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Preface

The world is advancing at a fast pace like never before. Therefore, the need is to keep up with the latest
developments. This book was an idea that came to fruition when the specialists in the area realized the need
to coordinate together and document essential themes in the subject. That’s when I was requested to be the
editor. Editing this book has been an honour as it brings together diverse authors researching on different
streams of the field. The book collates essential materials contributed by veterans in the area which can be
utilized by students and researchers alike.

Plant ecology is a branch of ecology, which is concerned with the study of the abundance and distribution
of plants, the effect of environmental factors and the interactions between plants and other organisms.
The plant kingdom ranges in complexity from the single-celled algae to large canopy forming trees. Plant
communities are distributed into biomes depending on the dominant plant species present. Some of the
important vegetation types are tundra, terrestrial wetlands, temperate grasslands, tropical forests, tropical
savannas, etc. The predominant biological interactions occurring in plant communities are competition for
resources, mutualism and herbivory. Depending on the level of organization, plant ecology can be divided
into plant ecophysiology, community ecology, ecosystem ecology and biosphere ecology, among others. This
book studies, analyzes and upholds the pillars of plant ecology and its utmost significance in modern times.
It includes some of the vital pieces of work being conducted across the world, on the ecology and diversity
of plants. The extensive content herein provides the readers with a thorough understanding of the subject.

Each chapter is a sole-standing publication that reflects each author’s interpretation. Thus, the book displays a
multi-facetted picture of our current understanding of application, resources and aspects of the field. I would
like to thank the contributors of this book and my family for their endless support.

Editor
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Belowground advantages in construction
cost facilitate a cryptic plant invasion

Joshua S. Caplan®2, Christine N. Wheaton? and Thomas J. Mozdzer®2*

! Department of Biology, Bryn Mawr College, Bryn Mawr, PA, USA
2 Smithsonian Environmental Research Center, Edgewater, MD, USA

Associate Editor: Dennis F. Whigham

Abstract. The energetic cost of plant organ construction is a functional trait that is useful for understanding carbon
investment during growth (e.g. the resource acquisition vs. tissue longevity tradeoff), as well as in response to global
change factors like elevated CO, and N. Despite the enormous importance of roots and rhizomes in acquiring soil re-
sources and responding to global change, construction costs have been studied almost exclusively in leaves. We
sought to determine how construction costs of aboveground and belowground organs differed between native and
introduced lineages of a geographically widely dispersed wetland plant species (Phragmites australis) under varying
levels of CO, and N. We grew plants under ambient and elevated atmospheric CO,, as well as under two levels of soil
nitrogen. We determined construction costs for leaves, stems, rhizomes and roots, as well as for whole plants. Across
all treatment conditions, the introduced lineage of Phragmites had a 4.3 % lower mean rhizome construction cost than
the native. Whole-plant construction costs were also smaller for the introduced lineage, with the largest difference in
sample means (3.3 %) occurring under ambient conditions. In having lower rhizome and plant-scale construction
costs, the introduced lineage can recoup its investment in tissue construction more quickly, enabling it to generate
additional biomass with the same energetic investment. Our results suggest that introduced Phragmites has had
an advantageous tissue investment strategy under historic CO, and N levels, which has facilitated key rhizome pro-
cesses, such as clonal spread. We recommend that construction costs for multiple organ types be included in future
studies of plant carbon economy, especially those investigating global change.

Keywords: Carbon dioxide; common reed; construction cost; eutrophication; intraspecific; invasion ecology;
Phragmites; plant functional traits; rhizomes; wetlands.

Introduction

The energetic requirement of plant tissue biosynthesis, or yielded insights into the strategies used by plants for car-
construction cost (CC), has proven to be a valuable func- bon acquisition (investment in leaf longevity, payback
tional trait in investigations of the carbon economy of time for the investment, light harvesting areaq, etc.) and
plants. Research on leaf CC and associated traits has has thereby helped to explain patterns in growth at the

* Corresponding author’s e-mail address: tmozdzer@brynmawr.edu
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individual and population levels (Wright et al. 2004;
Poorter and Bongers 2006). For instance, a number of
studies on invasive species have found lower leaf CCs,
higher specific leaf areas (SLAs) and more rapid growth
rates relative to co-occurring non-invasive species across
life forms (Baruch and Goldstein 1999; Nagel and Griffin
2001; Deng et al. 2004; Feng et al. 2008; Osunkoya et al.
2010; Shen et al. 2011). Research on leaf CC has also iden-
tified ways in which plants will adjust leaf structure and
function as changes in global climate intensify. In prior
studies, most species decreased leaf CCs in response to
elevated CO, (Poorter et al. 1997; Lei et al. 2012), while
leaf CC rose in response to higher nitrogen availability
(Griffin et al. 1993).

Although functional trait studies that have included
CC have almost exclusively used it to gain insight into
the carbon economy of leaves, CC is not a trait specific
to leaves. The few studies that have addressed CCs of
roots, rhizomes or other organs have shown that high in-
vestment in one organ does not necessarily correspond
to high investment in another (Wullschleger et al. 1997,
Nagel et al. 2005; Osunkoya et al. 2008). Given that
changes in biomass allocation and tissue composition
have been observed in many species following CO, and
nitrogen manipulation (Poorter et al. 1997, 2012; Curtis
and Wang 1998; Booker et al. 2000; Booker and Maier
2001; Kraus et al. 2004), changes in the CCs of organs
other than leaves are probably common as well. Re-
search explicitly investigating the CC of belowground
organs in response to additions of CO, and inorganic
nitrogen would be especially useful in understanding
how global change will affect the trajectory of plant
populations as resource regimes shift.

