin-
son–Foulds distance matrix for the individual gene
trees. Group A gene names (4cl, c4h-2 and cesA3) are in
green, Group B gene names (agp-4 and sod-chl) are in
orange and Group C gene names (dhn-2 and erd3) are
in blue.

Figure S3. Joint analysis of the genes from Group A (4cl,
c4h-2 and cesA3; A), Group B (agp-4 and sod-chl; B) and
Group C (dhn-2 and erd3; C) in P. echinata, P. elliottii,
P. palustris and P. taeda using GARLI and MrBayes. From
top to bottom: GARLI (AIC), GARLI (BIC), MrBayes (AIC)
and MrBayes (BIC). Numbers at nodes correspond to
clade support.

Figure S4. Joint analysis of the genes from Group A (4cl,
c4h-2 and cesA3) and comt-2 in P. echinata, P. elliottii,
P. palustris and P. taeda using GARLI and MrBayes. From
top to bottom: GARLI (AIC), GARLI (BIC), MrBayes (AIC)
and MrBayes (BIC). Numbers at nodes correspond to
clade support.

Table S1. Partitioning schemes and software settings.
Table S2. Linkage information for the studied genes.
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González-Martı́nez SC, Cervera MT, Plomion C, Garnier-Géré PH.
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Gernandt DS, López GG, Garcı́a SO, Liston A. 2005. Phylogeny and
classification of Pinus. Taxon 54:29–42.
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Earlier snowmelt and warming lead to earlier 
but not necessarily more plant growth
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Abstract. Climate change over the past �50 years has resulted in earlier occurrence of plant life-cycle events
for many species. Across temperate, boreal and polar latitudes, earlier seasonal warming is considered the key mech-
anism leading to earlier leaf expansion and growth. Yet, in seasonally snow-covered ecosystems, the timing of spring
plant growth may also be cued by snowmelt, which may occur earlier in a warmer climate. Multiple environmental cues
protect plants from growing too early, but to understand how climate change will alter the timing and magnitude of
plant growth, experiments need to independently manipulate temperature and snowmelt. Here, we demonstrate
that altered seasonality through experimental warming and earlier snowmelt led to earlier plant growth, but the
aboveground production response varied among plant functional groups. Earlier snowmelt without warming led to
early leaf emergence, but often slowed the rate of leaf expansion and had limited effects on aboveground production.
Experimental warming alone had small and inconsistent effects on aboveground phenology, while the effect of the
combined treatment resembled that of early snowmelt alone. Experimental warming led to greater aboveground
production among the graminoids, limited changes among deciduous shrubs and decreased production in one of
the dominant evergreen shrubs. As a result, we predict that early onset of the growing season may favour early
growing plant species, even those that do not shift the timing of leaf expansion.

Keywords: Arctic tussock tundra; climate change; plant phenology; plant production; seasonality.

Introduction
Seasonality in temperate to polar ecosystems is shifting
through earlier seasonal warming and changes in precipi-
tation regimes that lead to earlier snowmelt (Schwartz
et al. 2006; Hayhoe et al. 2007; Ernakovich et al. 2014).
Plant communities are responding through changes in
timing of life-cycle events such as leaf expansion and

flowering (i.e. phenology) (Fitter and Fitter 2002; Thomp-
son and Clark 2008), shifts in species relative abundance
(Harte and Shaw 1995; Willis et al. 2008), species’ range
shifts (Walther et al. 2005; Gottfried et al. 2012) and
greater aboveground plant production (Knapp and
Smith 2001; Wang et al. 2012). These observations
of altered seasonality and plant community changes

* Corresponding author’s e-mail address: clivensp@rams.colostate.edu
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correspond to a period of increasing global temperatures,
but experiments are still needed to determine mechan-
isms and develop predictive models as climate change
continues (Pau et al. 2011; Richardson et al. 2012).

Temperature and photoperiod are known plant pheno-
logical cues that determine the timing of spring events,
such as bud burst, leaf emergence and canopy develop-
ment, and flowering (Cleland et al. 2007; Körner and
Basler 2010; Polgar and Primack 2011). Experimental
warming studies using different techniques, such as
active warming through overhead infrared heaters or
passive warming with open-top chambers (OTCs), dem-
onstrate that many species begin growth and flowering
earlier in warmed versus control plots (Cleland et al.
2006; Sherry et al. 2007; Reyes-Fox et al. 2014). However,
responses can vary with some species not shifting or
delaying the timing of spring events under warmed con-
ditions (Hollister et al. 2005a; Reyes-Fox et al. 2014;
Marchin et al. 2015). Similarly, long-term observations
of phenological response to climate warming over time
show an overall advance in timing of spring of an esti-
mated 5–6 days 8C21 (Wolkovich et al. 2012), but with
interspecific variation (Fitter and Fitter 2002; Menzel
et al. 2006). The variation in response suggests that phen-
ology is cued by other environmental variables (e.g.
photoperiod) for species within and across diverse plant
communities from tundra, grassland and forest biomes.

The influence of snow cover on plant phenology is less
well understood, in part because temperature change
due to climate change and experimental warming influ-
ence when an area becomes snow-free. Development of
early emerging species may be closely synchronized with
timing of snowmelt in Arctic and alpine ecosystems
(Galen and Stanton 1995; Høye et al. 2007), and indeed,
later snowmelt due to increased snow depth has been
shown to delay bud break of deciduous shrubs (Borner
et al. 2008; Sweet et al. 2014). However, few experiments
have examined the isolated effects of early snowmelt and
summer warming in the Arctic or alpine, and often these
effects are confounded either by the use of warming
treatments such as OTCs to accelerate snowmelt or by
the snow removal that reduces water inputs (Wipf and
Rixen 2010).

Multifactor global change experiments have shown
that plant production is sensitive to manipulations of
abiotic factors, including air and soil warming, nutrients,
CO2 and precipitation (Fay et al. 2003; Zavaleta et al. 2003;
Dukes et al. 2005; Dawes et al. 2011). Response to these
factors is complex, with variation across plant communi-
ties due to differences in limiting factors (Smith et al.
2015), and variation within communities due to differ-
ences in functional group responses (Zavaleta et al.
2003; Wahren et al. 2005; Muldavin et al. 2008). In the

Arctic, production is strongly limited by nutrient availabil-
ity, which in turn is sensitive to temperature and ongoing
changes in the timing of seasonal climatic events such as
snowmelt, soil thaw, the onset of freezing and snowfall
(Billings and Mooney 1968; Weintraub and Schimel
2005). In recent years, both observational and experi-
mental studies have linked increased production, specif-
ically that of deciduous shrubs and graminoids, to
warmer temperatures (Tape et al. 2006; Walker et al.
2006; Forbes et al. 2010; Elmendorf et al. 2012b; Sistla
et al. 2013). However, a number of experiments that
have manipulated summer temperature in both Arctic
and alpine regions did not find a consistent increase in
community-level aboveground net primary production
(ANPP); rather, individual species or functional groups
varied in their response (Chapin et al. 1995; Harte and
Shaw 1995; Hollister et al. 2005b). Evergreen shrubs
have responded to warming with positive, negative or
no changes in production (Hollister et al. 2005b; Walker
et al. 2006; Campioli et al. 2012), and they may be less
likely to show short-term growth responses due to their
conservative growth strategy (Chapin and Shaver 1996;
Starr et al. 2008).

Changes in plant production may also be expected to
vary in relation to changes in the timing of growth; for
example, earlier leaf expansion may lead to greater prod-
uctivity (Richardson et al. 2010). There is evidence that
phenological ‘tracking’ of climate change across biomes
can result in positive growth responses, through
increased abundance, production or flowering effort
(Cleland et al. 2012). However, physiological constraints
and interactions of the affected species may prevent
some plants from taking advantage of an earlier start
to the growing season (Schwartz 1998; Richardson et al.
2010; Polgar and Primack 2011). One such constraint
could be negative impacts of exposure to cold tempera-
tures and freezing damage if snow melts early (Inouye
2008; Wipf et al. 2009). Differences in the onset and dur-
ation of plant growth can also vary due to differences in
plant community composition; for example, deciduous
shrub-dominated communities in Arctic tundra were
shown to have longer peak growing seasons and greater
carbon uptake than evergreen/graminoid communities in
the same region (Sweet et al. 2015).

In the Arctic, climate is changing at a faster rate than in
other regions, a trend that is expected to continue
(Christensen et al. 2013). Rapidly increasing air tempera-
ture (�1 8C decade21) (Christensen et al. 2013), earlier
snowmelt (3–5 days decade21) and later snowfall are
changing the seasonality of this ecosystem (Serreze
et al. 2000; Ernakovich et al. 2014). Landscape-scale
observations via remote sensing suggest that vegetation
phenology in the Arctic is indeed advancing and plant
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production is increasing (Myneni et al. 1997; Jia et al.
2003, 2009; Fraser et al. 2011; Zeng et al. 2011). Earlier
snowmelt, especially in combination with warmer
temperatures in early spring, should benefit plant
growth, since it is the time of year with the greatest
light and nutrient availability (Weintraub and Schimel
2005; Edwards and Jefferies 2013). However, experi-
ments are needed to determine how shifts in seasonality
will affect phenology of Arctic species, and how changes
in phenology affect plant productivity and future commu-
nity composition.

In Arctic tussock tundra, we established a 3-year study
in which we altered seasonality through the independent
and combined manipulation of air temperature and tim-
ing of snowmelt. We examined the response of spring
phenology and plant production for key tundra species
and hypothesized that:

(1) The timing of snowmelt and temperature are cues for
initiating plant growth. We predicted that leaf
appearance and expansion would advance due to
early snowmelt and air warming for all species.

(2) The timing of snowmelt and temperature affect
plant production. We predicted that early snowmelt
and warmer temperatures would increase production
of deciduous shrub, graminoid and forb species,
but would not change production of evergreen
shrubs.

(3) The timing of plant growth affects plant production.
We predicted that earlier leaf expansion would lead
to greater aboveground biomass at peak season.

Methods

Site description

The experiment was conducted near Imnavait Creek on
the North Slope of Alaska, close to the Arctic Long-Term
Ecological Research (LTER) site at Toolik Field Station.
The plant community at Imnavait is moist acidic tussock
tundra, characterized by the tussock forming sedge
Eriophorum vaginatum and a high moss cover, including
Hylocomium spp., Aulacomnuim spp. and Dicranum spp.
Associated species include another sedge, Carex bigelo-
wii, the deciduous shrubs Betula nana and Salix pulchra,
the evergreen shrubs Ledum palustre, Vaccinium
vitis-idaea and Cassiope tetragonum, and a variety of
forbs [see Supporting Information—Table S1]. The old
(�120 000–600 000 years; Whittinghill and Hobbie
2011), acidic soil (mean pH of 4.5) at this site is underlain
by continuous permafrost, with an uneven surface layer
of organic material 0–20 cm thick (Walker et al. 1994)
and variable soil moisture.

Altered seasonality

For 3 years (2010–12), snowmelt was accelerated in five
8 × 12 m plots using radiation-absorbing black 50 %
shade cloth that was placed over the snowpack in late
April–early May. The dark fabric accelerated melt and
allowed for minimal disturbance of the snowpack. The
fabric was removed when plots became 80 % snow-free
(determined by daily visual estimates). In 2012, we
achieved a 10-day acceleration in the timing of snowmelt
with early snowmelt plots becoming snow-free on May 16
and control plots snow-free on May 26. Snow was melted
4 and 15 days earlier in 2010 and 2011, respectively. As
plots became snow-free, (OTCs were deployed on sub-
plots within the accelerated snowmelt and control
areas. The OTCs are hexagonal chambers with sloping
sides, constructed of Plexiglas material that allows trans-
mittance of wavelengths of light in the visible spectrum,
enabling passive warming primarily through trapping
solar radiation (Marion et al. 1997). Open-top chambers
warmed air temperatures by an average of 1.4 8C in
2012. Further details of treatment effects on air tempera-
ture, soil temperature and soil moisture are available in
Supporting Information—Table S2. The approximate
area of both control and warming subplots was 1 m2.
Treatments were replicated five times in a full factorial,
randomized split-plot design. Treatment abbreviations
are as follows throughout the article: control (C), warming
(W), early snowmelt (ES) and combined (W × ES).

Phenology

Five individuals of seven species were marked in each
subplot and phenology events were monitored every
2–3 days from snowmelt through mid-August. Observa-
tions of ‘leaf appearance’ and ‘leaf expansion’ were
recorded for each individual. Although definitions of
events varied between functional groups, we generally
considered leaf appearance to be the first observation
of new green leaves and leaf expansion to be when an
individual had a leaf that was fully expanded or had
reached a previously determined size. For deciduous
shrubs (B. nana and S. pulchra), leaf appearance was
recorded at the first observed leaf bud burst, and leaf
expansion when an individual had at least one fully
unfurled leaf anywhere on the plant. Similarly, evergreen
shrub (L. palustre and V. vitis-idaea) leaf appearance was
recorded when the first leaf bud was visible, and full leaf
expansion occurred when at least one leaf bud was fully
open and leaves unfurled. Eriophorum vaginatum retains
green leaf material over winter and often begins growth
of new leaves and re-greening of old leaves before snow is
completely melted (Chapin et al. 1979). Therefore, we
recorded leaf appearance (new leaves .1 cm length)
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for E. vaginatum on the day of snowmelt, but did not con-
sider this as a treatment effect. Rather than continuously
measuring leaf length to record full leaf expansion, we
determined leaf expansion for E. vaginatum to have
occurred when a new leaf reached .4 cm length. We
only considered growth of new leaves, which were identi-
fied as those with no senescent material at the leaf tip.
We followed similar protocol for C. bigelowii leaf appear-
ance (new leaf .1 cm length) and leaf expansion (new
leaf .4 cm length), but leaf appearance was considered
a treatment effect. First leaf appearance for the forb
P. bistorta was marked when leaves were visible (gener-
ally .1 cm length) and leaf expansion when leaves
were fully unrolled and .5 cm length.

Plant production

A destructive harvest to measure plant production, as
characterized by growth of individuals in the current
year, was carried out on the same species for which phen-
ology was observed. The seven species chosen repre-
sented four functional groups and comprised the
majority of vascular plant cover at our site [see Support-
ing Information—Table S1]. The harvest took place in the
third year of treatments at peak growing season, which
was determined by phenology observations and analysis
of daily normalized difference vegetation index measure-
ments showing that peak greenness (i.e. full canopy
development) had occurred in each treatment (C. Liven-
sperger and H. Steltzer, unpublished data). Randomly
selected individuals were clipped in the field, and then
taken back to the laboratory where old and new growth
was separated and biomass measured. Eight individuals
each of B. nana, S. pulchra and L. palustre, and 16 indivi-
duals each of V. vitis-idea, E. vaginatum, C. bigelowii and
P. bistorta were collected from each subplot and pooled
by species. Plant material was separated by tissue type,
dried at 60 8C for 48 h and weighed.

Mean individual production for each species was calcu-
lated as the sum of current years’ biomass divided by the
number of individuals collected. Current years’ biomass
included leaves, new stems and secondary growth for
shrub species. For graminoids and a forb, all live above-
ground plant tissue was used, which may have included
some growth from previous years for E. vaginatum and
C. bigelowii. We calculated current annual secondary
stem growth for B. nana, S. pulchra and L. palustre as a
proportion of standing stem biomass, using previously
determined annual growth rates of woody stems from
the nearby Toolik Lake LTER site (Bret-Harte et al. 2002).
For these species, leaves contributed more to total bio-
mass than the calculated secondary growth. Secondary
growth for the remaining shrub species, V. vitis-idaea, is
negligible and, therefore, was left out of production

calculation for this species (Shaver 1986). Standing
stem biomass, excluding current seasonal growth, for
individual shrub stems varied among plots and likely is
a result of variation prior to when the experiment was
established. To control for this variation and better detect
treatment effects, individual production data are pre-
sented in relation to standing stem biomass excluding
current annual growth (i.e. g new production/g standing
stem biomass).

Statistical analyses

For all analyses, the experiment was treated as a blocked
split-plot design, where a large early snowmelt plot
paired with an equally sized control plot comprise a single
block. Plant responses and environmental variables were
analysed using a mixed-model analysis of variance
(ANOVA; SAS v 9.2, SAS Institute, Inc., Cary, NC, USA),
with early snowmelt (ES) as the main plot factor and
warming (W) as the within plot factor. A random effect
of block was included to control for inherent variation
between the five replicates. All data were checked for
normality and were found to meet the assumptions
of ANOVA. Linear regression was used to analyse the
relationship between phenology and plant growth.

Results

Plant phenology

Early snowmelt was a strong driver of change in both the
timing and rate of leaf appearance and expansion. These
events advanced due to early snowmelt alone for all spe-
cies except the forb, P. bistorta (Fig. 1), and the amount
of change in timing varied between events, species
and functional groups. The largest change in timing was
a 10-day advance in leaf expansion for E. vaginatum
(Fig. 1), corresponding to the 10-day advance in snow-
melt through our snow manipulation. Leaf appearance
and expansion of evergreen and deciduous shrubs were
significantly earlier due to early snowmelt alone, advan-
cing by 1–8 days for B. nana, S. pulchra, L. palustre and
V. vitis-idaea (Fig. 1, Table 1). The advancement of leaf
appearance versus leaf expansion differed in magnitude
for S. pulchra, V. vitis-idaea and C. bigelowii, by increasing
the number of days between leaf appearance and leaf
expansion by 2–5 days. For example, in the early snow-
melt treatment, leaf appearance for S. pulchra occurred
8 days earlier than the control, while leaf expansion
advanced by only 3 days. For deciduous shrubs, evergreen
shrubs and the forb, the shift in phenology was less than
the 10-day advance in snowmelt, increasing the number
of days after snowmelt to when canopy development
(i.e. leaf expansion) began; this effectively slowed the
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rate of plant production (Fig. 2, Table 2). The sedges,
E. vaginatum and C. bigelowii, did not follow this pattern,
with no evidence of a change in the number of days
between leaf appearance and expansion (Fig. 2).

Warming also advanced the timing of leaf appearance
and expansion for most species, but to a lesser extent
than early snowmelt (Fig. 1, Table 1). All of the deciduous
shrub and graminoid species advanced leaf phenology
with warming alone, but only by 1 or 2 days (Fig. 1,
Table 1). Evergreen shrubs showed contrasting responses
to warming: leaf appearance for V. vitis-idaea advanced

by 3 days, while L. palustre leaf expansion was delayed
for 2 days (Fig. 1, Table 1). Warming generally did not
alter phenology in relation to the timing of snowmelt
(Fig. 2, Table 2). One exception is that warming led to sig-
nificantly faster leaf expansion following snowmelt for
B. nana, effectively speeding plant production.

Phenological responses to the combination of early
snowmelt and warming were generally comparable
with the response to early snowmelt alone (Figs 1 and
2), and the interactive effect of warming × early snow-
melt on phenology was never significant (Table 1). For

Figure 1. Dates of early-season phenology events, where open circles represent leaf appearance and filled circles represent leaf expansion.
Points are the mean date of event+1 SEM. Vertical dashed lines denote mean event date for control plots. 1E. vaginatum initiates growth under-
neath the snowpack so we did not consider leaf appearance to be a treatment effect; however, the event date is shown to signify the presence of
new leaves at the time of snowmelt.
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WTevergreen shrubs, leaf appearance occurred earliest with
the combined treatment, which was 1–3 days earlier
than in snowmelt and warming alone (Fig. 1).

Plant production

Although phenological events often occurred earlier in
the year due to earlier snowmelt and warming, an
increase in individual production was rarely observed.
Rather, responses to early snowmelt and warming varied
within and among functional groups. Differences were
rarely significant (Table 3), in part due to the challenge
of quantifying plant production in an ecosystem with
high spatial variation.

However, the magnitude of change often represented a
high proportion of production in this low productivity sys-
tem. Deciduous shrub species differed in their response,
with S. pulchra decreasing individual production by 6–
11 % and B. nana showing little change across the three
treatments (Table 3). Evergreen shrub species increased
individual production by 28 and 8 % for L. palustre and
V. vitis-idaea, respectively, due to early snowmelt
(Table 3). Individual production of P. bistorta, the forb,
was highly variable within treatments; for example, con-
trol plants ranged from 36 to 297 mg biomass. The most
evident response for this species was a large, but non-
significant, decrease (36 %) in production due to early
snowmelt (Table 3).