Phragmites australis, or common reed (hereafter Phrag-
mites), is well suited for an investigation of how plants
may adjust tissue construction in response to global
change. Phragmites has a cosmopolitan distribution,
with dozens of genetic lineages in the species (Saltonstall
2002; Lambertini et al. 2012). It is therefore possible to
tightly constrain phylogeny while comparing CCs be-
tween lineages that co-occur in natural ecosystems.
The most well-studied case is that of two lineages
that occur in tidal wetlands along the Atlantic coast of
North America. One lineage was introduced from Eurasia
to North America in the mid-1800s (haplotype M;
P. australis subsp. australis; hereafter ‘introduced Phrag-
mites’) (Saltonstall 2002). It has invaded wetlands across
the Atlantic coast of North America, dramatically chan-
ging both ecosystem structure and function (Marks
et al. 1994; Chambers et al. 1999; Kettenring et al.
2012). The other lineage present is a haplotype native
to the region (haplotype F; P. australis subsp. americanus;
hereafter ‘native Phragmites’) (Saltonstall 2002).

The Ecology of Plants

Strong differences in physiology, growth (aboveground
and belowground) and abundance have been observed
between native and introduced Phragmites (Saltonstall
2007; Saltonstall and Stevenson 2007; Park and Blossey
2008; Mozdzer and Zieman 2010; Mozdzer et al. 2010,
2013). Further, differences in growth rate between the
lineages are known to become exacerbated in response
to eutrophication and elevated atmospheric CO, (Salton-
stall and Stevenson 2007; Holdredge et al. 2010; Mozdzer
and Megonigal 2012; Tulbure et al. 2012; Mozdzer et al.
2013). Eutrophication is probably one of the primary dri-
vers of the introduced lineage spreading rapidly in many
wetland ecosystems. For instance, its abundance is cor-
related with shoreline development (King et al. 2007), a
process that combines elevated nutrient availability,
habitat modification and diminished salinity (Silliman
and Bertness 2004). Introduced Phragmites is able to
achieve particularly high rates of seedling establishment
and growth in such environments, and also experiences
higher rates of outcrossing (rather than self-pollination;
McCormick et al. 2010). Because outcrossing is associated
with greater seedling production, the availability of eutro-
phied environments is hypothesized to accelerate inva-
sion dramatically (McCormick et al. 2010; Hazelton et al.
2014). In the context of rising atmospheric CO, and inten-
sifying anthropogenic disturbance in wetland systems,
information on how introduced Phragmites invests in
tissue construction, and how it adjusts this investment
in response to the environment, could be highly relevant
in understanding the ecological processes driving the inva-
sion, as well as in formulating strategies to manage it.

We sought to determine how CCs of plant organs in
introduced and native Phragmites lineages would vary
in response to alterations to CO,, nitrogen (N) and the
combination of these factors. We measured leaf, stem, rhi-
zome and root CCs in greenhouse-grown plants, and com-
pared organ-specific and whole-plant CCs with other
functional traits related to growth and morphology. In
keeping with prior observations of leaves in invasive spe-
cies, we hypothesized that CCs of all organ types, as well
as whole plants, would be lower for introduced vs. native
Phragmites. Further, we hypothesized that the difference
in CCs between lineages would increase when plants
grew under levels of CO, or inorganic N expected in the
coming century (Hopkinson and Giblin 2008; Meinshausen
et al. 2011), with the greatest difference being in plants
that experienced higher CO, and N simultaneously.

Methods

Phragmites australis plant material was originally col-
lected from marshes on the Delmarva Peninsula, USA
(38.5°N, 75.5°W); populations of native and introduced
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Phragmites were sampled from stands that were located
within 50 km of one another. Samples were genetically
confirmed to belong to haplotypes F and M, which corres-
pond to North American Atlantic coast native and Eur-
asian introduced lineages, respectively. Clones from this
material were subsequently grown in a common garden
at the University of Rhode Island, where they experienced
identical abiotic conditions for 3 years (2006-09). We
therefore attribute any differences in functional trait ex-
pressions between lineages from this experiment strictly
to the genetic source. Plants for the experiment described
herein were propagated from rhizome fragments at the
Smithsonian Environmental Research Center in Edge-
water, MD, USA in 2009, where the experiment also
took place. Rhizome fragments contained 3-5 intact in-
ternodes, which was equivalent to 1.29 + 0.07 and
1.10 4+ 0.70 g (mean =+ SE) dry mass for native and intro-
duced lineages, respectively. Rhizomes were planted indi-
vidually in plastic pots (15L; 24 x 24 x 33 cm) that
contained reed-sedge peat (Baccto, Houston, TX, USA)
on 11-12 June 2009.

The experiment had a three-way factorial design,
which included two levels of atmospheric CO,, two levels
of soil N and the two Phragmites lineages. Plants from
each lineage were randomly distributed among six trans-
parent chambers, in which CO, was either not added or
elevated to ~330 ppm above ambient air (Mozdzer and
Megonigal 2012). This is a conservative estimate of rise
in global mean CO, concentration by the latter part of
the 21st century (Meinshausen et al. 2011). Plants were
placed in chambers when new growth became visible at
the soil surface; the first plant emerged on 19 June 2009.
Within each chamber, half of the plants from each lin-
eage received supplemental N at a rate equivalent to
25 gm % year %, while the remaining half were unfertil-
ized. The higher N level is typical of those seen in eutro-
phied tidal marsh ecosystems (Hopkinson and Giblin
2008). Nitrogen was delivered bi-weekly via a solution
of NH,CL. A sufficient quantity of tapwater to maintain
at least 3 cm of standing water was added to each pot
daily. To allow for water movement through the potting
medium, four macropores were inserted vertically using
PVC tubing (1.25 cm i.d.).

Plants were destructively harvested after ~2 months of
exposure to treatment conditions (20-27 August 2009).
Material from each individual (N = 52) was carefully sepa-
rated into leaf, stem (culm plus leaf sheath), rhizome and
root categories. All plant material was oven dried at 60 °C
to constant mass, weighed and finely ground. Samples of
ground tissue were analysed at the University of Virginia
for elemental carbon and nitrogen content (Carlo Erba
Instruments, NA2500, Milan, Italy). Tissue mineral content
was determined via loss-on-ignition using a separate set

of samples; ~0.5 g of each sample was ashed in a muffle
furnace for 6 h at 550 °C.

Organ-specific CCs were determined using a method
based on the production value of dry matter. Construction
cost is defined specifically as the mass of glucose required
to synthesize a given mass of plant tissue, but can be de-
termined from the carbon (Cy4r) and ash (Ashgy.,) content
of dried organic material as follows (Vertregt and Penning
de Vries 1987):

_ 5.39Cym + 0.80Ashyy, — 1191

cc 1000

While estimates of CC are more complicated when the N
source available to plants includes NO3 (Vertregt and
Penning de Vries 1987; Poorter et al. 1997), NH, was the
sole N source in this experiment. Further, very little of the
NH,, could have oxidized given that soils were constantly
inundated; measurements of redox potential confirmed
that soils were predominantly anaerobic (Mozdzer and
Megonigal 2013). After calculating CCs for each organ
type (CCorg, where org is alternately leaf, stem, rhizome
or root), we determined the contribution of organ-specific
CCs (Contribgg) to plant-scale CCs (CCpiant) by weighting
CCorg by the corresponding mass fraction (MF,,g; organ
mass per plant mass) and summing the contributions:

Contribgrg = CCorg X MForg,
CCpiant = Contribieqr 4+ Contribstem + Contribyoot
+ Contribnizome-

Additional functional traits were measured for each plant.
Relative growth rate (RGR) was based on the accumulation
of dry biomass between planting (M,) and harvest (M,):

(In(Mp) — In(Mp))

RGR =
t

where t is the number of days between emergence and
harvest (mean + SE: 58 + 1 days). Masses at the time of
planting (Mp) were determined from the fresh masses of
rhizome fragments used to propagate plants; the water
content of rhizome fragments that were not used in the
study was used to estimate dry masses. Dry masses at har-
vest (M) were sums of leaf, stem, rhizome and root
masses. Stem heights and diameters were calculated as
the mean of all stems in individual pots, with diameters
measured at the soil surface. Stem density was a count
of the number of stems per pot. Specific leaf area was cal-
culated as the ratio of the area of the leaf blade to the dry
mass of the third-most apical, fully developed leaf. Leaf
blade areas were measured with an LI-3000 leaf scanner
(LI-COR Biosciences, Lincoln, NE, USA). Additional pro-
cedural details are provided elsewhere (Mozdzer and
Megonigal 2012, 2013).

WORLD TECHNOLOGIES




Differences among experimental factors (CO,, N and
lineage) with respect to CCs (plant scale and organ
specific) were evaluated with ANOVA-type linear models
in R version 3.0.2. Transformations to response variables
(square root or natural log) were made if residuals
were not normal and homoscedastic. Models initially
contained terms for all main effects and interactions;
when F statistics for individual terms (especially inter-
actions) or the model itself were non-significant (using
a = 0.05), simpler models were sought by sequentially
removing non-significant terms. If an interaction term
was significant, all lower-order terms were retained
regardless of significance. Tukey’s honestly significant
difference (HSD) tests were used to evaluate pairwise
differences among means based on terms in the
final models. We assessed the correlation (Pearson
coefficient, p) between CCs and other functional
traits using mean values for each lineage within each
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combination of treatments. Variables for which p > 0.7
were considered strongly correlated, as this level of
correlation corresponds to ~50 % of the variation in
CCs being explained by the functional traits in question
(Sokal and Rohlf 1995).

Results

The influence of lineage and environmental manipula-
tions on CCs was strongly organ specific. Aboveground,
leaf CCs were influenced by both N and CO, treatment,
but the magnitude of these effects depended on lineage
(Fig. 1A, Table 1). Specifically, N fertilization induced an
increase in leaf CC for native Phragmites, but this effect
was independent of the CO, level. In contrast, introduced
Phragmites only increased its leaf CC with fertilization
if CO, was elevated as well. When averaging across
environmental treatments, leaf CCs were similar for

B 140
135 |
1.30

1.25

Stem CC (g g™

1.20

Native Introduced

D 140

1880 [
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+
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Figure 1. Organ-specific construction costs (CCs) for Phragmites lineages native to the North American North Atlantic coast (‘Native’) and in-
troduced from Eurasia (‘Introduced’). Bar heights represent mean ( + SE) CC for all plants grown in a combination of CO, and N fertilization treat-
ments. Within each panel, lowercase letters above bars differ when Tukey’s HSD tests for the best-fitting model identified statistically significant
differences in means. Units are grams of glucose required per gram of biomass produced.

WORLD TECHNOLOGIES




Belowground advantages in construction cost facilitate a cryptic plant invasion 5

Table 1. Statistical results for the linear models best describing CCs
as a function of Phragmites lineage and environmental treatments.
Values in the top row for each model correspond to F-tests of each
model as a whole, while the remaining values correspond to F-tests
of individual terms.