The effect of warming on production was statistically
significant for two species and led to the largest propor-
tional changes (Fig. 3, Table 3). Both graminoid species
responded positively to warming. Mean individual pro-
duction for E. vaginatum increased by 36 %, which was
the greatest proportional increase of any species (Fig. 3,
Table 3). When early snowmelt and warming were com-
bined, E. vaginatum increased individual production by
27 % relative to the control (Fig. 3, Table 3). The other
graminoid, C. bigelowii, increased individual production
by 17 % with warming and 24 % with warming and
early snowmelt, although these increases were not
significant (Fig. 3, Table 3). An evergreen shrub,
V. vitis-idaea, had relatively large decreases relative to
the control with warming (21 %) and the combined
treatment (42 %), and the main effect of warming was
significant (Table 3).

Phenology and production relationship

Across all species and for all treatments, earlier leaf
expansion was associated with increased production
(Fig. 4, y¼ 135.52–0.81x, R2¼ 0.09, P¼ 0.0021). This rela-
tionship reflects differences in the timing of leaf expansion
among growth forms and the response of individual plant
production to early snowmelt and warming. Species varied
in the timing of leaf expansion by 40 days, a range that was
expanded by 14 days due to altered seasonality. Early
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Table 1. Results of mixed-model ANOVA on timing of early-season phenology events. Leaf appearance for E. vaginatum was not considered a
treatment effect and was excluded from the analysis. Bold values indicate a significant main effect of the treatment at P ≤ 0.05.

Warming Early snowmelt Warming 3 Early snowmelt

df F P df F P df F P

Leaf appearance

B. nana 1, 85 0.88 0.3503 1, 4 9.46 0.0373 1, 85 1.49 0.2253

S. pulchra 1, 71 0.21 0.6501 1, 8 20.24 0.0019 1, 71 0.15 0.7045

L. palustre 1, 86 5.75 0.0186 1, 4 21.53 0.0099 1, 86 0.00 0.9775

V. vitis-idaea 1, 83 15.08 0.0002 1, 4 8.92 0.0405 1, 83 0.01 0.9241

C. bigelowii 1, 83 0.16 0.6910 1, 4 65.58 0.0012 1, 83 0.20 0.6533

P. bistorta 1, 65 0.13 0.7212 1, 7 1.34 0.2829 1, 65 0.25 0.6184

Leaf expansion

B. nana 1, 86 55.71 <0.0001 1, 4 79.28 0.0008 1, 86 2.33 0.1308

S. pulchra 1, 77 1.86 0.1766 1, 77 42.81 <0.0001 1, 77 0.04 0.8329

L. palustre 1, 86 3.26 0.0743 1, 8 30.97 0.0006 1, 86 3.95 0.0501

V. vitis-idaea 1, 88 1.59 0.2108 1, 88 19.73 <0.0001 1, 88 1.04 0.3100

E. vaginatum 1, 86 3.36 0.0702 1, 4 37.14 0.0033 1, 86 1.38 0.2436

C. bigelowii 1, 84 1.64 0.2037 1, 4 31.25 0.0053 1, 84 0.55 0.4599

P. bistorta 1, 70 0.13 0.7182 1, 70 0.30 0.5882 1, 70 1.33 0.2525
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expanding species (E. vaginatum and C. bigelowii) had
increases in production, while later expanding species
(L. palustre and V. vitis-idaea) had some increases
and also large decreases in production as a result of
warming. Across functional groups, warming drove the
relationship between timing of leaf expansion and
individual production, as shown by significantly negative
regression slopes within the warming and combined
treatments (Fig. 5; C: y ¼ 262.7 + 0.41x, R2 ¼ 0.01,

P ¼ 0.53; ES: y ¼ 43.16–0.24x, R2 ¼ 0.01, P ¼ 0.547;
W: y ¼ 188.66–1.11x, R2 ¼ 0.13, P ¼ 0.03; W × ES:
y ¼ 200.26–1.23x, R2 ¼ 0.24, P ¼ 0.005). Within func-
tional groups, there was no relationship between the
timing of leaf expansion and individual production,
despite earlier leaf expansion due to early snowmelt
and warming (Fig. 6; deciduous shrubs: y ¼ 216.43–1.37x,
R2 ¼ 0.06, P ¼ 0.202; evergreen shrubs: y ¼ 2606.13 +
3.37x, R2¼ 0.08, P ¼ 0.129; graminoids: y ¼ 50.74–0.18x,

Figure 2. Number of days since snowmelt for early-season phenology events. Points are average number of days since snowmelt+1 SEM. A
greater number of days until full leaf expansion are interpreted as a slower growth rate. Note different scales on x-axes. 1As noted in Fig. 1, leaf
appearance of E. vaginatum is not considered a treatment effect but is shown for clarity.
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R2 ¼ 0.002, P ¼ 0.7; forb: y ¼ 276.82–1.72x, R2 ¼ 0.03,
P¼ 0.582).

Discussion
Our results showed consistent advancement of leaf
appearance and expansion, indicating that spring phen-
ology of moist acidic tundra species is sensitive to early
snowmelt and warming, which is consistent with our

first hypothesis. Warmer temperatures have been
shown to advance spring phenology in other systems,
particularly for deciduous shrubs where budburst is well
predicted by growing degree-days (Polgar and Primack
2011). However, we found that species were more
responsive to early snowmelt, by advancing timing of
events to a greater extent than with warming alone. Tim-
ing of snowmelt has been shown to be a cue for spring
phenology in Arctic and alpine ecosystems (Arft et al.
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Table 2. Results of mixed-model ANOVA on duration of time since snowmelt for early-season phenology events. Leaf appearance for
E. vaginatum was not considered a treatment effect and was excluded from the analysis. Bold values indicate a significant main effect of
the treatment at P ≤ 0.05.

Warming Early snowmelt Warming 3 Early snowmelt

df F P df F P df F P

Leaf appearance

B. nana 1, 86 1.00 0.3210 1, 8 22.56 0.0015 1, 86 1.35 0.2479

S. pulchra 1, 74 0.14 0.7070 1, 7 1.25 0.2975 1, 74 0.26 0.6112

L. palustre 1, 86 5.73 0.0188 1, 4 33.32 0.0047 1, 86 0.00 0.9889

V. vitis-idaea 1, 83 15.03 0.0002 1, 4 30.73 0.0057 1, 83 0.01 0.9179

C. bigelowii 1, 87 0.16 0.6933 1, 87 1.81 0.1823 1, 87 0.19 0.6639

P. bistorta 1, 65 0.10 0.7576 1, 65 36.75 <0.0001 1, 65 0.49 0.4859

Leaf expansion

B. nana 1, 85 55.48 <0.0001 1, 4 40.62 0.0030 1, 85 2.36 0.1281

S. pulchra 1, 75 0.89 0.3475 1, 4 45.21 0.0028 1, 75 0.35 0.5537

L. palustre 1, 90 3.44 0.0669 1, 90 59.34 <0.0001 1, 90 4.16 0.0444

V. vitis-idaea 1, 85 1.50 0.2234 1, 4 173.94 0.0002 1, 85 0.95 0.3323

E. vaginatum 1, 87 3.51 0.0645 1, 4 0.00 0.9497 1, 87 1.33 0.2526

C. bigelowii 1, 84 1.71 0.1951 1, 4 4.42 0.1025 1, 84 0.54 0.4635

P. bistorta 1, 70 0.26 0.6115 1, 70 51.99 <0.0001 1, 73 1.66 0.2013
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Table 3. Results of mixed-model ANOVA on individual biomass. Bold values indicate a significant main effect of the treatment at P ≤ 0.05.

Warming Early snowmelt Warming 3 Early snowmelt

df F P df F P df F P

Individual biomass

B. nana 1, 16 0 0.9859 1, 16 0.22 0.6466 1, 16 1.02 0.3287

S. pulchra 1, 12 0.17 0.6900 1, 12 0.18 0.6783 1, 12 1.18 0.2990

L. palustre 1, 8 0.73 0.4185 1, 8 1.35 0.2782 1, 8 0.43 0.5283

V. vitis-idaea 1, 16 5.39 0.0338 1, 16 0.19 0.6686 1, 16 0.95 0.3454

E. vaginatum 1, 8 7.48 0.0256 1, 4 0.20 0.6757 1, 8 2.35 0.1635

C. bigelowii 1, 12 1.51 0.2425 1, 12 1.04 0.3277 1, 12 0.16 0.6926

P. bistorta 1, 16 0.85 0.3831 1, 16 0.08 0.7808 1, 16 0.28 0.6106
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1999; Steltzer et al. 2009), but experiments often con-
found the effects of warming and timing of snowmelt.
Arctic species generally have a wide range of physio-
logical tolerance, allowing spring growth to occur despite
temperatures at or near freezing (Billings and Mooney
1968), and our experiment shows that early snowmelt
can advance phenology independent of warming.

Along with clear advances in spring phenology, we also
observed slower rates of leaf expansion for many species
in response to early snowmelt, supporting the conserva-
tive growth strategy demonstrated by many Arctic and
alpine species to compensate for interannual variation
in snowmelt timing (Billings and Mooney 1968). Surpris-
ingly, only one species, B. nana, expanded its leaves at a
faster rate with warming. It may be that soil temperature,
which warmed to a lesser extent than air temperature
[see Supporting Information—Table S2], is an additional
cue for rate of leaf expansion for most species. Plants that
expand leaves early may be susceptible to frost damage if

Figure 3. Biomass of individual species harvested in the third year of altered seasonality. For deciduous and evergreen shrubs, bars represent
means of proportion of current annual growth to standing stem biomass of the individual, +1 SEM. For graminoids and a forb, bars represent
means of aboveground biomass, +1 SEM. Letters (a and b) represent groupings based on least squares means of the ANOVA mixed model,
where bars with the same letter are not statistically different at P ≤ 0.05.

Figure 4. Relationship between phenology and production, with pro-
duction (y-axis) represented as the per cent difference from the con-
trol mean ANPP for each species (100 × treatment 2 control mean/
control). Each point represents one species, treatment and plot. The
solid line is the linear regression (see Results for details).
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temperatures remain cold or freezing events occur
(Inouye 2008; Wipf et al. 2009).

Production responses to warming and early snowmelt
were dependent on growth form and individual species.
One functional group (graminoids) matched our pre-
dicted direction of response, while others did not (forbs

and deciduous and evergreen shrubs). Previous warming
experiments have also shown interspecific variation
within tundra communities, with graminoids and decidu-
ous shrubs showing rapid change relative to evergreen
shrubs and forbs (Chapin and Shaver 1985; Chapin et al.
1995; Hollister et al. 2005b). The response of graminoids

Figure 5. Relationship between phenology and production by treatment type. Data follow Fig. 4. Solid lines are linear regressions for each func-
tional group (see Results for details).

Figure 6. Relationship between phenology and production by functional group. Data follow Fig. 4. Solid lines are linear regressions for each
functional group (see Results for details).
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in our study was consistent with these experiments, with
both E. vaginatum and C. bigelowii increasing production
in response to warming and early snowmelt. Although we
measured biomass of individual tillers, new tiller recruit-
ment is another likely mechanism by which either grami-
noid species could have increased biomass (Chapin and
Shaver 1985). Graminoids were the only functional
group that maintained their growth rates when snow
was melted early, which may confer an advantage in
accessing early-season nutrient pulses, and conse-
quently increasing production in the same year (Shaver
et al. 1986). Our results are generally consistent with
past work on E. vaginatum, which showed that early-
season air warming leads to accelerated leaf growth
and earlier arrival at peak biomass (Sullivan and Welker
2005). Our observation that graminoids were also able
to advance timing of early-season phenology to a greater
extent than the other functional groups may be due to
their ability to initiate growth underneath the snowpack
and therefore have new leaves present at snowmelt in
addition to green leaves that have overwintered (Chapin
et al. 1979).

Warming resulted in a large decrease in production for
the evergreen shrub, V. vitis-idaea, a species that has
shown much variability in response to warming in previ-
ous experiments (Chapin et al. 1995; Arft et al. 1999;
Zamin et al. 2014). A meta-analysis of warming experi-
ments across the Arctic suggests that evergreen shrub
response to warming depends on soil moisture regime,
with plants in moist soils more often decreasing in abun-
dance (Elmendorf et al. 2012a). Regardless, the large
change in production that we observed was unexpected
because evergreen shrubs have a conservative growth
strategy, demonstrated by slower growth rates, lower
specific leaf area and lower photosynthetic capacity
than other species in the tundra community (Chapin
and Shaver 1996; Starr et al. 2008). A decrease in new
leaf biomass by V. vitis-idaea could be related to conditions
in previous years, because evergreen shrub growth relies in
part on nutrients stored in old leaves (Billings and Mooney
1968). Alternatively, V. vitis-idaea may be a poorer com-
petitor than deciduous species (e.g. B. nana) for increased
nutrients under warmed conditions (Shaver et al. 2001).
Evergreen shrubs have the ability to access early-season
nutrient pulses (McKane et al. 2002; Larsen et al. 2012)
and photosynthesize under the snowpack (Starr and
Oberbauer 2003), which may explain why both species
increased production in response to early snowmelt,
similar to graminoids. However, this does not explain
why V. vitis-idaea would show the opposite response
when early snowmelt was combined with warming.

Production of deciduous shrubs and a forb did not show
clear responses to warming or early snowmelt. It may be

that the 3-year duration of our study did not allow enough
time for B. nana or S. pulchra to show significant changes
in production. Short- and long-term responses to warm-
ing in the moist acidic tundra have been shown to vary,
in part because of slow recruitment and establishment
of new individuals (Hollister et al. 2005b). For example,
observations from the ITEX experiments showed that
community changes in deciduous shrubs did not become
significant until after 4 years of warming (Walker et al.
2006). However, since we measured growth at an individ-
ual (rather than community) level in order to detect
within-season changes of biomass accumulation, the
response of deciduous shrubs may be more likely attribu-
ted to nutrient availability in that year. If evergreen
shrubs were able to access nutrient pulses early in the
season before deciduous shrubs, it may help explain
why the latter showed little response, specifically when
snow was melted early. The one forb tested in this experi-
ment, P. bistorta, had highly variable results which may
have obscured any treatment effects.

While the magnitude of temporal shifts is often a focus
of phenological studies, our results suggest that evolved
strategies within the plant community also play an
important role in determining responses to altered sea-
sonality. We predicted that earlier leaf expansion would
lead to greater production, and we found that this was
true for early expanding species but not later expanding
species. This demonstrates that temporal niche partition-
ing influences species’ responses to environmental
change. A previous study (Cleland et al. 2012) examined
plant responses to warming and found that phenologi-
cally flexible species (able to ‘track’ climate change) had
positive performance responses (e.g. increased abun-
dance and production). Our results are only partially
consistent with this result. In our study, changes in phen-
ology alone did not always result in a change in produc-
tion. Rather, community patterns of leaf expansion, along
with warming-driven increases and decreases in ANPP
(Fig. 5), contributed to a negative relationship between
spring phenology and production (Fig. 4). If this relation-
ship was representative of differences in functional
groups alone, we would expect the relationship to hold
among control plots, which was not the observed result
(Fig. 5). Differences in the ability of species to shift the
timing and rate of leaf expansion may affect competitive
interactions and subsequently influence future plant
community composition (Richardson et al. 2010; Cleland
et al. 2012). Specifically, E. vaginatum, which was able to
green rapidly and maintain its growth rate, may have a
competitive advantage. Further, we predict that species
that occupy early-season temporal niches across diverse
ecosystems may increase in abundance under altered
climate conditions.
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Conclusions
Changes in vegetative phenology, regardless of changes
in production, have important implications for function-
ing of Arctic ecosystems. Phenological shifts can affect
competition among species, and differential responses
of individual species may determine future plant commu-
nity structure. Changes in Arctic plant communities have
the potential to affect multiple aspects of ecosystem
function, including (i) carbon cycling, by altering the
balance between ecosystem-scale photosynthesis and
respiration (Shaver et al. 1992; Hobbie et al. 2000); (ii) sur-
face energy balance and feedbacks to the climate system,
through change in albedo and seasonal changes in leaf
area (Peñuelas et al. 2009; Richardson et al. 2013); and
(iii) trophic relationships that may become decoupled
if plant phenology responds to a changing climate
differently than vertebrate and invertebrate herbivores
(Post and Forchhammer 2008; Høye et al. 2013). Our
study suggests that an earlier spring as indicated by
satellite data may be driven by early greening species
such as E. vaginatum and C. bigelowii. These species
have the advantage of being able to respond rapidly
and positively to changes in seasonality, and may
increase in abundance in tundra ecosystems as earlier
snowmelt and warmer springs continue.
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Klanderud K, Klein JA, Koh S, Kudo G, Lang SI, Loewen V,
May JL, Mercado J, Michelsen A, Molau U, Myers-Smith IH,
Oberbauer SF, Pieper S, Post ES, Rixen C, Robinson CH,
Schmidt NM, Shaver GR, Stenstrom A, Tolvanen A, Totland Ø,
Troxler T, Wahren C-H, Webber PJ, Welker JM, Wookey PA.
2012a. Global assessment of experimental climate warming on
tundra vegetation: heterogeneity over space and time. Ecology
Letters 15:164–175.

Elmendorf SC, Henry GHR, Hollister RD, Björk RG, Boulanger-
Lapointe N, Cooper EJ, Cornelissen JHC, Day TA, Dorrepaal E,
Elumeeva TG, Gill M, Gould WA, Harte J, Hik DS, Hofgaard A,
Johnson DR, Johnstone JF, Jónsdóttir IS, Jorgenson JC,
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Abstract. Topography can create substantial environmental variation at fine spatial scales. Shaped by slope, as-
pect, hill-position and elevation, topoclimate heterogeneity may increase ecological diversity, and act as a spatial
buffer for vegetation responding to climate change. Strong links have been observed between climate heterogeneity
and species diversity at broader scales, but the importance of topoclimate for woody vegetation across small spatial
extents merits closer examination. We established woody vegetation monitoring plots in mixed evergreen-
deciduous woodlands that spanned topoclimate gradients of a topographically heterogeneous landscape in north-
ern California. We investigated the association between the structure of adult and regenerating size classes of
woody vegetation and multidimensional topoclimate at a fine scale. We found a significant effect of topoclimate on
both single-species distributions and community composition. Effects of topoclimate were evident in the regenerat-
ing size class for all dominant species (four Quercus spp., Umbellularia californica and Pseudotsuga menziesii) but
only in two dominant species (Quercus agrifolia and Quercus garryana) for the adult size class. Adult abundance was
correlated with water balance parameters (e.g. climatic water deficit) and recruit abundance was correlated with an
interaction between the topoclimate parameters and conspecific adult abundance (likely reflecting local seed dis-
persal). However, in all cases, the topoclimate signal was weak. The magnitude of environmental variation across
our study site may be small relative to the tolerance of long-lived woody species. Dispersal limitations, management
practices and patchy disturbance regimes also may interact with topoclimate, weakening its influence on woody
vegetation distributions. Our study supports the biological relevance of multidimensional topoclimate for mixed
woodland communities, but highlights that this relationship might be mediated by interacting factors at local
scales.

Keywords: California; climatic water deficit; community analyses; oak woodlands; topoclimate; woody
vegetation.
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Introduction

Woody, canopy-dominant species are crucial, long-lived
members of many ecosystems. A wide range of ecologi-
cal processes determine the landscape patterns of
woody vegetation including climate limitations, biotic in-
teractions, priority effects, dispersal and disturbance
(Woodward et al. 2004; Bond and Keeley 2005). Changes
in elevation, slope and aspect create a complex topocli-
matic landscape (Ashcroft and Gollan 2013), and these
heterogeneous landscapes have been linked to higher
ecological diversity at global scales (Kreft and Jetz 2007).
Heterogeneous topoclimates can create a patchwork of
diverse woody vegetation over short distances and may
shape how species respond to changing climate condi-
tions (Whittaker 1967; Dobrowski 2011; Ackerly et al.
2015). Thus, the influence of topoclimate on local spe-
cies distributions is of fundamental importance in both
basic (MacArthur 1972) and applied ecology (Lawler
et al. 2015). Quantification of topoclimate and species
diversity at matching scales is a critical first step to un-
derstanding the relationship between topoclimate het-
erogeneity and woody community composition over
small spatial extents.

Combinations of topographic features create climatic
gradients on the scale of 10s–100s of meters (Geiger
et al. 2009). Topoclimate is distinguished here from mi-
croclimate, which refers to spatial variations in environ-
mental conditions due to vegetation cover or surface
features smaller than 10 m (De Frenne et al. 2013).
Across large changes in elevation, lower elevation sites
have warmer overall temperatures, as well as higher var-
iation in daily temperature and lower variation in sea-
sonal temperatures (Korner 2003). However, at the
topoclimate scale, this pattern can reverse. Lower eleva-
tion sites often have cooler minimum temperatures due
to cold-air pooling in valleys. Cold-air pooling in steep-
sided valleys and basins can greatly lower night-time
temperatures, especially in still air and clear sky condi-
tions (Lundquist et al. 2008; Daly et al. 2009).