Model d.f F P

. qunt . CC ............................ 4 ............ 1 6 07 ............. B 0001 .
Lineage 1 31.99 <0.001
Co, 1 13.05 <0.001
N 1 14.30 <0.001
Lineage x CO, 1 4.96 0.031
Residuals 46

Leaf CC 7 13.85 <0.001
Lineage 1 1.68 0.20
Co, 1 6.98 0.011
N 1 74.43 <0.001
Lineage x CO, 1 0.012 0.91
Lineage x N 1 0.059 0.81
CO; x N 1 2.67 0.11
Lineage x CO; x N 1 11.11 0.002
Residuals 43

Stem CC 3 16.88 <0.001
Lineage 1 27.04 <0.001
Co, 1 14.65 <0.001
Lineage x CO, 1 8.95 0.004
Residuals 47

Rhizome CC 1 36.35 <0.001
Lineage 1 36.35 <0.001
Residuals 49

Root CC 2 391 0.027
Lineage 1 3.57 0.065
Co, 1 4.24 0.045
Residuals 48

the two lineages. Unlike leaves, the CC of stems was
unaffected by N fertilization, but did differ by lineage and
CO, status (Fig. 1B, Table 1). Specifically, under ambient
CO,, conditions, introduced Phragmites generated stems
that had 5.8 % lower CCs than did native Phragmites.
The largest difference in CC between lineages was seen
belowground, specifically in rhizomes. Rhizome CCs were
4.3 % lower for introduced Phragmites than for the native,
and this difference was not significantly influenced by
environmental treatments (Fig. 1C, Table 1). Root CCs
were notably lower than they were for any other organ
(Fig. 1D). Elevated CO, induced slight increases in root

CC for both lineages, while N fertilization had no measur-
able effect (Table 1). Although there was a trend towards
higher root CC for introduced Phragmites compared with
the native, this effect was not significant.

At the level of the whole plant, CCs differed by lineage
and by environmental conditions. Introduced Phragmites
had a lower mean CC than did the native (Table 1); the
magnitude of this effect ranged from 0.6 to 3.3 % de-
pending on the CO, and N treatment levels, and was
2.3 % for all treatments pooled (Fig. 2A). Native and intro-
duced Phragmites also differed markedly in the size of
contribution that each type of organ made to whole-plant
CCs. Under all environmental conditions, introduced
Phragmites had smaller rhizome and root contributions,
but larger stem and leaf contributions compared with
the native. Relative to unfertilized conditions, elevated
nitrogen raised the contribution of belowground organs
to whole-plant CCs in both lineages. These differences
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Figure 2. Partitioning of (A) plant-level CCs and (B) plant biomass by
organ type for native and introduced Phragmites under each of the
environmental treatment combinations evaluated in this experi-
ment. Mean values for the replicate individuals within each treat-
ment are shown. The widths of bars in (B) are scaled to the total
biomass produced across treatments.
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in aboveground vs. belowground contributions were dri-
ven by CCs and not biomass distributions, as organ
mass fractions were higher belowground for the intro-
duced lineage and under fertilized conditions (Fig. 2B).
The addition of CO, also raised the contribution of above-
ground organs to plant CCs over ambient conditions.
Across environmental treatments, higher leaf, rhi-
zome and whole-plant CCs corresponded to introduced
Phragmites plants growing faster, more densely and lar-
ger (taller, more massive and having wider stems; Table 2,
Fig. S1 [see Supporting Information]). Correlation coeffi-
cients were consistently strongest for rhizome CCs in all of

Table 2. Correlation coefficients between whole-plant or organ-
specific CCs and other functional traits. The underlying data were
the means for each combination of environmental treatments
(Control, +CO,, +N and +CO,+N) within each lineage. Pearson
coefficients >0.7 are shown; all coefficients and plots of the
underlying data appear in Fig. S1 [see Supporting Information].
RGR, aboveground relative ‘growth rate; Height, mean height of
stems; Stem diam., mean basal diameter of stems; Biomass, total
plant biomass; Density, number of stems per pot; SLA, specific leaf
area; N:C, nitrogen to carbon ratio in tissue. All traits were
measured at harvest except RGR.

Plant Leaf Stem Rhizome Root

Introduced Phragmites

RGR 086  0.87 - 0.94 -
Height 093 092 - 0.98 .
Stem diam. 0.88  0.97 - 1.00 -
Biomass 0.86 0091 - 0.97 -
Density 079 0.84 - 0.91 -
SLA -0.87 - —-0.98 - -
N:Cy - - - - -
N: Cstem - - - - -
N : Crhiz - 0.89 - 0.91 -
N : Croot - 0.78 - 0.79 -
Native Phragmites
RGR 099 0.6 - -0.75 -
Height 073 - 088 -0.73 -
Stem diam. 0.92 0.80 - -0.72 -
Biomass 094 0.89 - - -
Density 0.93 0.94 - - -
SLA 090 0.86 - —-0.98 -
N:Cg 0.76  0.88 - - -
N : Cstern 087 093 - - -
N: Ciniz 0.88 093 - - -
N: Croot 0.83 094 - - -

The Ecology of Plants

these relationships. Native Phragmites likewise grew
more rapidly, more densely and larger as plant and leaf
CCs increased. In contrast to the introduced lineage, rhi-
zome CCin the native was oppositely, and generally more
weakly, correlated to these and other traits than were leaf
and whole-plant costs (Table 2). While SLA was negatively
correlated with plant and stem CCs for the introduced lin-
eage, it was positively correlated with plant and leaf CCs
in the native (Table 2). Finally, for introduced Phragmites,
leaf and rhizome CCs were strongly and positively asso-
ciated with the N:C ratio of belowground organs, but
only weakly associated with the N:C ratio of above-
ground organs (p ~ 0.6). The native lineage had strong
positive associations between leaf and plant CCs and
the N: C ratio of all organ types (Table 2).

Discussion

Rhizome construction costs

This study demonstrates that CCs for organs not typically
measured (rhizomes, roots and stems) can reveal pat-
terns of plant adaptation well beyond those that can be
gleaned from leaf CC alone. Most strikingly, our results
identified key advantages in rhizome investment for in-
troduced Phragmites over the native lineage that likely
contribute to its invasion as a perennial, clonal grass. By
maintaining lower CCs under all combinations of CO, and
nitrogen, introduced Phragmites can recoup its invest-
ment in tissue construction more quickly (Poorter et al.
2006), enabling it to generate additional rhizome bio-
mass and potentially other organs as well. Prior research
supports this explanation; under multiple CO, and N con-
ditions and in multiple studies, introduced Phragmites
had greater absolute rhizome mass, higher rhizome
mass fractions, higher ramet densities and greater leaf
areas compared with the native (League et al. 2006;
Holdredge et al. 2010; Mozdzer and Megonigal 2012).
We suggest that the lower rhizome CC of introduced
Phragmites ultimately contributes to advantages in be-
lowground dynamics that are known to facilitate its inva-
sion in North American tidal marshes. More specifically,
we suggest that lower rhizome CC and shorter payback
times allow introduced Phragmites to build more exten-
sive rhizome systems (e.g. greater biomass, as seen in
this study, as well as greater total length) than it would
if CCs were higher. Low rhizome CC may also yield thicker
rhizomes (i.e. higher masses per unit length, which could
come from greater diameters, as seen by Holdredge et al.
(2010), and/or from more dense rhizome tissue). Given
that clonal expansion occurs by stems emerging from lat-
erally extending rhizomes (Amsberry et al. 2000), the fa-
vourable carbon economics of rhizome generation may
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facilitate higher rates of ramet production, spatially and/
or temporally, as reported for introduced vs. native
lineages previously (Vasquez et al. 2005; League et al.
2006; Holdredge et al. 2010; Mozdzer and Megonigal
2012). By building and maintaining a network of stems
that are connected by rhizomes, Phragmites clones can
draw oxygen into belowground organs, aiding respiration
and nutrient uptake (Brix et al. 1992; Vretare and Weisner
2000; Tulbure et al. 2012). Introduced Phragmites is able
toinduce 4 x the rate of airflow per unit of pressure differ-
ential and stand area than native Phragmites (Tulbure
et al. 2012). This efficiency is due, in part, to the higher
stem densities of its clones (Rolletschek et al. 1999;
Tulbure et al. 2012). In addition, the ability of introduced
Phragmites to tolerate substantially higher salinity than
native Phragmites contributes to its ability to invade habi-
tats that the native lineage is unable to colonize (Vasquez
et al. 2005). Tolerance to relatively high salinity (<0.40 M
NaCl) has been attributed to larger rhizome sizes, greater
rhizosphere oxygenation and more rapid clonal growth by
the introduced lineage (Vretare and Weisner 2000; Bart
and Hartman 2003; Vasquez et al. 2005).

The advantages that introduced Phragmites exhibits in
connection with low rhizome CC and short payback times,
compared with native Phragmites and likely other species,
are magnified by its rapid photosynthetic rates. The
photosynthetic capacity (Amqx) of the introduced lineage
has been measured as being 12-80 % higher than that of
the native (Hansen et al. 2007; Mozdzer and Zieman 2010;
Mozdzer et al. 2013). This translated into the introduced
lineage producing more than twice as much rhizome bio-
mass as native Phragmites in both field and greenhouse
settings (Holdredge et al. 2010; Mozdzer and Zieman
2010; Mozdzer and Megonigal 2012). As past studies of
photosynthetic traits did not manipulate CO, or N,
ecophysiological data collected under predicted future
conditions would be extremely valuable in assessing
the carbon economy of Phragmites as global change
intensifies.

Our results also suggest that introduced Phragmites
may avoid a tradeoff in photosynthate allocation be-
tween rhizomes and leaves. This is supported by the
fact that rhizome CCs were positively correlated with
leaf CCs and metrics of plant size in the introduced
lineage, but negatively correlated in the native lineage.
An ability to make a large investment in rhizomes may
lead to greater root production and nutrient acquisition
rates for introduced Phragmites (Holdredge et al. 2010),
positively feeding back to growth and tissue quality
both aboveground and below. We suspect that the native
lineage is not sufficiently productive to support the initial
investment in rhizome biomass needed to make such
feedback possible.

There are several possible changes in rhizome tissue
composition that could contribute to the observed dif-
ferences in CCs between lineages. One possibility is that
introduced Phragmites invests in a lower proportion of en-
ergetically expensive compounds like lignins, proteins
and phenolics in rhizomes. Because they have larger dia-
meters (Holdredge et al. 2010), rhizomes of introduced
Phragmites may require less structural support via lignifi-
cation. As described above, synthesis of fewer expensive
compounds in rhizome tissue would lead to lower longev-
ity, but a faster payback time, and a more rapid growth
rate (Poorter et al. 2006). It is also possible that intro-
duced Phragmites incorporates a greater proportion of
inexpensive compounds than the native, such as non-
structural carbohydrates or organic acids (Poorter et al.
2006). For instance, it may synthesize a larger surplus of
starch via photosynthesis, much of which it may allocate
belowground for immediate growth or storage (Granéli
et al. 1992). Through this mechanism as well, introduced
Phragmites would be able to achieve a rapid return on the
energetic investment in rhizome tissue, facilitating its
further growth.