Slope and aspect influence solar radiation exposure,
soil properties and disturbance regimes. Equatorial-
facing slopes have increased exposure to solar radiation,
which increases light availability and maximum daily
temperatures relative to polar-facing slopes (hereafter
referred to as south- and north-facing, respectively, as
this study was conducted in the Northern Hemisphere)
(Holland and Steyn 1975). Southwest-facing slopes gen-
erally have higher effective heat loading than southeast-
facing slopes, despite similar radiation loads, due to
higher afternoon temperatures (McCune and Keon
2002). Steeply sloped areas also have reduced soil depth
and greater rates of disturbance-induced erosion

(Heyerdahl et al. 2001; Roering and Gerber 2005). These
individual features—elevation, hillslope position, slope
and aspect—interact with each other and the regional
climate to create complex topoclimate gradients within
local landscapes. For instance, increasing slope magni-
fies the effect of aspect, and increases hill-shading in
nearby areas (Flint and Childs 1987).

Topography can also shape topoclimate through local
hydrologic processes (Anderson and Kneale 1982).
Water runs downhill, evaporates more readily at higher
temperature and is less available in the thin soils of steep
slopes (Tani 1997; Flint et al. 2013). Measurements of a
site’s topoclimate should, therefore, incorporate the in-
tensity of solar radiation and availability of soil moisture,
as well as their interaction (Stephenson et al. 1990).
Water balance variables capture the relationships be-
tween these components, including their seasonal avail-
ability (Stephenson et al. 1990). Advances in modeling
allow estimation of the following water balance variables
at the topoclimatic scale: potential evapotranspiration
(PET, mm), actual evapotranspiration (AET, mm) and cli-
matic water deficit (CWD, mm) (Flint et al. 2013). CWD is
an integrative measure of the cumulative excess of PET
relative to AET during the dry season (i.e. when energy
availability exceeds water supply), such that
CWD¼ PET�AET.

Topoclimate components, considered separately, have
well-documented correlations with species distributions.
For instance, belts of vegetation occur along elevation
contours (Whittaker and Niering 1965), and aspect has
variable effects on species diversity and community
composition (Armesto and Martinez 1978; Weiss et al.
1988; Sage and Sage 2002; Bennie et al. 2006; Harrison
et al. 2010). Furthermore, integrated measures of both
temperature and soil moisture in heterogeneous land-
scapes are strong drivers of vegetation distributions
(Stephenson 2015). CWD is a particularly good predictor
of woody vegetation distributions, as well as temporal
woody vegetation change, in semi-arid landscapes (Lutz
et al. 2010; Crimmins et al. 2011; Das et al. 2013;
Stephenson 2015). Increasing CWD has been linked to
changes in tree recruitment, growth and mortality, as
well as community composition (Salzer et al. 2009; Millar
et al. 2015). Reductions in large tree densities and shifts
toward more oak-dominated landscapes in the last cen-
tury in California have been strongly correlated with in-
creasing CWD (McIntyre et al. 2015). However, it remains
unclear the extent to which variation in multiple topocli-
mate dimensions, considered in concert, can explain
woody vegetation diversity at the local scale (but see
Van de Ven et al. 2007).

Landscapes with heterogeneous topoclimates have
been championed as valuable conservation units for
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protecting both current and future biodiversity (Ackerly
et al. 2010; Lenoir et al. 2013; Lawler et al. 2015). In the
context of rapid climate change, landscape heterogene-
ity reduces the rate at which a species must move to
track its climate niche and increases the availability of
cooler, wetter refugia (Loarie et al. 2009; Dobrowski
2011). Heterogeneous landscapes harboring high levels
of biodiversity may also provide thermophilic propagules
for community reassembly (Ackerly et al. 2010). Most
protected areas in North America have a small spatial
extent, and land management and acquisition decisions
take place at this scale (Chape et al. 2005; Heller and
Zavaleta 2009). Thus further research on vegetation–cli-
mate relationships at a local scale is a conversation pri-
ority, especially in the face of 21st century climate
change.

We quantified woody community diversity and topo-
climate complexity at a matching local scale in mixed
evergreen-deciduous woodlands of Northern California.
We established woody vegetation survey plots that span
a wide range of topoclimate variability across a local
landscape. Woody vegetation may exhibit size-
dependent sensitivity to topoclimate (M�ali�s et al. 2016)
and regenerating individuals may require a different
suite of climatic conditions to establish than adults re-
quire to persist (Grubb 1977; Jackson et al. 2009;
Mclaughlin and Zavaleta 2012; Millar et al. 2015). Thus,
both adult and regenerating size classes were surveyed
and their relationships to topoclimate were analyzed
separately.

We asked the following questions: (1) Which
components of topoclimate influence local species distri-
butions? (2) Across the species, do the adult and regener-
ation size classes exhibit different responses to
topoclimate gradients? (3) To what extent does topocli-
mate heterogeneity explain variation in community
composition and is this relationship similar for both size
classes?

Methods

Study site and plot establishment

This study was conducted across the 1263 ha
Pepperwood Preserve in northern California (Sonoma Co.,
38.57�N, �122.68�W). The preserve is topographically
heterogeneous and features vegetation representative
of California Coast Ranges, including chaparral, grass-
lands, Douglas-fir forest, oak woodland and mixed hard-
wood forest (Halbur et al. 2013). Pepperwood is in a
transition zone between southern and central California
woodlands, dominated by Quercus agrifolia along the
coast and Q. douglasii inland, and northern woodlands

with high abundance of Pseudotsuga menziesii and Q.
garryana (a close relative of Q. douglasii). There is an ex-
tensive land-use history at this preserve, including log-
ging, charcoal making and livestock grazing from the
1800s to the present (Evett et al. 2013). There were two
large fires on the preserve in 1964 and 1965, and no
large fires have occurred since that time (Halbur et al.
2013).

Fifty 20 � 20 m woody vegetation-monitoring plots
(2 ha in total) were established across Pepperwood
Preserve (Ackerly et al. 2013). The plot locations were se-
lected based on two criteria: (1) stratification across the
topographic gradients of the preserve, and (2) a bal-
anced spread across deciduous and evergreen wood-
lands, based on a recently completed vegetation map of
the preserve (Halbur et al. 2013). The following topo-
graphic variables were used to stratify the plot locations:
elevation, slope, aspect, modeled March radiation, topo-
graphic position index (TPI), percent lower pixels (PLP)
and topographic water index (TOPOID) (see definitions
below).

Topographical variables were obtained with GIS analy-
ses of a 10-m digital elevation model for Pepperwood
Preserve (Fig. 1). Slope and aspect were calculated using
the terrain function in the raster package in R (Hijmans
et al. 2015). Average incident solar radiation (kW h/m2)
was calculated for each month, based on slope, aspect
and local topographic shading, in the Solar Analyst func-
tion of the Spatial Analyst library in ArcGIS (Fu and Rich
2000). March radiation was used for plot selection and
for analyses reported here because it represents radia-
tion during the spring growing season. TPI and PLP of-
fered alternative metrics of local topographic relief.
TPI (m) is the elevation of a pixel minus the mean eleva-
tion of the landscape in a defined radius (positive values
indicate upper slope and hilltop positions, negative val-
ues are lower slope or valley bottoms) (Weiss 2001). PLP
(%) is calculated as the percent of pixels within a speci-
fied radius that are lower than the focal pixel (ranges
from 0 to 100, with higher values for upper slope posi-
tions). Both these topographic relief metrics were calcu-
lated with a neighborhood radius of 100 m. The metrics
were similar with a neighborhood radius of 500 m, so we
only used calculations derived from the 100 m radius.
TOPOID was calculated using a hydrologic flow accumu-
lation algorithm that incorporates the amount of ‘up-
stream’ area from which water would flow towards a
focal pixel and the slope of that area (flatter locations
with more upstream area will have a greater TOPOID
value).

Across the plots, elevation ranged from 122 m to 462
m, average March radiation ranged from 430 kW h/m2 to
809 kW h/m2, TPI ranged from �10 m to 14 m, PLP
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ranged from 14 % to 99 % and TOPOID ranged from 3.5
to 9.6. As plots were installed, we reexamined their distri-
bution across topographic gradients and vegetation
types, adding new locations to fill gaps until we achieved
a well-stratified distribution across the entire preserve
(Fig. 2). Each plot was placed on a homogeneous
slope and aspect so that orientation could be
clearly characterized, resulting in a bias away from

sampling on ridge tops, valley bottoms or strongly
curved hill slopes.

Vegetation monitoring

For this study, we included all species with a woody
growth form represented by at least one individual with
a greater than 1 cm diameter at breast height (DBH) in at
least one plot across the study (Table 1). DBH was mea-
sured at 1.4 m. Poison oak (Toxicodendron diversilobum)
was abundant but not sampled, as it is generally below
the threshold size and presents a health hazard. Each
20 � 20 m plot was subdivided into sixteen 5 � 5 m
quadrats for vegetation sampling, but all data are re-
ported at the plot level. All individuals of the study spe-
cies were sampled in the 50 plots and categorized into
one of the five size classes: seedling, juvenile, sapling,
tree and stump sprout. Seedlings were defined as
individuals<10 cm height. Juveniles were defined as in-
dividuals with a height of�10 and<50 cm. Saplings
were defined as individuals with a height�50 cm and
DBH of<1 cm. Trees were defined as individuals with a
DBH of�1 cm. Stump sprouts were defined as individ-
uals with the same specification as a sapling, but ob-
served to be growing from a larger tree or stump. All
individuals of the five size classes were identified to spe-
cies. Saplings, trees and stump sprouts were tagged with
uniquely numbered metal tags, and locations recorded

Figure 1. Maps of plots (black circles) across Pepperwood Preserve (black outline) with the following base layers: (A) DEM (m), (B) March
Radiation (kWh/m2), (C) TPI (m) and (D) CWD (mm).

Figure 2. The plot locations span a large amount of the climate
space of the preserve. The gray dots represent all combinations of
elevation and average March radiation across Pepperwood
Preserve. The shapes represent different vegetation types of the
plots, with triangles¼ evergreen woodland, and circles¼decidu-
ous woodland. These two climate variables are representative of
the two main principal components, illustrating that this figure is
representative of many of the combinations of the climate param-
eters measured across the preserve.
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to the nearest cm, relative to the corner of each quadrat.
For saplings and stump sprouts, we measured the height
of the individual, the basal diameter of the main (largest
basal area) stem at 10 cm off the ground, and the num-
ber of stems that split below 10 cm. Basal area was cal-
culated for trees based on DBH. Seedlings and juveniles
of each species were censused in each plot. These meth-
ods allow comparison with other standardized woody
vegetation monitoring protocols (Condit 1998; Gilbert
et al. 2010). Plot establishment and baseline data collec-
tion for tagged individuals occurred in spring 2013.
Abundance of seedlings and juveniles were resurveyed
in spring 2015 to confirm identifications, and we used
the 2015 seedling and juvenile data in this analysis.

Environmental measurements

Beginning in 2013, temperature and relative humidity
were monitored in all plots at 30-minute intervals.

A HOBO datalogger (Hobo model U23, Onset Corp.,
Bourne, MA) nested inside a solar radiation shield was
placed at 1.2 m above the ground, and 5 m outside the
plot edge in a location of similar light availability and
species composition. Annual winter minimum tempera-
ture was calculated as the average daily minimum tem-
perature for the months of November and December in
2014, and ranged from 6.4 �C to 10.5 �C across the plots.
Annual summer maximum temperature was calculated
as the average daily maximum temperature for the
months of July and August in 2014, and ranged from
26.0 �C to 32.6 �C across the plots. Soil moisture mea-
surements were taken as volumetric water content in
the center of each quadrat in every plot at a depth of
12 cm (Campbell Hydrosense, Model CS659). The mean
of all measurements across the 16 quadrats was calcu-
lated to determine the average soil moisture of each
plot. These readings were taken for the 2013–2015 field

......................................................................................................................................................................................................................

Table 1 The woody species range in overall abundance for the different size classes. The following metrics are cumulative across all plots:
basal area¼ tree basal area (cm2), TR¼number of individuals in the tree size class, SA¼number of individuals in the sapling size class,
JU¼number of individuals in the juvenile size class, SE¼number of individuals in the seedling size class.

Code Common name Botanical Latin Basal area TR SA JU SE

ACEMAC Bigleaf Maple Acer macrophyllum 0 0 0 10 6

ADEFAS Chamise Adenostoma fasciculatum 16 2 3 0 0

AESCAL Buckeye Aesculus californica 3084 9 5 53 0

AMOCAL Napa false indigo Amorpha californica var. napensis 255 31 242 13 0

ARBMEN Madrone Arbutus menziesii 31 931 66 101 246 230

ARCMAN Manzanita Arctostaphylos sp. 4360 15 7 4 0

BACPIL Coyote Bush Baccharis pilularis 21 1 11 2 0

CEACUN Wedgeleaf Ceanothus Ceanothus cuneatus 0 0 23 0 0

CERBET Mountain Mahogany Cercocarpus betuloides 0 0 5 20 1

FRACAL Coffee berry Frangula californica 46 10 103 183 69

HETARB Toyon Heteromeles arbutifolia 3393 159 156 99 11

NOTDEN Tan oak Notholithocarpus densiflorus 564 5 7 12 1

PSEMEN Douglas-fir Pseudotsuga menziesii 173 320 441 437 800 977

QUEAGR Coast live oak Quercus agrifolia 208 574 244 273 762 191

QUEBER Scrub oak Quercus berberidifolia 22 6 31 33 6

QUEDOU Blue oak Quercus douglasii 55 385 68 0 1561 630

QUEGAR Oregon oak Quercus garryana 170 152 301 5 2247 606

QUEKEL Black oak Quercus kelloggii 47 375 58 1 184 48

QUELOB Valley oak Quercus lobata 1320 1 0 2 0

QUEWIS Interior live oak Quercus wislizenii 31 1 0 0 0

TORCAL California nutmeg Torreya californica 0 0 3 3 0

UMBCAL California bay laurel Umbellularia californica 19 546 168 889 2060 163

00
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seasons in all plots in the first week of May within a
5-day window without precipitation. Thus, measure-
ments were taken prior to the onset of summer, when
soils may become uniformly dry. The average soil mois-
ture ranged from 2.6 % to 14.5 % across the plots.

Water balance parameters for the plots were obtained
from a 10 m resolution downscaled analysis of the Basin
Characterization Model (Flint et. al. 2013) (Fig. 1D). The
Basin Characterization Model is a water balance model
that takes into account soils, precipitation, hydrology
and temperature to model spatial patterns of AET, PET
and CWD. Gridded data were obtained from PRISM and
downscaled using the Gradient-Inverse-Distance-
Squared algorithm based on the 10 m digital elevation
model of the local landscape. Monthly modeled values of
AET, PET and CWD were summed to obtain water year
totals, and a 30-year (1981–2010) average was used
for the analyses in this paper. The 30-year average
of each of the modeled water balance parameters were
averaged across the four 10 m grid cells within each
plot to obtain a single plot value. Across the plots, AET
ranged from 128 mm to 455 mm, PET ranged from
878 mm to 1516 mm and CWD ranged from 654 mm to
1314 mm.

Statistical analyses

A principal component analysis (PCA) was performed
with princomp on 11 of the environmental variables
quantified across the plots to reduce the dimensionality,
but to still include the contributions of all variables to
overall patterns of topographic heterogeneity (Oksanen
et al. 2008). The PCA included modeled parameters (AET,
PET, CWD, elevation, March radiation, TOPOID, TPI and
PLP) and field-measured parameters (2014 winter mini-
mum temperature, 2014 summer maximum tempera-
ture and 2014 soil moisture). All climate variables were
scaled and centered prior to the PCA. The first two princi-
pal components, PC1 and PC2, of this analysis were used
as independent variables for subsequent analyses of
vegetation distributions. The correlations between these
two principal components and the topoclimate variables
of interest were quantified with the dimdesc function in
R (Husson et al. 2015).

Using the first two topoclimate principal component
scores, we asked which topoclimate variables affected
single-species distributions (Question 1) and whether
this relationship depended on size class (Question 2).
We considered two size classes: all trees were consid-
ered as the “adult” size class and all seedlings and
juveniles were considered together as the “regeneration”
size class. For these first two questions, we focused
on the six most dominant woody species across the

plots: Q. douglasii, Q. garryana, Q. agrifolia, Q. kellogii, P.
menziesii and Umbellularia californica. These six species
each have greater than 50 % basal area in at least one
plot, and together account for 71 % of all basal area
across the study. For each species, the adult size class
and the regeneration size class were analyzed separately
and then compared. Linear regressions were used to as-
sess the relationship between adult abundance (total
basal area per plot), and the two topoclimate principal
components (PC1 and PC2). Binomial regressions were
used to assess the probability of presence of individuals
in the adult or regeneration size classes across PC1 and
PC2. When analyzing the regeneration size class, we also
included an additional covariate of conspecific adult
basal area as a proxy for local seed rain. Poisson regres-
sion was used to examine the sensitivity of regeneration
abundance to PC1, PC2 and conspecific basal area.
Conspecific basal area was included in the regeneration
models as a main effect and as an interaction term with
PC1 and PC2. All covariates were scaled and centered,
and the model with the best fit, based on AIC, was se-
lected for each species.

We separately assessed the effect of topoclimate on
community composition for the adult and regeneration
size classes (Question 3) using conditional, constrained
redundancy analyses (CCRA). The constrained redun-
dancy analysis is a form of multivariate regression in
which the response variable is the community dissimilar-
ity across plots (Anderson et al. 2011). The conditional
version of the constrained redundancy analysis removed
the effect of evergreen versus deciduous physiognomy on
community dissimilarity (Legendre 2007). This condition-
ing was necessary because a portion of the community
dissimilarity arose from our non-random plot placement,
which intentionally represented both evergreen and de-
ciduous vegetation types across the topoclimate gradi-
ents (Fig. 2). We used the square-root of the Bray–Curtis
dissimilarity metric as the response variable in the CCRA
with PC1, PC2 and spatial distance between plots as co-
variates (Anderson et al. 2011). Mantel tests showed spa-
tial autocorrelation in PC1, PC2 and the community
matrices which motivated us to include spatial distance
between plots as a covariate (Mantel and Valand 1970;
Legendre 1993) (see Supporting Information – Table S2).
The spatial distance between plots was represented in
the CCRA by the first principal component of the spatial
distance matrix. From the R vegan package, we used the
capscale function to perform the CCRA, and the adonis
function to determine the variation explained by each sig-
nificant model parameter (McArdle and Anderson 2001;
Oksanen et al. 2008). Lastly, we used PC1 and PC2 to pre-
dict adult and regeneration species richness in a multiple
regression framework.
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Results

Across the 50 plots, a total of 3,900 individuals were
tagged and mapped (2312 saplings and 1588 trees), and
11 235 additional individuals�50 cm tall were recorded
and enumerated by quadrat, but not tagged (2939 seed-
lings and 8296 juveniles). Twenty-five species were iden-
tified and species richness within a plot ranged from 3 to
13 species (Table 1). Tree densities ranged from 3 to 208
individuals per plot. Total basal area (the sum of trunk
cross-sectional areas) for trees ranged from 10.8 to 94.8
m2 ha�1. Across all plots, the number of seedlings and ju-
veniles per plot ranged from 14 to 868. The most abun-
dant tree species based on the number of individuals
was P. menziesii, followed by Q. garryana, Q. agrifolia and

U. californica. However, the most abundant tree species
based on the basal area was Q. agrifolia, followed by
P. menziesii and Q. garryana (Fig. 3). The most common
species of the regeneration size class (seedlingþ juvenile
counts) in declining order were Q. garryana, U. californica,
Q. douglasii and P. menziesii (Fig. 3).

Topoclimate principal components

PC1 and PC2 explained 59 % (33 % and 26 %, respec-
tively) of the environmental variation observed across
plots (Fig. 4). PC1 was significantly positively correlated
with CWD (R2¼80 %), AET (R2¼85 %), PET (R2¼95 %)
and March radiation (R2¼95 %). PC2 was significantly
positively correlated with maximum summer

......................................................................................................................................................................................................................

Table 2 For most species, there is significant three-way interaction between the topoclimate axes and conspecific adult basal area for models
of the regeneration abundance. PC1, first axes of the topoclimate PCA; PC2, second axes of the topoclimate PCA; TR, conspecific adult basal
area. ‘:’ indicates an interaction between the parameters. ‘þ’ indicates a significant positive effect of that parameter, and ‘�’ indicates a signif-
icant negative effect. G2, the difference in deviance explained by the null model (null deviance) and full model (residual deviance). Wald tests
between the null and full models are all highly significant for all species. DF, degrees of freedom.