Response to global change factors

In direct contrast to prior studies (Poorter et al. 1997;
Waullschleger et al. 1997; Nagel et al. 2004, 2005), all stat-
istically separable comparisons of mean CCs for ambient
vs. elevated CO,, as well as most of the non-significant
comparisons, involved increases in CCs. However, the
vast majority of past studies focused specifically on CCs
of leaves. As seen in other studies that manipulated CO,
(Poorter et al. 2012; Langley et al. 2013; Madhu and
Hatfield 2013), belowground production increased
under elevated CO, for both Phragmites lineages. The
concomitant rise in root CCs may have been due to shifts
in root morphology or architecture, such as larger
diameters, higher tissue density or more frequent branch-
ing (Madhu and Hatfield 2013). Such shifts allow for
increased nutrient uptake, soil penetration ability and
resistance to pathogens and herbivores, but require in-
creased synthesis of energetically expensive compounds
like lignin and suberin (Vance et al. 1980; Soukup et al.
2002; Baxter et al. 2009). Consistent with this possibility,
prior studies have found higher lignin concentrations in
fine roots under elevated CO, (Booker et al. 2000; George
et al. 2003). The strong correlation of stem CCs with plant
height in native Phragmites raises the possibility that
stems were also more lignified under elevated CO,. Intro-
duced Phragmites likewise exhibited a positive correlation
between these factors, though it was only moderate in
strength (p = 0.58).

Despite the literature’s enormous emphasis on leaf
CCs, we found no differences in leaf CC between lineages.
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While both lineages adjusted leaf CC in response to nitro-
gen addition, the magnitude of response was similar.
Higher N availability probably corresponded to a greater
investment in rubisco and other compounds associated
with photosynthetic capacity (Griffin et al. 1993; Poorter
and Bongers 2006). Other studies have also found nega-
tive correlations between leaf CC and SLA (e.g. Feng et al.
2008), whereas we found a positive correlation. We attri-
bute this discrepancy to the fact that most other studies
describe variation among species grown under similar
environmental conditions, while our analysis portrays
phenotypic plasticity in leaf construction to strongly vary-
ing environmental conditions. If we had only investigated
leaf CCs for these Phragmites lineages, we would have
overlooked key differences belowground, and determined
little about the carbon economy or differences in inva-
siveness between lineages.

Our findings on whole-plant CCs suggest that an ability
to generate biomass with a relatively short return time on
the energetic investment has facilitated introduced
Phragmites colonizing wetlands in North America over
the past century (Saltonstall 2002). Modest differences
in CCs, like the 3.3 % difference seen in this study, have
previously been linked with large differences in abun-
dance (Nagel and Griffin 2001). In combination with its
relatively high photosynthetic rates (Mozdzer and Zieman
2010; Mozdzer et al. 2013) and plastic nutrient use
efficiency (Mozdzer and Megonigal 2012), introduced
Phragmites has had an energetic advantage from its es-
tablishment to the present day that could have contribu-
ted to its invasiveness.

In contrast to our expectations, and unlike most per-
formance metrics measured in introduced Phragmites
under global change conditions (Holdredge et al. 2010;
Mozdzer and Megonigal 2012; Eller et al. 2014), our
plant-scale data suggest that advantages due to CC will
diminish with rising atmospheric CO, and nutrient prolif-
eration. If efficient tissue construction and short payback
time are particularly strong components of introduced
Phragmites invasiveness, as global change intensifies,
the competitive dynamics of these lineages may shift
such that introduced Phragmites is less able to dominate
ecosystems. However, other factors may allow for a con-
tinued competitive advantage by introduced Phragmites,
especially if the increased investment in tissues improves
their performance. Such factors include photosynthetic
capacity (Mozdzer and Zieman 2010), salinity tolerance
(Vasquez et al. 2005), production of litter that suppresses
competing plants (Holdredge and Bertness 2011) and a
propensity to outcross and generate greater numbers of
seedlings at eutrophied sites (McCormick et al. 2010). In
addition, like the processes that are selecting for geno-
types well adapted to eutrophied conditions (McCormick
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et al. 2010), shifts in CO, and N may similarly select for
more efficient tissue construction in populations of intro-
duced Phragmites.