Species TR PC1 PC2 PC1:PC2 PC1: TR PC2: TR PC1: PC2: TR Null deviance;

DF 5 49

Residual

deviance;

DF 5 42

G2

Quercus agrifolia þ � þ � 2154 637 1517

Quercus garryana þ þ þ þ þ � 8076 4643 3424

Quercus douglasii þ þ þ � þ � 7787 2368 5149

Quercus kellogii þ þ � þ þ 865 340 525

Pseudotsuga menziesii þ þ � þ � þ � 6937 4091 2846

Umbellularia californica þ – – þ þ þ 3880 2207 1673

Figure 3. (A) Tree abundance in descending order, based on basal area (cm2). (B) Regeneration abundance, based on counts. For species
names, see Table 1. Both abundance metrics are log-transformed.
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WTtemperature (R2¼35 %), soil moisture (R2¼38 %) and
TOPOID (R2¼65 %), and negatively correlated with eleva-
tion (R2¼61 %), minimum winter temperature
(R2¼65 %), TPI (R2¼76 %) and PLP (R2¼81 %).

Adult responses to topoclimate

Only three of the six dominant woody species distribu-
tions showed significant relationships with the preserve’s
topoclimate for the adult size class. Both Q. garryana and
Q. agrifolia adult abundance were correlated with PC1. Q.
garryana had a negative relationship with PC1, with 8 %
of the variation in its abundance explained (P¼0.016). Q.
agrifolia had a positive relationship with PC1, with 15 %
of the variation in its abundance explained (P¼0.002).
The effect of PC1 and PC2 on the probability of the pres-
ence of these two species showed a similar pattern.
Umbellularia californica abundance was not significantly
explained by either PC1 or PC2, however, U. californica
presence had a weakly significant negative relationship
with PC1 (P¼0.048). For the adult size class, none of the
dominant species showed any relationship with PC2 for
either abundance or presence.

Regeneration responses to topoclimate

The best model fits for regeneration presence/
absence included only conspecific adult abundances
for all six dominant species. Thus, the effect sizes of
PC1 and PC2 on the probability of species presence were
not further analyzed. The best model fits for regenera-
tion abundance included PC1, PC2, conspecific adult
abundance and their interactions. Conspecific adult
abundance had a positive main effect on regeneration
abundance for all dominant species (Table 2). The effect
of PC1 on regeneration abundance was significant
for most of the dominant species, except Q. kellogii
and Q.agrifolia, and the sign of the effect was predomi-
nantly positive (higher abundance on south-facing
slopes) (Table 2). For most of the Quercus spp., PC2
had a significant positive main effect on regeneration
abundance (Table 2). For U. californica and P. menziesii,
PC2 had a significant negative effect of regeneration
abundance (higher abundance on upper hill slopes)
(Table 2). The abundance of conspecific adults also
influenced the effect of PC1 and PC2 on regeneration
abundance via their interactions (Fig. 5). Many two and
three-way interactions between PC1, PC2 and adult
conspecific basal area were significant (Table 2 and

Figure 4. Biplot of the principal components analysis for the 11 environmental variables quantified across the plots. CWD, climatic water def-
icit (mm); AET, actual evapotranspiration (mm); PET, potential evapotranspiration (mm); MR, March radiation (kWh/m2); DEM, elevation (m);
MIN.T, 2014 annual minimum winter temperature (�C); MAX.T, 2014 annual maximum summer temperature (�C); SM, 2014 soil moisture
measurements (%); TPI, topographic position index (m); PLP, percent lower pixels (%); TOPOID, topographic water index.
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Fig. 5). However, no obvious patterns of these effects
emerged across species.

Community responses to topoclimate

A small amount of variation in both adult and regenera-
tion community composition was explained by PC1, PC2
and the spatial distance between plots. The adult com-
munity structure across the preserve was significantly
correlated with PC1 (10 % variation explained, P¼0.007)
and spatial distance between plots (9 % variation ex-
plained, P¼0.001) (Fig. 6A). The regeneration commu-
nity structure was significantly correlated with PC2 (5 %
variation explained, P¼0.013) spatial distance (4 % vari-
ation explained, P¼0.009) and PC1 (3 % variation ex-
plained, P¼0.041) (Fig. 6B). Lastly, adult species richness
was negatively correlated with PC1 (10 % variation ex-
plained, P¼0.009), but had no relationship with PC2.
Species richness of the regeneration size class was not
correlated with either PC1 or PC2.

Discussion

By examining the distribution of adult and regeneration
size classes of woody vegetation across 50 plots that
span the climate space of a single preserve, we assessed
whether topoclimate heterogeneity was ecologically rel-
evant for woody plant species distributions and commu-
nity composition at this scale. Overall, we found support
for species distributions and community composition be-
ing, in part, influenced by the topoclimate variation on
the landscape. Although statistically significant, the ef-
fects of topoclimate on single-species distributions, com-
munity composition and species richness were small.
Here, we discuss the observed vegetation patterns re-
lated to topoclimate and suggest biological mechanisms
that may contribute to the relatively small size of the ef-
fects in this study.

Our study adds to a relative paucity of woody vegeta-
tion studies in Mediterranean climates with mapped
stems including small individuals in regeneration size

Figure 5. Model predictions show interactions among PC1, PC2,
and adult abundance (basal area) for natural log-transformed re-
generation abundance of Q. agrifolia (QUEAGR) and Q. garryana
(QUEGAR). Dashed lines are model prediction from the lower 50th
percentile PC2 values, and solid lines are from the upper 50th per-
centile PC1 values. The x’s represent data from plots in the lower
50th percentile for PC2 values and points represent data from plots
in the upper 50th percentile for PC2 values. The figures on the left
are predictions for the lower 50th percentile of conspecific adult
basal area and the figures on the right are predictions for the upper
50th percentile of conspecific adult basal area.

Figure 6. The first two principal components of the constrained re-
dundancy analyses on the adult community (A) and the regenera-
tion community (B). The points represent the 50 sites. Each arrow
represents the direction and magnitude, indicated by length, of
the effect of the topoclimate axes (PC1 and PC2), and the distance
between plots (SPATIAL). The species code locations represent
how the species are structured in the constrained ordination
space. For species names see Table 1.
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classes (Gilbert et al. 2010; Anderson-Teixeira et al.
2015). These vegetation plots were dominated by
Quercus spp. with high oak basal area, species diver-
sity, and a mix of both evergreen and deciduous oaks.
Relative to the UCSC Forest Ecology Research Plot, a
single large woody vegetation plot in a comparable cli-
mate, our most dominant species contributed to
much less of the total basal area (Gilbert et al. 2010).
This difference perhaps reflects that our sampling strat-
egy encompassed multiple vegetation types. By sam-
pling 2 ha of forest across 50 plots, we were able to
capture variation in size structure, abundance and com-
position in the woody vegetation across the 1263 ha
preserve.

The topoclimate principal components (PC1 and PC2)
represented combinations of topographic features ob-
served across the preserve. At this local scale, all the
PC1 parameters (March radiation, PET, AET and CWD)
were highly positively correlated, likely due to strong ef-
fects of slope and aspect on solar radiation load. Positive
PC1 values were associated with south-facing slopes
where the radiation load is higher. Low elevation valleys
were associated with positive PC2 values, with wetter
soils and cooler temperature minimums due to night-
time cold-air pooling. Negative PC2 values were associ-
ated with drier, high-elevation ridges and upper hill
slopes.

Adults showed species-specific responses to the envi-
ronmental parameters of PC1. This suggests that the role
of water availability and temperature for woody vegeta-
tion abundance at the topoclimate scale is primarily re-
flected in the interaction and seasonality of these
climate variables (Stephenson et al. 1990). The two dom-
inant oak species, Q. garryana and Q. agrifolia, showed
opposite responses in abundance to PC1. The deciduous
Q. garryana was more abundant in sites with less solar
radiation and lower CWD. The evergreen Q. agrifolia was
more abundant on sites with higher AET, and occupied
sites with the highest CWD. These opposing patterns
may reflect differences in these species’ ranges;
Pepperwood Preserve is near the southern range limit of
Q. garryana, and the northern range limit of Q. agrifolia.
These species may be found in topoclimates that exhibit
environmental conditions more similar to those found in
their range centers (Holland and Steyn 1975). However,
geographic range limits may not necessarily be at the
edges of the climatic niche of the species (Chardon et al.
2015). Further research is needed to assess the degree
to which range-wide climate characteristics influence
local-scale distributions for this system.

None of the dominant woody species were correlated
with the topoclimate principal component associated
with cooler, wetter valley bottoms (PC2) for the adult

size class. It is possible that the range of climate varia-
tion present across the PC2 topoclimate gradient of
Pepperwood Preserve is narrow relative to the climate
tolerances of these woody species. Although we ob-
served topoclimate sensitivity in the presence and abun-
dance of the adults of some species, the greatest
amount of variation explained was only 15 % (Q. agrifo-
lia) and three of the six dominant species showed no
sensitivity to either topoclimate gradients. The magni-
tude of topography necessary to cause a response is
most likely species specific.

As opposed to the adults, the regeneration size class
showed sensitivity to both the topoclimate principal
components and the interactions between them. This re-
sult aligns with other studies that show that seedlings of
woody vegetation may be sensitive to environmental
variation at smaller scales than adults (Gray and Spies
1997; M�ali�s et al. 2016). Despite some general trends,
there is strong evidence for highly species-specific re-
sponses in the two-way and three-way interactions be-
tween the topoclimate principal components and
conspecific adult basal area. Abundance of seedlings
and juveniles generally increased with conspecific adult
basal area for all species. In some cases, high seed input
by abundant conspecific adults can overwhelm the ef-
fects of variable conditions and effectively suppress the
topoclimate sensitivity of the regeneration size class
(Clark et al. 1998; Warren et al. 2012). However, we were
able to detect a signal of both the conspecific adult
abundance and environmental parameters on regenera-
tion abundance. Our results support that local (within 20
m) seed source is the main driver of the probability that
recruitment is observed at a site, but the overall abun-
dance of the regeneration class is mediated by the
topoclimate.

There may be ecological constraints on the capacity of
a heterogeneous landscape to buffer vegetation re-
sponse to climate change. Replacement of adults by new
recruits can be slowed if dispersal is limiting (Aitken et al.
2008). We found that conspecific adult abundance, a
proxy for local seed input, greatly impacts recruitment,
potentially demonstrating dispersal limitation effects on
woody species composition at a small spatial extent.
Species ability to track their climate niche in response to
a changing climate may be delayed due to lack of seed
input even at the topoclimate scale. Heterogeneous top-
oclimates may more likely enable species persistence in
favorable sites (i.e. refugia) as the overall species range
contracts (Ackerly et al. 2010; Dobrowski 2011). This re-
sult also warrants further investigation into the microcli-
mate effect of canopy cover on the understory
environment occupied by seedlings and juveniles (De
Frenne et al. 2013; Dobrowski et al. 2015).

0
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For both size classes, topoclimate explained some var-
iation in community composition. In concordance with
the individual species responses, only the principal com-
ponent associated with the water balance parameters
(PC1) was correlated with variation in the adult commu-
nity composition. Also the regeneration community com-
position was correlated with both topoclimate principal
components. Previous research has shown a sizable ef-
fect of topoclimate on the abundance of short-lived
plants (herbs) across a landscape (Harrison et al. 2010).
For long-lived woody vegetation, we found that in total,
only 11 % percent of adult community composition and
7 % of the regeneration community composition were
explained by the topoclimate across the preserve. It is
possible that the low amount of woody community vari-
ation explained by topoclimate is due to the limited
range of topoclimate variation at Pepperwood, relative
to the environmental tolerances of the studied woody
species. We captured a wide range of topoclimate across
a small spatial extent, but many of the studied species
have broad ranges. Long-lived species, such as woody
plants, may also be in disequilibrium with the present cli-
mate, impeding our understanding of their climate niche
(Svenning and Sandel 2013).

Pepperwood Preserve’s history of fire and land-use
may also be limiting the role of topoclimate in shaping
woody community distributions. Previous disturbances
(natural and anthropogenic) interact with climate to
shape vegetation distributions, especially at local scales
(Delcourt and Delcourt 1988). Pepperwood Preserve had
two major fires in the last 50 years (1964 Hanley Fire and
1965 Calistoga Fire) that burned in approximately two-
thirds of our plot locations. Fires will have different ef-
fects on species, with some species resprouting after fire
(e.g. Quercus spp. and U. californica) while others needing
to re-invade a burned area (e.g. P. menziesii, in which all
but the largest trees are killed by fire) (Keeley et al.
2005). Non-pristine habitats, such as managed farm-
lands, also may have protracted historical effects on spe-
cies local distributions. Vegetation in these managed
areas may not show sensitivity to topoclimates due to
the long-term inertia of vegetation following distur-
bances (Bodin et al. 2013). Evett et al. (2013) found in-
creasing tree density, woody encroachment into
grasslands and changing community composition (e.g.
increased U. californica) at Pepperwood Preserve since
the early 1900s, and attributed these shifts to changes in
land-use and management.

At small spatial extents, ecological processes other
than climate limitations may play a prominent role in
shaping vegetation communities. Local dispersal limita-
tion may prevent a species from establishing in a suitable
topoclimate (Verheyen et al. 2003). The stochastic nature

of colonization and historical contingencies may also
moderate the community dynamics of a site (Duarte
et al. 2006; Walker and Wardle 2014). Spatial distance
between plots, even at this small spatial extent, explains
some community variation for both size classes. This pat-
tern may be driven by spatially aggregated land use or
disturbances (e.g. fire history), limited seed dispersal at a
scale smaller than the preserve or climate patterns at
the preserve scale not directly associated with topogra-
phy (e.g. fog input, as Pepperwood sits at the edge of the
Pacific fog belt) (Torregrosa et al. 2016).

Future work on the role of topoclimate for woody veg-
etation distributions and dynamics in this system will fo-
cus on range-wide climatic characteristics and
functional traits of the species, rather than the species
identity per se. This method may reduce the confounding
effect of historical contingencies and identify patterns of
functional redundancy, in which a topoclimate is equally
suitable for different species. Previous work with this
trait-based approach has been beneficial in understand-
ing vegetation–climate relationships at the landscape
scale (Lenoir et al. 2013; De Frenne et al. 2013).
Comparing results of analyses at the species versus func-
tional level will demonstrate the contribution of topocli-
mates to the maintenance of both functional and
species diversity.

Conclusion

Downscaled climate variables paired with fine scale veg-
etation data represent a unique opportunity to resolve
fundamental ecological questions regarding the mainte-
nance of species distributions and community types
across local topography. There has been a resurgence of
interest in this question due to the potential role of to-
pography in how species respond to climate change
(Rapacciuolo et al. 2014), and the potential importance
of small-scale topography in future conservation strate-
gies (Lawler et al. 2015). To protect our forests, we need
to have a better understanding of topography–vegeta-
tion relationships in local landscapes with past distur-
bances (Millar and Stephenson 2015). We show that
disturbed (both naturally and through management)
lands can capture community diversity with topographic
complexity. However, wide climate tolerances of species
and historical contingencies may weaken the relation-
ship between topoclimate and woody vegetation. Our
study not only addresses impacts of topography on
woody vegetation on small spatial extents but also
serves as a baseline for long-term studies of vegetation
dynamics in response to climate change in heteroge-
neous landscapes.
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File 1. Table. Lists the coordinates, field-measured envi-
ronmental variables, vegetation statistics, and modeled to-
pographic variables for all 50 plots. UTM.N¼Northing
coordinate, UTM.E¼ Easting coordinate, MIN.T¼minimum
winter temperatures (�C), MAX.T¼maximum summer
temperatures (�C), SM¼2014 average volumetric water
content (%), DEC¼percentage of deciduous individuals,
DIV¼ species richness, ELE¼ elevation (m), MR¼March
Radiation (kWh/m2), TOPOID¼ topographical water index,
TPI¼ topographic position index (m), PLP¼ percent lower
pixels (%), AET¼ actual evapotranspiration (mm),
PET¼ potential evapotranspiration (mm), CWD¼ climatic
water deficit (mm); the last three are derived from analysis
of the Basin Characterization Model on a 10 m digital ele-
vation model (Flint et al. 2013).

File 2. Figure. Regeneration model predictions for the
additional dominant woody species (Q. douglasii, Q. kel-
logii, P. menziesii, and U. californica). All counts of regen-
eration abundance are log-transformed. Dashed lines
are model prediction from the lower 50th percentile PC2

values, and solid lines are from the upper 50th percentile
PC1 values. The x’s represent data from plots in the lower
50th percentile for PC2 values and points represent data
from plots in the upper 50th percentile for PC2 values.
The figures on the left are predictions for the lower 50th

percentile of conspecific adult basal area and the figures
on the right are predictions for the upper 50th percentile
of conspecific adult basal area.

File 3. Table. Mantel test results based on Pearson’s
product-moment correlation with 1eþ05 permutations.
These tests measure the correlation between the spatial
distance between plots (SPATIAL) and the dissimilarity of
the topoclimate principal components (PC1, PC2), and
the correlation between SPATIAL and the vegetation
community Bray-Curtis dissimilarity for both adult basal
area (ADULT) and regeneration counts (REGEN).
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Abstract. Fungal endophytes colonize living internal plant tissues without causing any visible symptoms of dis-
ease. Endophytic fungi associated with healthy leaves may play an important role in the protection of hosts against
herbivores and pathogens. In this study, the diversity of foliar endophytic fungi (FEF) of the southern temperate tree
Embothrium coccineum (Proteaceae), as well as their role in plant protection in nature was determined. Fungal endo-
phytes were isolated from 40 asymptomatic leaves by the culture method for molecular identification of the 18S
rRNA gene. A relationship between FEF frequency and plant protection was evaluated in juveniles of E. coccineum.
Fungal endophyte frequency was estimated using real-time PCR analyses to determine endophyte DNA content per
plant. A total of 178 fungal isolates were identified, with sequence data revealing 34 different operational taxonomic
units (OTUs). A few common taxa dominated the fungal endophyte community, whereas most taxa qualified as
rare. A significant positive correlation between plant protection (evaluated in terms of percentage of leaf damage)
and FEF frequency was found. Furthermore, in vitro confrontation assays indicated that FEF were able to inhibit the
growth of fungal pathogens. The data showed a relatively high diversity of fungal endophytes associated with leaves
of E. coccineum, and suggest a positive relationship between fungal endophyte frequencies in leaves and host pro-
tection in nature.

Keywords: Embothrium coccineum; endophyte diversity; fungal endophytes; inhibitory effects; pathogens; plant
protection.

Introduction

Plants interact with a variety of microbes in their roots,
stems and leaves (Partida-Martinez and Heil 2011).
Fungal endophytes frequently occur in aerial plant struc-
tures, living inter-cellularly in leaf and stem tissue (Clay
1990) for at least part of their life cycle without caus-
ing any apparent sign of disease (Wilson 1995). These
fungal associations are common in angiosperms, but

have been particularly found and described for grasses
(Poaceae family) (Saikkonen et al. 2004). The associations
between grasses and ‘type I’ endophytic fungi of the
Clavicipitaceae family have been well documented, as the
latter colonize the host systemically, and are vertically
transmitted in a classic example of mutualism. Non-
clavicipitaceous ‘type II’ endophytes are highly diverse,
and in contrast to type I, are non-systemic and mostly
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horizontally transmitted (Rodriguez et al. 2009). Despite
the fact that type II endophytes are ubiquitous, having
been found in all plant species to date (Arnold et al. 2000;
Arnold and Herre 2003; Albrectsen et al. 2010; Gazis and
Chaverri 2010), they are far less well studied and their
ecological roles are not yet fully understood.

Increased resistance to pathogens and/or herbivores
may be a consequence of plant colonization by fungal
endophytes (Partida-Martinez and Heil 2011). Host pro-
tection from natural enemies provided by clavicipita-
ceous endophytes, as well as their mechanisms of
action, has been extensively studied (Clay 1988;
Wilkinson et al. 2000; Cheplick and Faeth 2009). Much
less is known about the role of non-clavicipitaceous en-
dophytes in this regard, although there is evidence that
type II also contribute to plant protection from patho-
gens (Arnold et al. 2003; Adame-�Alvarez et al. 2014) and
herbivores (Van Bael et al. 2009; Bittleston et al. 2011;
Estrada et al. 2015). Several studies have reported high
infection rates by type II FEF in plants (Arnold et al. 2000;
Arnold and Herre 2003; Gazis and Chaverri 2010). Since
infection intensity (frequency of FEF in host tissues) by
type II endophytes is not systematic, infection intensity
may be an important factor determining plant resistance
to enemies. Accordingly, an earlier study showed that a
higher infection frequency of the dominant fungal endo-
phyte in oak trees was negatively correlated with the per-
formance of a leaf mining herbivore (Preszler et al. 1996).