Conclusions

Leaf CCs alone do not provide an adequate representa-
tion of the energy required to produce biomass for Phrag-
mites. Accounting for all major plant organs enabled us to
identify key patterns in CCs, particularly belowground,
that are likely associated with the invasive ability of the
introduced lineage. In future studies attempting to ad-
dress questions of plant carbon economy using CCs, we
recommend that organs other than leaves be investi-
gated, especially those belowground. In addition to gain-
ing insight into invasion dynamics associated with
rhizome and whole-plant CC patterns, these traits al-
lowed us to identify responses to global change that are
not well described in the literature. For instance, we ob-
served greater root and stem CCs under elevated CO,
and greater leaf CC under high N. Given the critical nature
of understanding plant responses to global change,
scientists should use the full array of tools available.
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Responses of sap flow, leaf gas exchange
and growth of hybrid aspen to elevated
atmospheric humidity under field
conditions
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Abstract. An increase in average air temperature and frequency of rain events is predicted for higher latitudes by
the end of the 21st century, accompanied by a probable rise in air humidity. We currently lack knowledge on how forest
trees acclimate to rising air humidity in temperate climates. We analysed the leaf gas exchange, sap flow and growth
characteristics of hybrid aspen (Populus tremula x P. tremuloides) trees growing at ambient and artificially elevated air
humidity in an experimental forest plantation situated in the hemiboreal vegetation zone. Humidification manipula-
tion did not affect the photosynthetic capacity of plants, but did affect stomatal responses: trees growing at elevated
air humidity had higher stomatal conductance at saturating photosynthetically active radiation (gs sqt) and lower
intrinsic water-use efficiency (IWUE). Reduced stomatal limitation of photosynthesis in trees grown at elevated air
humidity allowed slightly higher net photosynthesis and relative current-year height increments than in trees at am-
bient air humidity. Tree responses suggest a mitigating effect of higher air humidity on trees under mild water stress.
At the same time, trees at higher air humidity demonstrated a reduced sensitivity of IWUE to factors inducing stomatal
closure and a steeper decline in canopy conductance in response to water deficit, implying higher dehydration risk.
Despite the mitigating impact of increased air humidity under moderate drought, a future rise in atmospheric humidity
at high latitudes may be disadvantageous for trees during weather extremes and represents a potential threat in
hemiboreal forest ecosystems.

Keywords: Atmospheric humidity; canopy conductance; climate change; net photosynthesis; photosynthetic
capacity; relative stomatal limitation; stomatal conductance; water-use efficiency.
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Introduction

With rapid increases in global industrial development, fos-
sil fuel use and changing land-use practices, atmospheric
CO, concentration ([CO,]) is expected to double within the
21st century. This increase will result in global climate
changes: global mean water vapour concentration, evap-
oration and precipitation rates, as well as global mean sur-
face temperature are projected to increase during the 21st
century (IPCC 2007). These changing climate factors along
with rising [CO,] affect the physiological performance of
plants: CO, assimilation, transpiration, stomatal conduct-
ance (gs) and ultimately plant growth and productivity.

The impact of the most common consequences of
climate change—drought, high temperature and high
atmospheric vapour pressure deficit (VPD)—on photo-
synthesis and water use in C3 plants has been quite well
studied, because the occurrence of extreme tempera-
tures, soil water deficit and high VPD, as well as their
interactions, alters the physical properties and yield of
plants, which are important to agriculture and forestry
(Fletcher et al. 2007; Guha et al. 2010; Estrada-
Campuzano et al. 2012; Kuster et al. 2013; Li et al. 2013;
Sapeta et al. 2013). Considerably less is known of the ef-
fect of increasing atmospheric humidity on plants. In-
creases in precipitation are considered very likely at
high latitudes in the long-term perspective (IPCC 2007).
Precipitation is predicted to increase in northern Europe,
especially in winter, and to decrease in southern and cen-
tral Europe in summer (Rdisdnen et al. 2004). There might
also be fewer dry days at higher latitudes by the end of
the 21st century (IPCC 2007). Increasing rainfall fre-
quency results in higher relative air humidity at local or
regional scales.

The leaves of plants grown at high relative humidity
(RH) have larger stomata, larger stomatal pore aperture
and length, and significantly lower stomatal density due
to larger epidermal cells than in plants grown at moder-
ate RH (Torre et al. 2003; Nejad and Van Meeteren 2005;
Arve et al. 2013). Therefore, decreasing VPD may lead to
increased stomatal conductance and to a consequent in-
crease in transpiration in some plant species grown at
high RH (PospiSilovd 1996; Fordham et al. 2001; Nejad
and Van Meeteren 2005). Nevertheless, most findings
suggest that a decrease in VPD generally leads to de-
creased steady-state leaf transpiration or sap flux density
in a wide range of tree species from different habitats
(Pataki et al. 1998; Meinzer 2003; Bovard et al. 2005;
Holscher et al. 2005). Our previous studies have demon-
strated decreased sap flux density in response to in-
creased air humidity in silver birch (Betula pendula) and
hybrid aspen (Populus tremula x P. tremuloides) trees in
moist summers (Kupper et al. 2011).
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Growing at high RH not only alters stomatal morph-
ology, but stomatal functioning as well (Fanourakis
et al. 2010, 2011). It is known that RH is a key environ-
mental factor mediating changes in stomatal sensitivity
to CO, (Talbott et al. 2003). Moreover, RH affects stomatal
response to water availability and drought. Plants grown
at high RH are less hydrosensitive than plants grown at
moderate RH: stomata of high-RH-grown leaves are
less sensitive to decreases in leaf water potential
than moderate-RH-grown leaves, and the homogeneity,
speed and degree of stomatal closure are less in
high-RH-grown plants (Nejad and Van Meeteren 2005;
Rezaei Nejad et al. 2006; Rezaei Nejad and Van Meeteren
2008). Therefore, plants developed under moderate RH
are able to retain higher water status due to more effi-
cient stomatal control. Arve et al. (2013) revealed that
stomata developed under high RH respond to neither
darkness nor drought, but remain open. Thus, high RH
may even override the signals given by darkness. The sto-
mata of plants growing in naturally waterlogged soil are
also less sensitive to decreasing VPD than those of plants
growing in well-drained soil (Sellin 2001).

High RH does not change only the stomatal character-
istics of plants. Our previous experiments with silver
birch and hybrid aspen have shown that elevated
atmospheric RH lowers leaf nutritional status by altering
nutrient movement via mass flow in soil and lowering
nutrient transfer through xylem flow into leaves (Tullus
et al. 2012a; Sellin et al. 2013). The changes in leaf
nutrient content and P: N ratio in turn cause a decline
in photosynthetic capacity and ultimately changes in
tree growth rate.