Embothrium coccineum (Proteaceae) is a small tree
endemic to South American temperate forests

commonly occurring in open sites (D�ıaz and Armesto
2007). Embothrium coccineum suffers relatively high lev-
els of damage by pathogens and/or herbivores under
natural conditions (Baldini and Pancel 2002; Salgado-
Luarte 2010; approximately 30% of leaf damage, per-
sonal observations). Interestingly, marked variations in
the amount of leaf damage in juvenile plants of this spe-
cies are evident; whereas leaves of some juveniles show
significant damage, no signs of damage are evident in
others (Fig. 1, Supporting Information—Fig. s1). This
raises the question of whether higher FEF frequencies
may relate to improved plant protection in nature. In
light of the above, this study assessed the following
questions: (1) How diverse is the community of FEF asso-
ciated with asymptomatic leaves of E. coccineum? (2) Is
there a relationship between FEF frequency and host
plant resistance in nature? (3) Do foliar endophytic fungi
inhibit the growth of fungal pathogens in vitro?

Methods

Study site

The study site (Anticura) was situated in mature temper-
ate rainforest at Puyehue National Park (�40.65S,
�72.18W; 350–400 m a.s.l.), in the western foothills of
the Andes in southern Chile. Mean annual precipitation
at the site is 2800 mm, with a mean temperature
of 9.8 �C (Dorsch 2003). Old-growth lowland forest in
this region is composed of broad-leaved evergreen trees

Figure 1. Differences in leaf damage among juveniles of Embothrium coccineum in the field. Four leaves from three individuals (I: individuals
1, 5 and 8) are shown.
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(Lusk and Del Pozo 2002). Embothrium coccineum
(Chilean firetree, Proteaceae) is one of the dominant spe-
cies in the rainforest, and is susceptible to damage by
herbivores and pathogens at the juvenile stage (esti-
mated 30% under natural conditions). Embothrium coc-
cineum shows fast growth in comparison to other native
species (Escobar et al., 2006).

Isolation of fungal endophytes

Ten E. coccineum individuals were randomly selected for
leaf collection, undertaken in March 2014. All plants
were juveniles between 1.5 and 2.0 m in height, at simi-
lar developmental stage (plant diameter and number of
leaves). Four healthy (0% damage) mature leaves per in-
dividual were collected and immediately transported to
the lab for further endophyte isolation and molecular
characterization. Leaves were disinfected under labora-
tory conditions with different washes of ethanol (70%),
sodium hypochlorite (1%) and sterilized water (according
to Arnold et al. 2001, 2003). The success of the surface
sterilization method was confirmed by the absence of
any microbial growth on PDA (potato-dextrose-agar)
(Phyto Technology Laboratories) agar plates from the
plating of last washing water. Small sections of sterilized
leaves (2–3 mm) were subsequently cultivated on PDA
petri dishes plates. Plates were then incubated at room
temperature for 2–3 weeks. After that time, emerging
colonies were subcultured to obtain pure isolates. Pure
isolates were grown on PDA plates (Phyto Technology
Laboratories) at room temperature for one month for
further DNA extraction and molecular identification.

Molecular characterization of endophytes

Genomic DNA was extracted from the mycelial mat using
a modified method described by Nicholson et al. (2001).
Fresh mycelium was ground on Mini-BeadBeater-16
(BioSpec, USA). Ground micelyum was suspended in ex-
traction buffer (10 mM Tris buffer pH 8.0, 10 mM EDTA,
0.5% SDS, NaCl 250 mM). To this aqueous solution, phe-
nol:chloroform:isoamyl alcohol (25:24:1) was added and
mixed slowly for 3 min. The phases were separated by
centrifugation at 13.000 rpm for 10 min at room temper-
ature. Traces of phenol were removed by treating the
aqueous layer with chloroform:isoamyl alcohol (24:1)
(this step was repeated twice). Phases were separated as
before. DNA was precipitated from the aqueous phase
with 2.0 volumes of isopropanol. The DNA was recovered
by centrifugation at 10 000 rpm for 15 min at 4 �C. The
pellet was then washed with 70% ethanol and resus-
pended in molecular biology grade water (Mo Bio
Laboratories, Inc). Species identification of endophytic
fungi was performed using the primers ITS1-F

(CTTGGTCATTTAGAGGAAGTAA) (Gardes and Bruns 1993)
and ITS4 (TCCTCCGCTTATTGATATGC) (White et al. 1990).
Amplification of the ITS (internal transcribed spacers) re-
gion (around 680 kbp) was conducted using 50 mL of PCR
reaction mixtures, each containing 7 mL of total fungal
genomic DNA, 1 mL of each primer (at a concentration of
10 mM for each primer), 27.5 mL of SapphireAmp Fast PCR
Master Mix (Takara) and 13.5 mL of sterilized water. PCR
was performed in a Techne TC-5000 Thermal Cycler
(Fisher Scientific) with the following program: 94 �C for
3 min, followed by 35 cycles of denaturation at 94 �C
for 1 min, annealing at 54 �C for 30 s and primer ex-
tension at 72 �C for 1 min, completed with a final
extension at 72 �C for 7 min. PCR products were sent to
Macrogen (South Korea) for purification and sequencing.
Sequences were assembled using SeqTrace software.
Consensus sequences were used for BLAST searches at
the NCBI (http://www.ncbi.nlm.nih.gov).

Relationship between endophytic frequency and
leaf damage under natural conditions

Twenty E. coccineum juveniles were selected in the field
in March 2014, and three leaves from each were ran-
domly collected for determination of fungal endophyte
DNA content (infection frequencies) and leaf damage
(percentage of leaf damage was considered as a proxy
for plant protection in nature). To calculate the percent-
age of leaf damage, leaves from each plant were
scanned and stored as digital image files. Total leaf area
(TA) and damage area (DA) were determined for each
sample using the program ImageJ (http://imagej.nih.
gov/ij/). Average TA and DA for the three leaves were
used to derive per plant values. Given the difficulty of dif-
ferentiating pathogen from herbivore damage, they are
referred hereafter collectively as damage by natural
enemies.

The FEF DNA content was only evaluated for those en-
dophyte species that exhibited the highest frequencies in
E. coccineum, and accounted for 70% of the fungal com-
munity (according to Fig. 2): Mycosphaerella sp.,
Diaporthe sp., Xylaria sp. and Penicillum sp. Total DNA (2 g
per individual plant, according to Lambertini et al. 2008)
was extracted from disinfected leaves (three leaves were
collected and pooled per plant) of the same 20 juveniles
mentioned above and subjected to real-time PCR (q-PCR)
assays using primers and probes, which were specifically
designed to recognize the four FEF genera
(Mycosphaerella, Diaporthe, Penicillium and Xylaria) (See
Supporting Information—Table S1). Some of the leaves
showed a high degree of damage, potentially by patho-
genic fungi, and the use of universal fungal primers for
q-PCR analyses was, therefore, inappropriate, since this
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gens. Primers and probes were designed using Primer3
(Koressaar and Remm 2007; Untergasser et al. 2012).
Primers were commercially synthesized in Macrogen
(South Korea). q-PCR analyses were performed in a
Stratagene Mx3000P (Thermo Fisher Scientific), using the
kit Brillant II QPCR Master mix (Agilent Technologies) and
the primers and probes TaqMan with fluorophores FAM-
TAMRA. A standard curve based on threshold cycle (Ct)
was constructed for each fungal endophyte. Samples
(100 ng DNA per plant) were then run in triplicate in each
plate. PCR cycling parameters were 95 �C for 10 min, 40
cycles at 95 �C for 15 s, 55 �C for 30 s and 72 �C for 1 min.
The cycle at which a sample’s signal exceeds the thresh-
old, the CT value, was used to calculate total amplified
DNA, using a formula obtained from the slope of the re-
gression line from the standard curve. Potential differ-
ences in ribosomal RNA gene copies among endophytes
might relate to an overestimation of total amplified DNA
observed for each fungus.

Correlations between the percentage of leaf damage
and FEF frequency (fungal endophyte DNA content per
plant in ng) were tested with the non-parametric
Spearman�s rho test. Correlations were done for each en-
dophytic fungus (Mycosphaerella, Diaporthe, Penicillium
and Xylaria), and for the four endophytic fungi taken as a
whole. The latter was calculated by adding the DNA

contents of the four dominant endophytes. All analyses
were performed in Statistica 7.0 software (StatSoft, Inc.).

Confrontation assays

For the confrontation assays, the four most abundant
endophytes were confronted against three common fun-
gal pathogens of endemic woody plants in Chile (Botrytis
cinerea, Fusarium oxysporum and Ceratocystis pilifera)
(Baldini and Pancel 2002). Fungal pathogens were kindly
provided by the Laboratorio de Qu�ımica de Productos
Naturales, Universidad de Concepci�on, Chile. Endophytes
and pathogenic fungi were co-cultured on 90 mm petri
dishes containing PDA (potato dextrose agar) at 21 �C
over a period of 11 days. Sections (1 cm2) of each fungal
mycelium were placed 4 cm apart on a fresh potato dex-
trose agar plate. Pathogens cultivated in isolation served
as controls. Microbial growth was determined by mea-
suring the diameter of the colonies every day over the
11-day period, and comparing colony sizes in the con-
frontation situation to that of the controls. The percent-
age of growth inhibition (GI) was calculated with the
following formula: GI¼ ((A�B)/A) * 100, where A is the
radial diameter of the control pathogen; B is the radial di-
ameter of test pathogen.

In order to evaluate potential inhibitory or stimulatory
effects on growth among endophytes themselves, the

Figure 2. Frequency of endophyte taxa isolated from asymptomatic leaves of Embothrium coccineum.
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four endophytes (Mycosphaerella sp., Diaporthe sp.,
Penicillium sp. and Xylaria sp., named confronted endo-
phytes) were confronted against themselves (named
tested endophytes). Assays were carried out as de-
scribed above, again with endophytes cultivated in isola-
tion used as controls. The percentage of growth was
evaluated over a 5-day period using the same process
described earlier. Whereas positive values would indicate
inhibitive effects on growth of confronted endophytes on
tested endophytes, negative values would by contrast
suggest a stimulative effect.

Results

Diversity and composition of fungal endophytes

Of the 10 E. coccineum juveniles screened in this study, a
total of 178 fungal isolates were purified into individual
cultures. All plants (incidence¼100%), but not all leaves
(incidence¼82.5%) contained fungal endophytes. A to-
tal of 34 OTUs were identified (Table 1). The distribution
of fungal isolates revealed a few common taxa, and
many rare taxa (Fig. 2). The endophytic fungal commu-
nity was dominated by the genera Mycosphaerella sp.
(23%), Xylaria sp. (18%) and Diaporthe sp. (10%).
Penicillium and Colletotrichum genera occurred at fre-
quencies lower than 10%, whereas other genera were
found in rare instances, with frequencies between 1%
and 5%. Total species richness was 34, with an evenness
of 0.80. The Simpson index suggested a relatively high di-
versity of fungal endophytes associated with E. cocci-
neum. Simpson diversity was 0.90 (with a range of 0–1,
with 1 representing higher sample diversity).

Protection of fungal endophytes in nature and in
vitro

A significant negative correlation between FEF DNA con-
tent and percentage of leaf damage was found when
frequencies of the four endophytic fungi were summed
(r¼�0.53, P¼0.0156) (Fig. 3). Nevertheless, no signifi-
cant relationship between the DNA amount of any of the
four fungal endophytes and the % of leaf damage was
detected (Mycosphaerella sp.: r¼�0.34, P¼0.135;
Diaporthe sp.: r¼�0.36, P¼0.113; Xylaria sp.: r¼�0.35,
P¼0.119; Penicillium sp.; r¼�0.27, P¼0.232).

All three pathogen species demonstrated significant
reductions in growth relative to experimental controls
when exposed to endophytes; Penicillium showed the
strongest inhibitory effects against the three pathogens,
whereas the FEF Diaporthe sp., Mycosphaerella sp. and
Xylaria sp. showed weaker inhibitory effects (Table 2). Of
the three pathogens, inhibitory effects by all endophytes
were most pronounced in Fusarium sp. and Ceratoystis

pilifera, with Botrytis cinerea demonstrating relatively
lower levels of inhibition. Tests for effects on growth
among endophytes themselves demonstrated an overall
positive effect between the most dominant endophytes

......................................................................................................

Table 1. Best BLAST matches for isolated fungal endophyte OTUs
collected from asymptomatic leaves of Embothrium coccineum in
the Valdivian rainforest.

Endophytic fungi Accession number Identity (%)

Alternaria sp. KP985749.1 99

Annulohypoxylon sp. JQ327866.1 99

Arthrinium sp. NR_121559.1 93

Biscogniauxia sp. JN225898.1 97

Cladosporium cladosporioides AF455442.1 98

Cladosporium sp. KF367501.1 99

Colletotrichum gloeosporioides AJ301972.1 100

Colletotrichum godetiae KC860043.1 97

Colletotrichum pseudoacutatum NR_111756.1 99

Cryptosporiopsis actinidiae KF727420.1 99

Cryptosporiopsis melanigena AF141196.1 98

Cryptosporiopsis sp. JF288555.1 99

Diaporthe sp. JN225920.1 98

Drechslera dematioidea JN712465.1 99

Drechslera triseptata AF163059.1 99

Fungal endophyte EU686153.1 96

Fusicladium sp. GU446639.1 98

Glomerella miyabeana JN943455.1 99

Hypoxylon sp. KJ406985.1 89

Mollisia cinerea DQ491498.1 98

Mycosphaerella sp. JN225927.1 100

Penicillium commune KR012904.1 99

Penicillium rubens LC015689.1 99

Penicillium sp. KT264644.1 99

Phacidiopycnis sp. JN944643.1 99

Phoma sp. JN225888.1 100

Phomopsis sp. AY518680.1 98

Pseudocercospora basitruncata DQ267600.1 99

Stachybotrys sp. KR081400.1 100

Stemphylium solani AF203448.1 98

Stemphylium sp. JX164072.1 99

Xylaria castorea JN225908.1 99

Xylaria crozonensis GU324748.1 99

Xylaria sp. JN225909.1 100
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(Table 3); Mycosphaerella was the only endophyte that
demonstrated inhibitory effects, although negligible.

Discussion

The main aims of this study were to investigate the diver-
sity of foliar endophytic fungi associated with E. cocci-
neum, and to determine whether correlations between
endophyte infection frequencies and plant resistance

occur. The present study provides evidence that infection
by the dominant endophyte community confer host pro-
tection from natural enemies in the field.

The endophytic fungal community associated with
E. coccineum was represented primarily by four genera,
Mycosphaerella, Xylaria, Diaporthe and Penicillium, which
collectively accounted for 70% of the culturable commun-
ity. Culture-based methods may underestimate diversity
and misrepresent taxonomic composition of endophyte
communities (Arnold 2007; Hyde and Soytong 2008) in
comparison with culture-independent approaches, such as
DNA cloning (Guo et al. 2001) or PCR product pyrosequenc-
ing (Nilsson et al. 2009). Despite the fact that culture-
independent approaches demonstrate certain advantages
over the culture-based techniques, including the capacity
to detect unculturable species or species with low abun-
dances (Hyde and Soytong 2008), comparative studies of
both methods indicate that many of the proportionally
dominant microbial taxa identified by culture-independent
approaches are accurately represented by the culture
method (see Pitk€aranta et al., 2011; Jackson et al., 2013;
Bodenhausen et al., 2013).

Data here support earlier findings that a relatively
small number of endophyte species dominate the fungal
community, and that most taxa, with few isolations,
qualify as rare (Arnold et al. 2001; Gazis and Chaverri

Figure 3. Correlation between fungal endophyte DNA content (per
100 ng of plant DNA) and the percentage of leaf damage in twenty
individuals of Embothrium coccineum.

......................................................................................................................................................................................................................

Table 2 Inhibition effects (%) of the four most abundant fungal endophytes isolated from E. coccineum against the fungal pathogens
Fusarium oxysporum, Ceratocystis pirifera and Botrytis cinerea in confrontation assays in Petri dishes. Values indicate the mean 6 SE (standard
error) (N¼3).

Fusarium oxysporum Ceratocystis pilifera Botrytis cinerea

Xylaria sp. 17.7 6 1.96 7.6 6 0.49 4.05 6 0.65

Penicillium sp. 28.7 6 2.08 31.8 6 3.58 17.8 6 3.52

Diaporthe sp. 30.4 6 1.70 33.8 6 6.69 27.7 6 1.62

Mycosphaerella sp. 20.0 6 0.04 22.5 6 2.06 8.1 6 2.04

............................................................................................................................................................

......................................................................................................................................................................................................................

Table 3. Growth (%) results from confrontation assays of fungal endophytes themselves. Positive values in brackets indicate growth inhibition
effects of confronted endophytes on tested endophytes. Negative values in brackets indicate a positive growth effect of confronted endo-
phytes on tested endophytes. Values indicate the mean 6 SE (standard error) (N¼3).

Tested endophytes

Confronted endophytes Xylaria sp. Penicillium sp. Diaporthe sp. Mycosphaerella sp.

Xylaria sp. (-) 7.8 6 5.3 (-) 10.9 6 4.0 (-) 9.1 6 3.6

Penicillium sp. (-) 3.9 6 3.4 (-) 7.1 6 3.5 (-) 3.1 6 1.4

Diaporthe sp. (-) 9.1 6 2.6 (1) 0.2 6 0.7 (1) 3.0 6 3.4

Mycosphaerella sp. (1) 2.5 6 1.9 0.0 6 2.9 (1) 3.6 6 4.1
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2010). Endophyte genera Xylaria, Mycosphaerella and
Penicillium are commonly isolated from leaf tissues of
different plant species at a range of latitudes (Arnold
and Lutzoni 2007; Gazis and Chaverri 2010; Douanla-Meli
et al. 2013), which indicates their ability to colonize a
broad host range. Despite the fact that FEF diversity as-
sociated with E. coccineum was probably underesti-
mated, OTU richness found here appears similar to that
reported for other woody plants. For example, 58 OTUs
were isolated from leaves and stems of the Peruvian
tropical tree Hevea brasiliensis (Gazis and Chaverri 2010);
242 and 259 FEF morphospecies were recovered from
the neotropical trees Heisteria concinna and Ouratea
lucens, respectively (Arnold et al. 2001), and 89 OTUs
were obtained from photosynthetic tissue of four woody
desert plants (Massimo et al. 2015).

Host plant benefits conferred by FEF are predomi-
nantly reported in studies investigating endophyte ef-
fects on plant resistance based on experimental
applications of endophytic fungi. These studies demon-
strate that FEF are able to effectively protect hosts from
pathogen and herbivore attack (Arnold et al. 2003; Van
Bael et al. 2009; Bittleston et al. 2011). For example, in
the tropical tree Theobroma cacao (Malvaceae), a combi-
nation of the seven most dominant endophytes (previ-
ously isolated from the host plant) effectively prevented
host pathogen damage (Arnold et al. 2003).
Furthermore, Van Bael et al. (2009) demonstrated that
high endophyte frequencies in leaves of the tropical vine
Merremia umbellate had a negative effect on herbivore
fecundity relative to endophyte-free plants. Using q-PCR
analyses, the present study tested the relationship be-
tween endophyte infection frequencies and host plant
protection in nature. Results showed that higher infec-
tion rates of the dominant endophyte genera correlate
with lower levels of leaf damage in E. coccineum. q-PCR
analyses were unable to detect dominant endophyte
DNA in several collected samples. The endophyte inci-
dence in leaves of E. ccocineum was of 82.5%, which
might help to explain this result. An incidence of foliar
endophytic fungi of less than 100% appears to be not
atypical (see Gazis and Chaverri 2010).

A significant negative correlation between FEF fre-
quency and plant protection was found for the four en-
dophyte genera as a whole, although no correlation
between individual endophyte genera and leaf damage
was evident. The latter result strongly supports the ‘mul-
tiple defender effect’ hypothesis (McKeon et al. 2012),
which states that the presence of multiple mutualists act
to produce protective benefits synergistically or addi-
tively. Synergistic protective effects by fungal endo-
phytes have been described (Gazis and Chaverri 2015);
for example, the abundance, as opposed to just the

presence, of competitive endophyte strains and species
has been shown to confer protective benefits in wild
Hevea trees (Gazis and Chaverri 2015). Furthermore,
combined effects on growth of arbuscular mycorrhizal
fungi and fungal endophytes were found to be additive
in the grass Elymus hystrix (Larimer et al. 2012). Results
here provide further evidence that cooperation among
endophytes leads to enhanced protective effects for the
host plant.

Endophytes are known to produce a large number of
specific toxins (Schulz et al. 2002; Strobel and Daisy
2003; Mousa and Raizada 2013) that directly affect the
growth and performance of herbivores and pathogens.
Furthermore, by changing leaf chemical characteristics,
it has been shown that FEF negatively influence herbi-
vore preferences for Cucumis sativus (Estrada et al.
2013). Confrontation assays in Petri dishes showed that
FEF investigated in this study were able to effectively in-
hibit the growth of several woody plant pathogens,
which is likely a result of active inhibition, due to the
presence of an inhibition zone. Xylaria, Diaporthe and
Penicillium genera are known for their chemical diversity
and ability to produce bioactive compounds (Schneider
et al. 1996; Oliveira et al. 2009; Specian et al. 2012;
Baraban et al. 2013; Lai et al. 2013), which demonstrate
antipathogen properties in vitro (Arnold et al. 2003;
Thirumalesh et al. 2014). Tests for inter-endophyte inter-
actions demonstrated overall positive growth effects in
endophytic partners. This suggests that positive interac-
tions between endophytic mutualists within the host
plant might occur, which would help to explain their en-
hanced benefit to the host plant (Afkhami et al. 2014).

Since the endophytic fungi Micosphaerella, Xylaria,
Diaporthe and Penicillium dominate the endophyte com-
munity in E. coccineum, and considering their ability to
reduce the growth of pathogens in vitro, results here pro-
vide convincing evidence to suggest that these genera
play a role in the protection of E. coccineum under natu-
ral conditions. Further studies should consider inocula-
tion experiments in planta in order to reliably detect
positive host plant endophyte effects (Adame-�Alvarez
et al. 2014).

Conclusions

This study represents the first attempt to link FEF infec-
tion intensity and host protection under natural condi-
tions using molecular approaches. Data here showed a
relatively high diversity of fungal endophytes associated
with leaves of E. coccineum. The fungal endophyte com-
munity was dominated by just four endophyte genera,
which were able to reduce the growth of common
pathogens in vitro. In addition, colonization by these
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genera resulted in lower levels of predation of the host
plant in natural conditions. These results provide further
evidence that colonization by multiple foliar endophytic
fungi confers important benefits to host plants in terms
of resistance to natural enemies.
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Abstract. Conservation strategies are urgently needed in Tropical areas for widely used tree species. Increasing
numbers of species are threatened by overexploitation and their recovery might be poor due to low reproductive
success and poor regeneration rates. One of the first steps in developing any conservation policy should be an as-
sessment of the reproductive biology of species that are threatened by overexploitation. This work aimed to study
the flowering biology, pollination and breeding system of V. doniana, a multipurpose threatened African tree, as one
step in assessing the development of successful conservation strategies. To this end, we studied (1) traits directly in-
volved in pollinator attraction like flowering phenology, flower numbers and morphology, and floral rewards; (2)
abundance, diversity and efficiency of flower visitors; (3) breeding system, through controlled hand-pollination ex-
periments involving exclusion of pollinators and pollen from different sources; and (4) optimal conditions for seed
germination. The flowering phenology was asynchronous among inflorescences, trees and sites. The flowers pro-
duced a large quantity of pollen and nectar with high sugar content. Flowers attracted diverse and abundant visitors,
counting both insects and birds, and efficient pollinators included several Hymenoptera species. We detected no
spontaneous self-pollination, indicating a total dependence on pollen vectors. Vitex doniana is self-compatible and
no inbreeding depression occurred in the first developmental stages. After extraction of the seed from the fruit, seed
germination did not require any particular conditions or pre-treatments and the seeds showed high germination
rates. These pollination and breeding characteristics as well as germination potential offer the required conditions to
develop successful conservation strategies. Protection, cultivation and integration in agroforestry systems are re-
quired to improve the regeneration of the tree.

Keywords: Bees; breeding system; conservation biology; mating system; pollinator efficiency; seed germination.

Introduction

Global biodiversity is decreasing at an unprecedented
rate as a complex response to several human-induced
changes (Sala et al. 2000). Land use change is the driver

that has the largest global impact on biodiversity, mostly
due to habitat destruction and fragmentation. Land use
change is particularly the most important driver in tropi-
cal forests (Sala et al. 2000). The African forests are
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subject of haphazard modification following anthropo-
genic pressures including tree cutting and clearing
for agriculture. In West Africa, logging and seasonal
fires set by farmers and hunters have increased defores-
tation, destroying an average of 870 000 ha/year be-
tween 2000 and 2010 (FAO 2011). Consequently, several
food and medicinal tree species have been declared lo-
cally endangered and are priorities for conservation
(Eyog-Matig et al. 2002; FAO 2011). Forest harvesting di-
rectly decreases the rates of survival, growth and repro-
duction of individual trees, affecting the structure and
dynamics of harvested populations (Oumorou et al.
2010). In harvested stands, only large, old trees and a
few seedlings and saplings generally survive (Oumorou
et al. 2010). Maintaining these local remnant populations
will require informed management and conservation
practices.

Vitex doniana, commonly called black plum, is one of
the most important wild-harvested, multipurpose trees
in tropical Africa (Akoègninou et al. 2006; N’Danikou
et al. 2015). The tree is widely used for food, medicinal
purposes and as firewood (Achigan-Dako et al. 2011).
The species also has a great socio-cultural and mytho-
logical importance for local people (Dadjo et al. 2012;
N’Danikou et al. 2015).

Despite its high value for local populations, there is no
evidence of any conservation initiatives from harvesters
(N’Danikou et al. 2011). People usually harvest the de-
sired resources without considering regeneration and
management or attempting silvicultural practices (e.g.
planting and sowing) (Dadjo et al. 2012; N’Danikou et al.
2015). Mainly due to overexploitation, V. doniana is one
of the most-threatened food tree species with high prior-
ity for conservation in Benin, Kenya, Niger and Burkina
Faso (Eyog-Matig et al. 2002; Oumorou et al. 2010;
N’Danikou et al. 2015).

The threats to the tree affect multiple reproductive
processes. Even, if the species is partially spared during
land clearing, because of its many uses and high market
value (Dadjo et al. 2012; N’Danikou et al. 2015), fruit har-
vesting reduces available seeds for recruitment, and
overexploitation of the leaves, branches, bark and wood
increases the pressures on remnant populations
(Oumorou et al. 2010). Also, seed germination creates a
bottleneck due to dormancy, which hampers the species’
natural regeneration (N’Danikou et al. 2011). Vitex doni-
ana has a hard seed coat, reducing germination rates,
and seedlings are scarce in natural habitats due to fires
and grazing pressure. Moreover, leaf harvest reduces re-
productive success by delaying flowering and decreasing
seed set (Dadjo et al. 2012; N’Danikou et al. 2015).
Therefore, a sustainable conservation strategy is ur-
gently needed to preserve this valuable tree.

Successful conservation depends on sexual reproduc-
tion and seedling recruitment (Vodouhè et al. 2011). The
failure of reproductive processes such as pollination of-
ten causes species loss (Faegri and van der Pijl 1979;
Moza and Bhatnagar 2007). The failure of pollination has
diverse causes, including pollinator rarity or infidelity,
poor quantity or quality of pollen deposited on the stig-
mas, delayed stigma receptivity and self-incompatibility
(Faegri and van der Pijl 1979). Other key factors of plant
reproductive biology include floral phenology, the peri-
odicity in the production of flowers, which follows a
species-specific schedule, ranging from complete syn-
chrony within the population to full asynchrony, thus
shaping mating possibilities among individuals (Ewédjè
et al. 2015). The breeding system also shapes exchanges
among individuals, mainly by self-incompatibility (Faegri
and van der Pijl 1979; Kalinganire et al. 2000).

Despite its importance for conservation, the reproduc-
tive biology of V. doniana remains unexplored. Thus this
work aimed to study the flower biology, pollination, and
breeding system of V. doniana and to assess reproduc-
tive outcomes to develop successful conservation strate-
gies. To this end, we studied traits that directly influence
reproductive success including (1) flowering phenology,
flower numbers and morphology, and floral rewards; (2)
abundance, diversity and efficiency of flower visitors; (3)
breeding system; and (4) seed germination.

Methods

Study species and studied sites

The genus Vitex (Lamiaceae) includes over 270 species,
predominantly trees and shrubs, and is mainly present in
tropical and subtropical regions (Eyog-Matig et al. 2002).
Vitex doniana is the most widespread species in the ge-
nus (Ky 2008). This medium-sized (8–20 m tall) decidu-
ous tree grows in coastal woodlands, riverine and
lowland forests, and savannahs of sub-Saharan Africa,
east from Senegal to Somalia and south to South Africa
(Kapooria and Aime 2005; Ky 2008; Dansi et al. 2008;
Maundu et al. 2009; Dadjo et al. 2012; N’Danikou et al.
2015; Fig. 1). The tree is widely used for food, medicinal
purposes and as firewood (Achigan-Dako et al. 2011).
Processing the fleshy fruits provides juice, jam, syrup and
alcohol (Agbede and Ibitoye 2007; Mapongmetsem et al.
2005, 2008; Oumorou et al. 2010; Ajenifujah-Solebo and
Aina 2011; Vunchi et al. 2011; Dadjo et al. 2012). Also,
new shoots and leaves are traditionally consumed as
leafy vegetables (Codjia et al. 2003; Dansi et al. 2008;
Achigan-Dako et al. 2011), and almost all parts of the
plant have medicinal properties (anti-bacterial, anti-
inflammatory, analgesic, anti-fungal, hepato-protective,
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anti-oxidant and hypotensive; Ladedji and Okoye 1996;
Ladedji et al. 1996; Ganapaty and Vidyadhar 2005;
Iwueke et al. 2006; Kilani 2006; Padmalatha et al. 2009;
Lagnika et al. 2012; Adetoro et al. 2013; Hamzah et al.
2013). Overall, 25 diseases are known to be treated with
Black plum (Oumorou et al. 2010; Dadjo et al. 2012). The
wood is used for firewood, charcoal, and furniture.

Our observations and experiments were conducted on
four sites situated in Southern and Central Benin, West
Africa (Fig. 1 and Table 1). The Godomey and Dasso sites,
in the South of Benin, were located in the Guineo-
Congolian climatic zone, which is characterized by two
rainy seasons. The Guineo-Congolian zone is located

between latitudes 6�250N and 7�300N. Total mean annual
rainfall averaged 1200 mm. These sites have relative hu-
midity of 69–97 % and mean daily temperatures of 25–
29 �C. The Namougo and Gouka sites were in the Guineo-
Sudanian climate regime which is characterized by one
rainy season (from mid-April to October), approximately
7 months of dry season, annual rainfall of 900–1200 mm
and mean daily temperatures of 19–36 �C (Yédomonhan
et al. 2012).

All trees were located in agricultural landscapes, in
close proximity to farms and traditional fields of maize,
cassava, and peanut, with palm trees (in the Guineo-
Congolian zone) or yams (in the Guineo-Sudanian zone).

The trees in Namougo and Gouka sites were protected,
as leaf collection has been forbidden since 2013. Leaf
collection occurred before and during the study at the
Godomey and Dasso sites.

Phenology and floral synchrony

We randomly sampled 10 adult trees per site during the
flowering and fruiting periods over two successive years
(2014 and 2015). Flowering was observed weekly, from
January to May, and fruit development was observed ev-
ery 2 weeks on the same individuals, from February to
April. Four stages were defined for flowering: young bud
(fl1), well-developed bud (fl2), flower at anthesis (fl3)
and flower withering (fl4, Fig. 2A). Two stages were de-
fined for fruiting: fruit initiation (persistent expanded
ovary, fr1) and young green fruits (fr2).

Floral phenology was followed daily on 20 flowers be-
tween stage fl2 and fl4 per tree on each site for 2 weeks
to assess the flower life span and dichogamy (protogyny
or protandry).

The quantity of flowers and fruits in a given stage per
tree was quantified visually by using binoculars to inspect
all branches. Data were collected in ordinal classes: 0¼ ab-
sence of flowers or fruits in a given stage; 1¼1–25 % of
branches bearing organs in a given stage; 2¼26–50 %;
3¼51–75 %; 4¼76–100 %. The dates of first flower-
ing and the duration of each stage were recorded to con-
struct the temporal development of phenophases at each
site.

Flower number and morphology

Four inflorescences per branch (on 4–11 branches per
tree depending on the tree size) from five trees per site
were examined to determine the mean number of flow-
ers per inflorescence. The number of flowers per tree
was extrapolated for each tree by multiplying numbers
of flowers per inflorescence by the numbers of inflores-
cences per branch and the numbers of branches per tree.

Figure 1. Spatial distribution of Vitex doniana. (A) Africa: map
based on geographical coordinates from herbarium specimens
from the Botanical Gardens of Meise, Université Libre de Bruxelles,
Wageningen and Leiden (October 2015); (B) The four studied popu-
lations in Benin. Agroecological zones are adapted from Ky (2008):
(I) Guineo-Congolian zone and (II) Guineo-Sudanian transition
zone.
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Eighty inflorescences, four inflorescences per tree and

per site, were dissected to determine whether all flowers
were hermaphroditic, to describe the structure of the an-
droecium and the gynoecium, and to document the
number of stamens and ovules and the number of nec-
taries per flower. The flower colour was also observed.

Two hundred flowers (randomly selected from two dif-
ferent inflorescences from 20 trees, five trees per site)
were dissected to describe their structure. A caliper was
used to measure the length and width of the sepals, co-
rolla tube, lateral fused petals, inferior petal and small
fused superior petals. We also measured the lengths of

......................................................................................................................................................................................................................

Table 1. Vitex doniana studied site location: geographical coordinates, agroecological zones, main crops on the sites, type of sites, leaf collec-
tion intensity and distance among trees per site.

Sites Geographical

coordinates

Agroecological

zones

Main crops Type of site Exploitation

intensity

Distance

among

trees (m)

Godomey 6�25’15.9’’ N

2�20’48.4’’E

Guineo-Congolian Palm tree, maize,

cassava, cowpea

Farm Young leaves poorly

collected

50–2000

Dasso 7�00’42.8’’N

2�27’59.5’’E

Guineo-Congolian Palm tree, maize,

cassava, peanut

Farm Branches hardly cut,

young leaves reg-

ularly collected

(�70 %)

10–200

Namougo 7�41’38.2’’N

2�04’32.8’’E

Guineo-Sudanian Maize, cassava,

yam, peanut

Woodland Branches cut but fo-

liage in recovery

from overexploi-

tation one year

before

10–1500

Gouka 8�09’23.7’’N

1�56’09.3’’E

Guineo-Sudanian Maize, cassava,

yam, peanut

Degraded

forest

gallery

Branches cut but fo-

liage in recovery

from overexploi-

tation one year

before

10–200

Figure 2. Flower morphology of Vitex doniana. (A) Phenological stages: fl1 – young bud, fl2 – well-developed bud, fl3 – flower at anthesis,
fl4 – flower 1 day after anthesis. (B) Measured floral and fruit traits: (a) flower traits, (b) androceum, (c) gynoecium, (d) fruit. Cor_l: corolla
length, Sp_w: Sepal width, Sp_l: Sepal length, sm pt_l: small fused petal length, L pt_w: lateral fused petal width, L pt_w: lower petal width, L
pt_l: lower petal length, Ant_St: anther stigma distance, St_l: stamen length, Sty_len: style length, Ov_w: ovary width, Fr_d: fruit diameter. (C)
Photograph of the flower showing the relative position of the stigma and the anthers.
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the exterior and inner cycles of stamens, the diameter
and length of the ovary, and the distances between the
stamens and the stigma (Fig. 2B).

For quantification of pollen grains, 20 anthers were
collected from ten flowers buds (fl2) per tree and per
site. Pollen grains were counted under a light microscope
(AO Spencer). Anthers were individually crushed in a
microcentrifuge tube containing 100 mL of Alexander’s
stain (Kearns and Inouye 1993), mixed and sonicated to
homogenize the pollen grains into the solution. For each
anther, the number of pollen grains in 10 ml was counted
in triplicate under a light microscope (AO Spencer). To as-
sess pollen viability, one anther per flower stage was col-
lected from each of 10 flower buds (fl2) or flowers (fl3)
the morning and afternoon of the day of anthesis and
(fl4) the day after anthesis from 10 different trees in
each site (200 anthers in total). Pollen grains from one
anther were then dispersed by squeezing on a glass slide
in a drop of Alexander’s solution. A minimum of 200 pol-
len grains were observed per anther in triplicate and
counted according to their colour. Viable grains had a
red protoplasm, whereas aborted grains were empty ex-
hibiting a green colouration in their wall. Percentage of
pollen viability was calculated based on the number of
viable and total grains.

Stigma receptivity was estimated by fruit initiation
(persistent expanded ovary) following hand pollinations
on a total of 120 flower buds or flowers from three devel-
opmental stages (fl2, fl3 and fl4) on the five study trees
in each site (N¼2 per stage and per tree).

For the estimation of nectar production, 100 flowers
from five different trees per site were covered with exclu-
sion bags (Delnet pollination bags, USA) 24 h before sam-
pling to prevent any visit. Nectar production was assessed
twice a day (morning and afternoon) on the same flow-
ers. Nectar was collected with 5 lL glass capillary tubes
(Hirschmann Laborgerate, Eberstadt, Germany), and
nectar volume was estimated by measuring the length
of the nectar column in the capillary tube. Sugar con-
centration was measured with a low-volume hand re-
fractometer (Eclipse Handheld refractometer, Bellingham
and Stanley Ltd, Tunbridge Wells, UK) and expressed as
the percentage of sucrose (w/w). To determine the total
sugar content of nectar per flower, sugar concentration
(%) was converted to mg/mL according to the following
formula: y¼0.00226þ (0.00937x)þ (0.0000585x2) where
y is the sugar concentration (mg/mL) and x is the
sugar concentration (%) (Dafni et al. 2005). The total
sugar content of nectar per flower (mg) was then calcu-
lated as volume of nectar (mL) � sugar concentration
(mg/mL).

The sugar composition of the nectar was determined
by high-performance liquid chromatography with a

Shimadzu HPLC system coupled to a RID10A refractome-
ter (Shimadzu, ‘s-Hertogenbosch, Netherlands) using a
Hypersil gold amino (150 � 4.6 mm) column (Thermo
Scientific, Aalst, Belgium) at 26 �C. The mobile phase con-
sisted of 83 % acetonitrile in water and the flow was
1.0 mL min�1. Analyses for nectar composition were per-
formed in the Groupe de Recherche en Physiologie
Végétale (Université catholique de Louvain, Louvain-la-
Neuve, Belgium).

Floral visitors and their pollination potential

On two trees per site, four inflorescences per tree were
marked for observations of insect and bird visitors.
Insects and birds visiting flowers were observed from
January to May 2014 for five consecutive days per site.
The observations were conducted at 0700, 0900, 1100,
1400 and 1700 h, for 5 min per inflorescence for each
time period. A total of 17 h of observations was per-
formed at each site.

Visitor abundance and behaviour (nectar and/or pollen
collection, and contacts with reproductive organs) were
assessed. Insects that were not identified in the field
were collected by hand net, killed with ethyl acetate,
identified and stored separately in small vials. Precise
identifications were performed at the Centre régional de
Biodiversité des insectes from the Institut International
d’Agriculture Tropicale (Abomey-Calavi, Benin) and at
the Institut Royal des Sciences Naturelles de Belgique
(Brussels, Belgium).

The potential of the different insect visitors to be effec-
tive pollinators was estimated by determining their rela-
tive abundance, fidelity and capacity to carry pollen.
Their fidelity was indirectly estimated by the proportion
of pollen from V. doniana versus other plant species in
their corbicular pollen loads. Their capacity for carrying
pollen was directly assessed by counting the pollen
grains on the different parts of the insect body. For insect
fidelity, in each site, insects captured with pollen loads
were immobilized in a bee-marking cage and one pollen
load was removed by toothpick per individual. For the
four sites, a total of 60 pollen loads was collected and
acetolyzed (Erdtman 1960, modified). From each sample,
approximately 400 randomly chosen pollen grains were
identified by light microscopy (Leitz Wetzlar). Pollen
identification was based on a reference slide of V. doni-
ana pollen. A total of 13 insect species per site (20 indi-
viduals per species) were examined for their carrying
capacity. For each visitor type, pollen identity and quan-
tity on insect bodies were assessed. The pollen grains
were removed from the different insect body parts
(head, abdomen and legs) using a small cube of gelatin
passed over each part of the insect body. The gelatin was
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melted and observed under a light microscope (Ernst
Leitz Wetzlar).

Breeding system experiments

To assess the breeding system, 1600 flowers were
marked and allocated to one of the four pollination
treatments. Each treatment was performed on five flow-
ers per inflorescence, four inflorescences per tree and
five trees in each of the four sites. All hand-pollinated
flowers were emasculated at bud stage.

One treatment was carried out in the presence of polli-
nators (T1; free exposure for control or open pollination).
Two treatments involved hand-pollinations: (T2) self-
pollination with pollen from another flower of the same
tree, to test for self-compatibility and (T3), cross-
pollination with pollen from another tree in the same
site, to assess inbreeding depression when comparing
with T2. To quantify spontaneous self-pollination, flow-
ers in the fourth treatment (T4) were bagged and left
unmanipulated.

Except for the control treatments, all flowers were
bagged before flower anthesis to exclude visitors (Delnet
pollination bags, USA). All bags were removed at the
start of fruit maturation. Pollination was carried out by
brushing anthers of the donor flower on the stigma of
the recipient flower. Hand pollinations were performed
daily from 0700 to 1100 h.

Pollen germination and pollen tube growth

Following hand-pollination treatments, 10 pistils were
removed at different times after pollination (15 and
30 min, 1, 2, 4, 6, 24, and 48 h). Pistils were fixed in FAA
(ethanol 70 %: formaldehyde 35 %: acetic acid; 8:1:1)
and stored at room temperature. Before observation, the
pistils were rinsed with distilled water, softened and clar-
ified in 4M NaOH for 4 h at room temperature. The pistils
were rinsed again and stained for 2 h in 0.1 % aniline
blue solution in 0.1M KH2PO4 (Kearns and Inouye 1993).
Pollen germination on stigmas and pollen tube growth in
the styles were examined under a fluorescence micro-
scope (Nikon Optiphot-2/LH-M100C-1) with a 420-nm to
440-nm excitation filter and a 480-nm emission filter, ac-
cording to Kearns and Inouye (1993). The numbers of
pollen grains per stigma, of pollen grains initiating a pol-
len tube and of pollen tubes reaching the end of the style
were counted.

Fructification and germination

Mature fruits were harvested 4 months after pollination.
Fruit set (percentage of flowers giving mature fruits), fruit
fresh weight, numbers of viable seeds, weight of 100 via-
ble seeds and germination rate were measured.

In September 2013, a preliminary ex situ germination
test was performed under controlled conditions on 240
ripe fresh fruits. Fruit samples were divided into batches
of 10 fruits for germination treatments. Besides control
batches (T0), three pre-treatments were tested: soaking
in distilled water for 24 h (T1), soaking in sulfuric acid 95
% for 1 h and rinsed with demineralized water (T2), and
scarification with a scalpel (T3). Six replicates of 10 fruits
per treatment were put on filter paper in jars (300 mL vol-
ume), watered with demineralized water and over-
wrapped with a plastic film. They were then placed in two
germination chambers (Snijders Scientific, Netherlands).
Two temperature regimes were then applied to the seeds
(30/25 �C or 35/30 �C with a photoperiod cycle 12 h dark:
12 h light). Temperature conditions were chosen since
they correspond to the soil temperature in the natural
environment of V. doniana (N’Danikou et al. 2014).
Germination was recorded once a week during 6 months.
No germination was observed and the test was stopped
due to fungal infection.

In September 2014, germination tests were performed
in situ following hand pollination treatments on 10 sam-
ples of five seeds for hand self- and cross-pollinated
fruits. Extracted dried seeds were sown in 30 black LDPE
(low-density polyethylene) nursery bags (29.6 cm3) filled
with ground soil. Bags were left under ambient condi-
tions, and watered every 2 d. The total germination rate
was assessed 45 d after sowing.

In September 2015, seeds were extracted from fruits
and sun-dried for 10 h before being stored in paper bags
until use. Seed samples were divided into four batches of
100 seeds for germination treatments under controlled
conditions. Seeds were or were not submitted to a pre-
treatment: soaking (S) or not (NS) in demineralized water
for 2 h (Ahoton et al. 2011; N’Danikou et al. 2014). Two
temperature regimes were then applied to the seeds (30/
25 �C or 35/30 �C with a photoperiod cycle 12 h dark: 12 h
light). Five replicates of 20 seeds per treatment were put
on filter paper in petri dishes (90 mm diameter) and wa-
tered with demineralized water. They were then placed in
germination chambers (Snijders Scientific, Netherlands).
Seeds were considered germinated when the radicle pro-
truded. Germination was recorded every 2 days. Final ger-
mination rate was estimated after 21 days, after several
days without any new seedling emergence.

Data analysis

Results were compared by analyses of variance (ANOVA,
one- and two-way). Normality of the data was estimated
with Shapiro–Wilk tests and homoscedasticity was veri-
fied using the Levene test. Data were transformed when
required to ensure normal distribution and Welch’s
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correction was applied when homoscedasticity was not
met. Differences among sites or conditions were as-
sessed using Tukey’s HSD post-hoc tests.

Pearson correlations were performed among flower
and fruit measurements. Significant correlations were de-
tected among several floral traits: length and width of lat-
eral fused petals (R¼0.24, P¼0.01), length and width of
small fused superior petals (R¼0.81, P<0.0001), lengths
of the exterior and the inner cycles of stamens (R¼0.69,
P<0.0001), and diameter and length of ovary (R¼0.27,
P¼0.0001). Thus, 10 independent measures were ana-
lyzed: width and length of sepals, width of the lateral
fused petals, length and width of the inferior petal, corolla
tube length, length of the long stamens, diameter of the
ovary, length of the style, and the distance between the
long stamens and the stigma. In the same way, fruit di-
ameter and length were significant correlated (R¼073,
P<0.0001), and only diameter was presented.

Chi-square tests were used to analyze the proportion
of visiting insects among sites. Differences in the compo-
sition of pollen loads and pollen carried by different visi-
tor species were visually assessed with heatmaps
(‘heatmap.2’ command, ‘gplots’ package).

The self-compatibility index (SCI) and self-fertility in-
dex (SFI) were calculated according to Lloyd and Schoen
(1992). SCI determines the capacity of a plant to produce
zygotes following self-pollination relative to that follow-
ing outcrossing. It is calculated as the ratio between the
fruit set (or seed set) produced after hand self-
pollination and the fruit set (or seed set) produced after
hand cross-pollination (Lloyd and Schoen 1992). SFI
gives an estimation of the capacity of a plant to produce
fruits and seeds without any pollen vector. It is calcu-
lated as the fruit set (or seed set) of autonomous self-
pollination relative to that of hand cross-pollination
(Kouonon et al. 2009). SCI values above 0.2 indicate self-
compatibility and SFI values above 0.2 indicate autono-
mous selfing (Lloyd and Schoen 1992).

Levels of inbreeding depression at different develop-
mental stages (fruit set, seed set and seed germination)
were determined as the ratio between relative perfor-
mance of selfed progeny (ws) and outcrossed progeny
(wc) (d¼1 � (ws/wc); Charlesworth and Charlesworth
1987). Values around 0 indicate no inbreeding depression.

All analyses were performed under R version 2.2.1 (R
Development Core Team 2013). Data are presented as
means 6 standard deviation.

Results

Phenology and floral biology

Floral synchrony: Vitex doniana flowered during the dry
season, from December to April, and flowering was not

synchronous among sites. Flowering began earlier in the
Guineo-Congolian than in the Guineo-Sudanian sites:
Godomey trees started and ended flowering first, while
Namougo and Gouka trees initiated flowering 20–30
days later (Fig. 3A). Flowering was not synchronous
within each site: flowering differences among trees were
approximately 25 days, with differences especially pro-
nounced in Dasso (41 days). Moreover, flowering was
asynchronous within a tree, among inflorescences.

Flowers first appeared on new twigs, after leaves de-
veloped. After initiation, buds (fl1) reached stage fl2
(perianth developed, petals fused, buds elongated to 4-
6 mm long x 2.6-2.8 mm wide) in 13–20 days. Stage fl3
with well-developed flower buds (central inferior petal
deviated from the others, flower size of 7–9 mm long
and 3–4 mm wide), occurred 22–28 days after bud initia-
tion. At the fl3 stage, the flower opened as soon as any
petal was touched, especially by insects or birds. The
stage fl4 (all petals expanded, flowers 12–14 mm long
and 3–4 mm wide) occurred 26–35 days after fl1.
Flowers started to open in the morning between 0800
and 1200 h, with a high frequency around 1000 h. During
this first step of anthesis, the anthers presented numer-
ous white pollen grains along the longitudinal dehis-
cence splits. Stigmas reached receptivity with flower
opening and remained receptive for 72 h. Flower life
span (from opening to corolla drop) extended for 3–4
days.

Within an inflorescence, flowers displayed asynchro-
nous anthesis: the terminal flower was the first that
bloomed and it took 4–6 days for all flowers to open.

Fruit maturation: Fruit maturation was observed from
the end of January to May, while fruits began to fall from
June to September and fruit harvesting extended from
July to September. The first signs of fruit development
(fr1) were registered 5–7 days after corolla drop. At stage
fr2 (21–34 days after fr1), young green fruits measured

Figure 3. Percentage of Vitex doniana flowering trees in the four
studied sites.
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WT10–15 mm wide. Fruits remained green until full matu-
rity. The ripe fruits started to fall 102–141 days after fr2
(March to July). The colour only became black 5–8 days
after lying on the ground. Fruit size and weight were sig-
nificantly higher in Godomey than in other sites (Table 2).

Inflorescence and floral biology: Over all sites, inflores-
cences (dense and axillary cymes) averaged 79 6 28
flowers. Based on the flower number per inflorescence
and per tree, we calculated that a single tree produced
between 16 300 (Dasso) and 52 900 (Godomey) flowers
(Table 2). A significant proportion of flowers were white
(30 %) at Godomey, but flowers were invariably purple at
the other sites. Excepting anther-stigma distance and
petal sizes, flower sizes differed significantly among sites
(Table 2). Flowers from the Guineo-Sudanian sites
(Namougo and Gouka) were significantly smaller than
those from the Guineo-Congolian zone (Table 2). The
number of pollen grains per flower did not differ among
sites and averaged approximately 15 500 (Table 2). All
flowers contained four ovules. At the flower morphology
level, the two lobes of the stigma were divergent and
faced the upper fused petals, whereas the dehiscent side
of the anthers faced the lower petal, which could pre-
clude spontaneous selfing (Fig. 2C).

Pollen viability: No pollen viability was detected at bud
stages (fl1 and fl2). During the first day of anthesis, the via-
bility of the pollen grains reached 88–95 %. This proportion

decreased at the end of the first day (1700 h., 66–72 %)
and was lower the second day (45–48 %, Fig. 4). The per-
centage of pollen viability varied among sites (F3,108¼2.80,
P¼0.0435), whereas its decrease with time was similar
(F6,108¼0.61, P¼0.1257). The highest pollen viability was
observed in Godomey and the lowest in Namougo (95 6 3
% vs. 88 6 7 % on the first day of anthesis).

Stigma receptivity: Stigma receptivity did not differ
among sites (F3 48¼0.33, P¼0.8013) nor among floral
stages (F2,48¼0.54, P¼0.5853). The stigmas were recep-
tive just before (fl2) and during flower anthesis (Fig. 4).
Pollen germination reached 68–74 % for well-developed
buds and 74–80 % at flower anthesis.

Nectar production: The volume of nectar produced per
flower per day varied among sites and was higher in
Godomey (1.2 mL) compared with Dasso and Gouka (<1
ml; F3,192¼8.80, P<0.0001, Fig. 5A). Similarly, mean
sugar concentration in nectar differed among sites
(F3,192¼102.93, P<0.0001). It was approximately
39 6 17 % in Godomey, 41 6 17 % in Dasso, 51 6 11 % in
Namougo and 45 6 16 % in Gouka. Thus, the total sugar
content in nectar was higher in Gouka (0.5 mg/flower)
and lower in Dasso (<0.4 mg/flower; F3,192¼4.78,
P¼0.0031, Fig. 5B). Regardless of site, the volume of
nectar produced was higher in the morning than in the
afternoon (F1,192¼179.46, P<0.0001, Fig. 5A), but the
morning nectar had lower concentrations of sugars

......................................................................................................................................................................................................................

Table 2. Morphological characteristics of inflorescences, flowers, and fruits of vitex doniana in the four studied sites (n¼200, means 6 SD).

Parameter Godomey Dasso Namougo Gouka ANOVA/Kruskal- Wallis

Floral characteristics

Flowers per tree 52938 6 9786a 16322 6 6738b 35635 6 8396ab 43019 6 4174ab F¼5.23, P¼ 0.0104

Sepal length (mm) 4.01 6 0.32b 3.98 6 0.40b 4.19 6 0.38a 4.10 6 0.33ab F¼3.31, P¼ 0.02

Sepal width (mm) 2.86 6 0.34a 2.64 6 0.24b 2.67 6 0.25b 2.58 6 0.15b F¼11.39, P < 0.0001

Lateral fused petal width (mm) 3.35 6 0.23a 3.65 6 0.51a 4.10 6 0.51a 3.58 6 0.50a F¼1.7, P¼ 0.19

Lower lip length (mm) 4.21 6 0.48a 4.15 6 0.47a 4.88 6 0.53a 4.52 6 0.84a F¼1.8, P¼ 0.18

Lower lip width (mm) 7.52 6 0.71a 7.14 6 0.20a 7.02 6 0.26a 6.90 6 0.48a F¼1.63, P¼ 0.2

Corolla tube length (mm) 7.34 6 0.40a 7.29 6 0.55a 6.73 6 0.90b 6.65 6 0.75b F¼14.36, P < 0.0001

Ovary diameter (mm) 1.64 6 0.20a 1.56 6 0.24b 1.47 6 0.17c 1.53 6 0.16bc F¼6.14, P¼ 0.0005

Stamen length (mm) 6.59 6 0.50a 6.66 6 0.54a 5.86 6 0.54c 6.25 6 0.66b F¼20.69, P < 0.0001

Style length (mm) 7.49 6 0.59ab 7.72 6 0.70a 7.41 6 0.64b 7.66 6 0.41a F¼2.97, P¼ 0.03

Anther-stigma distance (mm) 0.65 6 0.15a 0.69 6 0.12a 0.67 6 0.17a 0.66 6 0.11a F¼0.84, P¼ 0.47

Pollen grains/anther 3903 6 385a 3502 6 391a 3952 6 389a 3978 6 364a F¼0.64, P¼ 0.42

Fruit characteristics

Fruit width (mm) 3.03 6 0.37a 2.09 6 0.25b 1.87 6 0.24c 1.85 6 0.23c F¼382.94, P < 0.0001

Fruit weight (g) 16.33 6 4.49a 6.01 6 1.73b 4.92 6 1.57c 4.78 6 1.40c F¼448.92, P < 0.0001

Means followed by different letters within a line are significantly different at P¼0.05.
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(29 6 8 % vs. 58 6 4 %; F1,192¼2875.74, P<0.0001).
Nectar contained sucrose (39–58 %), glucose (23–35 %)
and fructose (19–25 %).

Visitor diversity, efficiency and fidelity

Abundance and diversity of visitors: During a total of 68 h
of observation, we recorded 7311 insect visitors, belonging
to 27 species (Table 3). We also recorded 207 bird visitors
belonging to the Nectariniideae family (one species, the
Splendid sunbird, Cinnyris coccinigastrus, Table 3). The
numbers of visitors (over 17 h of observation at each site)
was significantly lower in Dasso (total¼900) compared
with the other sites (Fig. 6 and Table 3). The diversity of vis-
itor fauna differed among sites (X2¼374.801, df¼15,
P¼0) and included several orders and families:
Hymenoptera (78–89 %), Lepidoptera (2–6 %),
Heteroptera (1–3 %), Coleoptera (0–4 %), Diptera (2–8 %)
and Passeriformes (1–7 %, Fig. 6). Hymenoptera were
mainly represented by the families Apidae and
Megachilidae (Table 3). Within Apidae, the native honey-
bees (Apis mellifera adansonii) were the main visitors,

representing 26–40 % of the observed visitors over all sites,
with a higher abundance in Godomey. Xylocopa olivacea
individuals were also abundant (24–32 %), especially in
Gouka. Individuals from Megachile cincta (44–68 %) and
Megachile rufipes (19–35 %) were the main visitors from
the Megachilidae family. Within the Syrphidae family,
Eumerus vestitus (40–64 %) and Allobaccha sp. (29–36 %)
were particularly abundant. The Dasso site was character-
ized by the highest abundance of the sunbird, Cinnyris coc-
cinigastrus (X2¼52.652, df¼3, P¼0, Table 3).

Fidelity and pollen loads: The proportion of V. doniana
pollen in corbicular loads differed significantly among visi-
tor species (F3,33¼10.40, P<0.0001) and among sites
(F3,33¼3.04, P¼0.0426), with a marginally significant in-
teraction among sites and species (F3,33¼2.20,
P¼0.0270). The pollen loads from Dactylurina staudingeri
contained little pollen from V. doniana (25 %, Fig. 7A). By
contrast, 17 % of Apis mellifera, 40 % of Megachile torrida
and 60 % of Ceratina (Simioceratina) individuals carried
monospecific pollen loads of V. doniana (Fig. 7A).

Pollen carrying capacity: Insect visitors carried 42–87
% V. doniana pollen grains, depending on the insect

Figure 4. Stigma receptivity, pollen viability and sugar amount in the nectar of Vitex doniana flowers for all sites pooled according to flower
age. Stigma receptivity (full line) is given as the percentage of pollinated flowers that set fruit; pollen viability (dotted line); sugar amount in
nectar per flower (dashed line).

Figure 5. Nectar production of Vitex doniana flowers on the four studied sites, according to time of day. (A) Volume of nectar produced per
flower per day; (B) total sugar content in nectar per flower per day. Different letters indicate significant difference at P<0.05 according to
Tukey’s HSD post-hoc analysis.
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species (F14,206¼5.11; P<0.0001) but not on the site
(F3,206¼1.62, P¼0.1849). Vitex doniana pollen grains
constituted the majority of the carried pollen grains on
63 % of insects caught (Fig. 7B). The pollen grain num-
bers found on the insects differed significantly among
body parts (F2,618¼28.48, P<0.0001), among insect spe-
cies (F14,618¼87.91, P<0.0001), and among sites, with
the insects caught in the Guineo-Sudanian sites carrying
more pollen than those caught in the Guineo-Congolian
sites (F3,618¼20.49, P<0.0001, Fig. 7C).

The large bees like Xylocopa spp. and the medium-
sized bees Megachile spp., Apis mellifera and Amegilla

albocaudata used the lower petal as a ‘landing platform’
and during foraging, their heads contacted the anthers
and stigma. They, therefore, received more pollen grains
on their heads (39–65 % of total pollen load) than
on their abdomens and legs (Fig. 7C). Small bees
like Braunsapis ghanae or Ceratina spp., which directly
plunged into the corolla tube, received more pollen grains
(36–60 % of total pollen load) on their abdomens.

Pollination trials

Pollen germination and pollen tube growth: Pollen germi-
nation was observed 30 and 60 min after pollination and

......................................................................................................................................................................................................................

Table 3. Insect and bird visitors on Vitex doniana in the four studied sites. Most abundant visitors for the different sites are indicated in grey.

Family Species Total number

recorded

Godomey Dasso Namougo Gouka

Hymenoptera Apidae Xylocopa olivacea Fabricius 955 263 119 282 291

Xylocopa nigrita Fabricius 127 22 11 43 51

Apis mellifera adansonii Latreille 1189 407 110 383 289

Ceratina (Pithitis) viridis Guérin Méneville 544 173 30 160 181

Ceratina (Simioceratina) sp. Latreille 151 29 12 48 62

Dactylurina staudingeri Gribodo 359 111 34 101 113

Braunsapis ghanae Michener 368 85 71 92 120

Amegilla albocaudata Dours 148 34 18 41 55

Megachilidae Megachile cincta Fabricius 916 223 87 236 370

Megachile rufipes Fabricius 529 132 94 166 137

Megachile torrida Smith 452 131 64 116 141

Euaspis abdominalis Fabricius 153 37 16 47 53

Chalicodoma maxillosa Guérin Méneville 98 27 8 16 47

Anthidium sp. Fabricus 85 45 0 27 13

Halictidae Lipotriches sp Gerstaecker 125 67 5 34 19

Heteroptera Lygaeidae Graptostethus servus Fabricius 131 33 3 41 54

Lepidoptera Arctiidae Euchromia lethe Fabricius 53 9 13 13 18

Lycaenidae Axiocerses harpax Fabricius 68 30 4 15 19

Hesperiidae Borbo perobscura Druce 104 34 24 15 31

Sphingidae Cephonodes hylas virescens Wallengren 55 12 3 19 21

Coleoptera Tenebrionidae Alogista serricorne Kolbe 93 28 15 50 0

Chrysomelidae Podagrixena decolorata Duvivier 35 5 8 22 0

Diptera Tephritidae Dacus ciliatus Loew 136 74 21 16 25

Syrphidae Allobaccha sp Curran 51 12 8 11 20

Eumerus sp Fabricus 34 13 5 0 16

Eumerus vestitus Bezzi 76 33 8 14 21

Bombyliidae Eurycarenus sp Loew 69 0 16 22 31

Passeriformes Nectariniidae Cinnyris coccinigastrus Latham 207 54 93 24 36
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pollen tubes reached the extremity of the style after 4–
8 h (Fig. 8). Signs of fertilization in the ovary were ob-
served 1–2 days after pollination. No differences were
observed between self- and cross-pollinated styles for
the number of pollen tubes reaching the ovary
(X2¼0.349, df¼2, P¼0.8397).

Fruit and seed production: Since no differences were de-
tected in fruit set (F3,308¼2.33, P¼0.0744), seed set
(F3,308¼0.08, P¼0.9728) or fruit weight (F3,308¼1.85,
P¼0.1388) among sites, we pooled the results. No fruits
were produced after spontaneous self-pollination
(SFI¼0) at any site, indicating that pollen vectors are

A B C D

Figure 6. Visitor proportions on Vitex doniana recorded per site, on the four studied sites in (A) Godomey, (B) Dasso, (C) Namougo and (D)
Gouka (n¼ total number of different visitors in 17 h of observation per site).

Figure 7. Insect visitor efficiency and fidelity on Vitex doniana recorded on the four studied sites. (A) Heatmap of the percentage of V. doni-
ana pollen observed in the insect pollen loads according to insect species; (B) heatmap of the percentage of V. doniana pollen observed on
the insect body according to insect species; (C) heatmap of the number of pollen grains on the different insect body parts according to insect
species. ND, no data.
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essential for pollination. Open-pollination treatment pro-
duced significantly more fruits (37 %, F2,308¼39.54,
P<0.0001, Fig. 9A) than hand-pollination, but fruit weight
was lower after cross-pollination compared with open-
and self-pollination (F2, 308¼4.63, P¼0.0104, Fig. 9B).

Seed set was significantly higher after open- and self-
pollination than after cross-pollination (F2, 308¼3.45,
P¼0.0329, Fig. 9C). The weight of 100 seeds was lower af-
ter crossing compared with self- and open- pollination
(F2,36¼4.65, P¼0.0158, Fig. 9D). Self-compatibility indices
were high (SCIf¼0.80 6 1.26, SCIs¼1.22 6 0.84).
Germination of the resulting seeds did not differ between
treatments (F2, 36¼0.82, P¼0.4482) and reached approxi-
mately 50–62 % (Fig. 9E). No inbreeding depression was
detected during the first developmental stages for seed set
(�0.2 6 0.16) or germination rate (�0.04 6 0.1); indeed,
selfed progeny performed better than outcrossed ones.
Cumulative inbreeding depression reached d¼�0.04.

Seed viability and germination: Under controlled condi-
tions, no germination occurred with pre-treated fruits
but seeds that were extracted from the seed coat germi-
nated within 2 days, regardless of pre-treatment (soak-
ing or not) or temperature conditions (30/25 �C, 35/30 �C;
Fig. 10A). After 21 days, germination rate reached 70 %
and did not differ by pre-treatment (F1,16¼0.03,
P¼0.8715, Fig. 10B) or temperature conditions
(F1,16¼0.00, P¼0.10, Fig. 10B). Germination tests in situ
resulted in a 36–52 % germination rate and did not differ
among sites (F1,377¼2.05, P¼0.1142, Fig. 10C).

Discussion

What is the floral phenology and morphology of
Vitex doniana?

Vitex doniana flowering occurred once a year in the dry
season (December–April) as generally found in other
woody species from Sudanian and Sahelian zones (for
example Parkia biglobosa, Ziziphus mauritiana and Vitex

fischeri) while fruit maturation takes place during the
rainy season which might favor seed dispersion, seed
germination and sapling development (Ahenda 1999).
Flowering patterns showed a shift according to sites and
latitude (in December in the Guineo-Congolian sites, two
weeks later in Guineo-Sudanian sites). These patterns re-
sulted from the wetter conditions in Guineo-Congolian
zone than in the Guineo-Sudanian one. This is congruent
with the general assumption that the main determinants
of phenology of tropical trees are temperature, insola-
tion, rainfall and relative humidity (Ewédjè et al. 2015).

Flowering asynchrony was high at all levels, among
sites, among trees and within trees. This low flowering
overlap increases the attraction of pollinators, as floral
rewards are offered during an extended period, and facil-
itates pollen exchange among flowers within a tree and
among trees within a site. Thus with the observed effi-
cient pollination rate, a low level of genetic differentia-
tion could be expected within populations of this tree
species (Ewédjèet al. 2015).

Several morphological traits of V. doniana flowers pre-
dispose them to selfing, including hermaphroditism, and
a short anther–stigma distance (0.65–0.69 mm).
Moreover, pollen viability is high on the day of anthesis
and coincides with the stigma receptivity; this homog-
amy trait was also found on Vitex negundo, V. fischeri
and V. kenyensis (Reddy and Reddi 1994; Ahenda 1999).
Nevertheless, the divergent positions of the lobes of the
stigma and the anthers could preclude spontaneous self-
ing. Such a floral morphology, combined with flowering
asynchrony could suggest a mixed mating system, com-
bining both geitonogamy and outcrossing.

Is Vitex doniana efficiently pollinated by visitors?

The flower morphology and the production of floral re-
wards indicate that V. doniana could be attractive to visi-
tors. The zygomorphic and tubular flowers present the
typical gullet blossom of the genus Vitex, with a large

Figure 8. Cumulative percentage of germinated pollen on stigma (in black) and of pollen tubes reaching the end of the style (in grey) after
hand cross-pollination (solid lines) or hand self-pollination (dashed lines) in Vitex doniana, according to time after pollination.
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inferior petal where insects can land. The morphology
also suggests that most pollen-bearing insects likely con-
tact the stigmas during a visit and could thus efficiently
contribute to pollination.

Most flowers of V. doniana opened as soon as an in-
sect or bird visitor touched any petal. This stage of flower
(fl3) coincides with the peak of nectar production (0.75–
0.89 mL), which might be an important reward. As with
many Lamiaceae species, nectar is offered at the base of
the corolla tube (Faegri and van der Pijl 1979; Jorge et al.
2015). The sugar concentration of nectar (39–51 % sug-
ars), negatively correlated with the volume, remained
high in all sites and during the entire flower life span.

Figure 9. Fruit and seed parameters derived from pollination trials.
(A) Fruit set, (B) fruit weight, (C) seed number per fruit, (D) weight
of 100 seeds and (E) seed germination rate after open pollination
(open), hand self-pollination (selfing) and hand cross-pollination
(crossing) in Vitex doniana. Data are shown as means 6 SD.
Pollination trials followed by different letters are significantly dif-
ferent at P<0.05 according to Tukey’s HSD post-hoc analysis.

Figure 10. Vitex doniana seed germination. (A) Cumulative germi-
nation rate as a function of time; (B) final germination rate of seeds
subjected to different temperatures (30/25 �C, 35/30 �C) and soak-
ing treatments (NS: not soaking seeds, S: soaking seeds); (C) final
germination rate of seeds sown in the four studied sites in Benin.
Data are shown as means 6 SD. Sites or treatments followed by
different letters are significantly different at P<0.05 according to
Tukey’s HSD post-hoc analysis.
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Such a high sugar concentration mainly attracts nectar-
feeding insects. Birds usually prefer more dilute but more
abundant nectar (Kulloti et al. 2011). In addition to nec-
tar, V. doniana produced copious pollen (15 000–16 000
pollen grains per flower), which is attractive for pollen-
collecting insects. Vitex doniana flowers, therefore, ap-
pear extremely attractive to insect visitors. Indeed, the
species is considered a valuable melliferous plant and
honey resource, and trees are sometimes chosen for
hanging bark beehives (Djonwangwe et al. 2011;
Yédomonhan et al. 2012; Dukku 2013).

We found that V. doniana flowers were extensively vis-
ited by insects and birds from early in the morning to
late afternoon. Vitex doniana was visited by 27 insect
species belonging to 13 families from five orders, and by
one species of sunbird from the family Nectariniidae.
It thus has a generalist pollination system. Other
Lamiaceae species (Salvia spp., Leonurus spp., etc.) are
also pollinated by both birds and insects (Proctor et al.
1996; Wester and Claben-Bockhoff 2006; Kulloti et al.
2011). However, birds remained marginal visitors for
Vitex doniana since they accounted only for 3 % of the
observed visitors.

The Hymenoptera were the most abundant visitors at
the four sites. Apideae species (45–56 % of visitors),
mainly represented by Apis mellifera and Xylocopa spp.,
were the main visitors. Similar insect guilds were
observed on Vitex negundo (Reddy and Reddi 1994),
V. fischeri and V. kenyensis (Ahenda 1999). Pollen load
analyses showed that most bee individuals recorded
were foraging on V. doniana even if other plant pollen
grains were found in their corbicular loads. Fidelity to
V. doniana pollen differed significantly among species
and among sites. Individuals of the species Apis melli-
fera, Ceratina sp., Megachile cincta and Megachile torrida
collected V. doniana pollen in higher proportion than did
other species. Pollen grains carried by the most abun-
dant V. doniana visitors were predominantly those of this
plant species whatever the site. The high proportions of
V. doniana pollen grains on insect bodies indicated that
these four species might be more efficient pollinators.
Hymenoptera are prevalent pollen-bearing insect visi-
tors, which typically carry large quantities of pollen on
their bodies (and in their pollen loads).

What is the breeding system of Vitex doniana?

Most fruits contained only one seed for four ovules. As
with many Lamiaceae species, including others from the
genus Vitex, three out of the four ovules usually abort in
response to post-zygotic competition within the develop-
ing fruit (Ahenda 1999; Eyog-Matig et al. 2002; Ky 2008).

In controlled hand-pollinations, V. doniana produced
similar or even higher numbers of fruit and seed after
self- than after cross-pollinations, indicating that the
species is self-compatible, as observed in other species
of the genus such as Vitex negundo (Reddy and Reddi
1994). Being a self-compatible plant with many flowers
simultaneously open, the species might experience self-
ing both by autogamy and by geitonogamy, mediated by
pollinators. However, seed set and seed viability did not
differ among self- and cross-pollinations, indicating that
the species does not suffer from inbreeding depression.

Despite the observed self-compatibility, V. doniana did
not produce any fruits and seeds after spontaneous self-
ing (SFI¼0). The species, therefore, requires pollen vec-
tors for its pollination.

What are the best germination conditions for
Vitex doniana?

This species has a hard seed coat, which causes very low
germination rates (Ahoton et al. 2011). Indeed no germi-
nation was observed without extracting seeds from the
fruits. Moreover, germination generally occurs over a
long period (Ahoton et al. 2011; N’Danikou et al. 2014).
The hard seed coat prevents the entry of water and oxy-
gen, which could break seed dormancy (Mapongmetsem
2006; Ahoton et al. 2011). Germination is most success-
ful with fresh seeds. Many seed treatments have been
suggested to break dormancy and improve germination,
without any conclusive recommendations. In the litera-
ture, a higher germination rate (50–58 %) was obtained
with the dormancy-breaking treatment of alternation of
8 h sun-drying and 1 h soaking in tap water for 3 days
(N’Danikou et al. 2014), or with physical shock (Ahoton
et al. 2011). Our results in the field (50 % germination)
were similar and also probably due to the alternation
to drying and soaking, with suitable water uptake by
water-impermeable layers due to palisade dislocation.
Furthermore, alternately drying and soaking seeds would
have induced a temperature fluctuation within the seed
coat that is reported to promote germination. The germi-
nation rates obtained under controlled conditions in our
study were significantly higher (70 %) and faster (<21
days) than all previous studies. Time to the first germina-
tion (2 days) was shorter than that obtained by Ahoton
et al. (2011, 11 days) or N’Danikou et al. (2014, 18 days).
Germination rates were also higher than those obtained
for scarified seeds of other related Vitex species, as a pre-
vious study found 25–50 % germination for V. keniensis
and V. fischeri (Ahenda 1999) or 6 % for V. madiensis
(Mapongmetsem 2006). Our high germination rates
most probably resulted from the prior destruction of the
almost impermeable and hard seed coat, which delays
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cubation conditions of 30/25 �C and 35/30 �C, probably
due to the relatively high water content of seeds freshly
extracted from fruits. These incubation temperatures
corresponded to the soil temperatures that the dispersed
seeds might experience in their natural environment
(N’Danikou et al. 2014; Ewédjè et al. 2015).

Implications for conservation strategies

While not measured directly during this study, the repro-
ductive traits of the species are most likely to be im-
pacted by extensive leaf harvesting, which delays or
prevents flowering of trees, which reduce fruit and seed
availability. Even if the flowering pattern of this species is
influenced by climatic variables, as found for many other
plant species, the regularly delayed or cancelled flower-
ing of trees from the site Dasso suggests that leaf collec-
tion puts significant biological stress on the reproductive
performance of V. doniana (Oumorou et al. 2010). Leaf
harvesting induces low flower production and extends
the flowering shift among trees. To make matters worse,
when collecting new leaves, harvesters cut the entire
twigs with floral buds. Moreover, to facilitate leaf collec-
tion, branches and even trees are cut down (N’Danikou
et al. 2015).

Nevertheless, fruit and seed sets in exploited sites,
such as Dasso, remained similar to those in protected
sites (Namougo and Gouka), showing that pollination re-
mained sufficient to ensure suitable reproductive suc-
cess. The major threat seems thus not a decrease of
reproductive success at the flower level but the decrease
of flower production. A decrease in flower production in-
duced a lower number of fruits. Moreover, as fruits are
harvested, there are no seeds left for natural recruit-
ment. Further studies on V. doniana population biology
would help to evaluate the real impact of overexploita-
tion on local population survival. Moreover, studies are
ongoing to investigate conservation strategies in Benin.

The low level of natural seed germination and poor
recruitment (Ahoton et al. 2011, N’Danikou et al. 2015)
can be compensated by the high germination rates
obtainable by destruction of the hard seed coat. Apart
from vegetative propagation (Oumorou et al. 2010;
Mapongmetsem et al. 2012; Sanoussi et al. 2012;
Achigan-Dako et al. 2014), the enrichment of residual
populations of V. doniana could be fostered using im-
bibed seeds extracted from fruits. Survival rates in experi-
mental plantations are generally good, reaching 80–90 %
after 3 years (N’Danikou et al. 2015). As multiplication by
seeds is a tractable conservation method, a strategic ac-
tion might be to organize both ex situ and in situ

conservation approaches, studying the possibilities for
cultivation and domestication in orchards or in managed
agroforestry systems (Oumorou et al. 2010; Vodouhè
et al. 2011; N’Danikou et al. 2015). Producing V. doniana
in horticultural or in peri-urban settings would enlarge
the resource base and keep pressure off natural stands.
Based on the current demand for V. doniana products
and the intensity of the harvest, cultivation would be the
best option to sustain the species (N’Danikou et al. 2015).
Authorities could encourage local people to plant, protect
and promote natural regeneration in their fields or in their
home gardens (Oumorou et al. 2010). The protection, cul-
tivation or domestication of this species and its integra-
tion into diverse agroforestry systems are important
components of a strategy for the improvement of land
use in Africa (Vodouhè et al. 2011).

Conclusion

Vitex doniana is a hermaphroditic, homogamous and
self-compatible species, presenting a predominant self-
ing through geitonogamy. Moreover, V. doniana trees are
abundantly visited by a wide array of insect and bird spe-
cies. These reproductive traits assure sexual reproduc-
tion even for isolated and distant trees in small, remnant
populations. These pollination and breeding characteris-
tics offer the required conditions to develop successful
conservation strategies. This study proved that reproduc-
tive biology is primordial before any conservation strat-
egy planning for poorly studied species.
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FAO. 2011. Situation des forêts du monde 2011. Roma: FAO.

Ganapaty S, Vidyadhar KN. 2005. Phytoconstituents and biological ac-
tivities of Vitex. A review. Journal of Natural Remedies 5:75–95.

Hamzah RU, Egwim EC, Kabiru AY, Muazu MB. 2013. Phytochemical
and in vitro antioxidant properties of the methanolic extract of
fruits of Blighia sapida, Vitellaria paradoxa and Vitex doniana.
Oxidants and Antioxidants in Medical Science 2:217–223.

Iwueke AV, Nwodo OFC, Okoli CO. 2006. Evaluation of the anti-
inflammatory and analgesic activities of Vitex doniana leaves.
African Journal of Biotechnology 5:1929–1935.

Jorge A, Loureiro J, Castro S. 2015. Flower biology and breeding sys-
tem of Salvia sclareoides Brot. (Lamiaceae). Plant Systematics
and Evolution 301:1485–1497.

Kalinganire A, Harwood CE, Slee MU, Simons AJ. 2000. Floral struc-
ture, stigma receptivity and pollen viability in relation to protan-
dry and self-incompatibility in silky oak (Grevillea robusta A.
Cunn.). Annals of Botany 86:133–148.

Kapooria RG, Aime MC. 2005. First report of the rust fungus Olivea
scitula on Vitex doniana in Zambia. Plant Disease 89:431–431.

Kearns CA, Inouye DW. 1993. Techniques for pollination biologists.
Niwot: University Press of Colorado.

Kilani AM. 2006. Antibacterial assessment of whole stem bark of
Vitex doniana against some Enterobacteriaceae. African Journal
of Biotechnology 5:958–959.

Kouonon L, Jacquemart AL, Zoro Bi A, Bertin P, Baudoin JP, Djé Y.
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F, Gebauer J, Vodouhè RS, Ahanchédé A. 2014. Enhancing ger-
mination and seedling growth in Vitex doniana Sweet for horti-
cultural prospects and conservation of genetic resources. Fruits
69:279–291.

N’Danikou S, Achigan-Dako EG, Tchokponhoué DA, Agossou CO,
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Greenhouse, 1-3, 6-7, 99, 109-110, 120, 137-139

Growth Stimulation, 20-21

H
Herbivory, 1-3, 8, 41-42, 48, 53-54, 99, 103, 105-107, 195

Hydraulic Conductivity, 10, 115

I
Inflorescence Height, 45

J
Jasmonic Acid, 1-2, 8

L
Light Exposure, 41

M
Macronutrients, 21

Merlot Plants, 15

Methylxanthines, 1-3

Micronutrients, 37

Montane, 58, 70-72, 171

N
Nicotiana Benthamiana, 33

Nicotiana Tabacum, 22

Nutrient-poor, 127, 129

O
Orchid Conservation, 45, 47, 54-55

P
Pest Pressures, 1-2, 6-7

Photosynthesis, 6, 10-11, 14-19, 21, 30, 33-34, 44, 51, 72, 
74, 83-85, 98, 103, 117, 170, 172

Picea Abies, 10, 117, 156

Plant Reproduction, 45

Plant-animal Interactions, 55

Plant-insect Interactions, 45

Pollen Limitation, 45-49, 51-52, 54-55, 135

Pollination, 43, 45-56, 126-127, 129-133, 135, 197-198, 
201-203, 206-213

Pollination Ecology, 45, 54-56, 212-213

Pollination Limitation, 45
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Population Structure, 213

Precipitation, 1-4, 7-8, 51, 58, 60, 68, 71-72, 109, 115, 122, 
160, 173, 179, 189

Q
Quartz Sand, 21, 31

R
Reproductive Trade-offs, 45

Rice, 34, 103, 107, 118

Root Length, 139, 142

S
Salt Tolerance, 43, 109, 115, 118

Seed Predation, 45-47, 52-54

Self-pollination, 45, 48, 52, 127, 130, 133, 135, 197, 202-
203, 207-209

Sorghastrum Nutans, 47

Species Diversity, 43, 68, 125, 171, 174-175, 184

Steam Pasteurization, 37

Superoxide Dismutase, 73-75, 78, 155-156

Supplemental Pollination, 45-46

Synchronous, 46, 54, 203

Synchronous Flowering, 46, 54

T
Tea, 1-9, 72

Tmc, 4-6

Total Phenolic Concentrations, 1

Tpc, 5-7

Transcriptional Regulation, 84

V
Vacuole, 82

W
Water Availability, 1-7, 115, 183

Water Stress, 10, 109, 153

Wollemia Nobilis, 36-37, 40-44
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