Experiments on stomatal responses to air humidity
and plant stress resistance are typically carried out
in greenhouses or growth chambers with seedlings or
saplings growing in pots. The objective of the present
study was to investigate how artificially increased RH
during leaf development affects the sap flow, stomatal
responses and photosynthetic parameters of hybrid
aspen (P. tremula x P. tremuloides) under free-air condi-
tions. Hybrid aspen is a fast-growing deciduous tree
species suitable for short-rotation forestry in the rela-
tively cold climate of northern Europe (Tullus et al.
2012b). Our aim was to test the following hypotheses.
(i) Trees grown at higher atmospheric humidity have
higher stomatal conductance and lower water-use effi-
ciency (WUE) than control trees. (ii) The photosynthetic
capacity of leaves developed in humid air is lower be-
cause of reduced nitrogen uptake due to lower transpira-
tional flux density. (iii) Plants grown in a more humid
atmosphere are unable to adjust their WUE quickly be-
cause of acclimation to lower VPD or possible stomatal
malfunction.
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Methods

Study area and sample trees

Studies were performed on hybrid aspen (P. tremula x
P. tremuloides) saplings growing in an experimental forest
plantation at the free-air humidity manipulation (FAHM)
site, situated at Rdka village (58°24'N, 27°29'E, 40-48 m
ASL) in eastern Estonia, representing a hemiboreal vege-
tation zone. The long-term average annual precipitation
in the region is 650 mm and the average temperature is
17.0 °Cin July and —6.7 °C in January. In the study year
(2011) drought conditions prevailed in June and July
(Fig. 1). The growing season lasts 175-180 days from
mid-April to October. The soil is a fertile endogenic mollic
planosol (WRB) with an A-horizon thickness of 27 cm.
Total nitrogen content is 0.11-0.14 %, C/N ratio is 11.4
and pHis 5.7-6.3.

The study site, established on an abandoned agricul-
tural field in 2006-07, is a fenced area of 2.7 ha contain-
ing nine circular experimental plots (diameter 14 m)
planted with hybrid aspen and silver birch (B. pendula)
and surrounded by a buffer zone. One-year-old micropro-
pagated hybrid aspen plants were planted in the experi-
mental area in the autumn of 2006. The stand density in
the buffer zone is 2500 trees ha ', and in the experimen-
tal plots, 10000 trees ha*. The computer-operated
FAHM system, based on an integrated approach of two
different technologies—a misting technique to atomize/
vaporize water and FACE-like technology to mix humidi-
fied air inside the plots—enables RH of the air to increase
by up to 18 % over the ambient level during the humidi-
fication treatment, depending on the wind speed inside
the experimental stand. The humidification is applied
during daytime 6 days a week throughout the growing
period if ambient RH is <75 % and mean wind speed is
<4 ms L. As a long-term average, RH is 7-8 % greater
in humidified plots (H treatment) than in control plots
(C treatment). A detailed description of the FAHM site
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Figure 1. Weather data in the growing period of 2011: the dark line
indicates monthly average air temperature, and the grey bars indi-
cate monthly precipitation.

and technical setup is presented in Kupper et al. (2011).
The treatment began in June 2008; sap flow and gas ex-
change were measured in the summer months of 2011.
Soil water potential (¥s) was recorded at depths of 15
and 30 cm with EQ2 equitensiometers (Delta-T Devices,
Burwell, UK) in eight replications per plot. The daily aver-
age Wsvaried from June to August and was ~25 % higher
in the humidification treatment (Fig. 2). The air tempera-
ture (Ty) and RH were measured 1.5-3.5 m above the
ground with 2-4 HMP45A sensors (Vaisala, Helsinki,
Finland) per plot. Sensor readings were collected every
1 min and stored as 10-min average values with a data
logger (DL2e; Delta-T Devices). Air VPD was calculated
from T,, saturated vapour pressure and RH. The daily aver-
age VPD in the humidification treatment was 15 % lower
than the control in the summer of 2011 (Fig. 3).

Sap flow measurements

Xylem sap flow in the stems of sample trees was mea-
sured ‘with FLOW4 sap flow systems (Dynamax Inc.,
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Figure 2. Daily average values of soil water potential at a depth of
15-30 cm in control and humidification plots from June to August
in 2011. Scale bars denote SEM.
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Figure 3. Hourly average values of air VPD in control and humidifica-
tion plots from June to August in 2011. Scale bars denote SEM.
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Houston, TX, USA). Six trees from control plots (C1, C2, C4)
and four trees from humidification plots (H1, H2) were fit-
ted with sap flow gauges (SGB35-WS) and sampled epi-
sodically from June to August 2011. Sap flow data were
recorded every 1 min and stored as 30-min averages.
Sap flux density (F; gm~2h~') was calculated as sap
flow divided by whole-tree foliage area estimated by
mean sapwood-to-leaf-area ratios (Huber value, HV)
measured in nine C (3.08 x 10"“m? m2?) and nine H
(3.09 x 10~ “m? m™?) trees using destructive sampling.
Foliage area, measured with a LI 3100C optical area
meter (LI-COR Biosciences, Lincoln, NE, USA), was on
average 31 % greater in C trees compared with H trees.
Whole-tree canopy conductance to water vapour (gc;
mmol m~2 s~ !) was computed from the data of sap flux
density (mmolm~2s™?!) using a simplified Penman-
Monteith equation (Komatsu et al. 2006; Sellin and
Lubenets 2010):

FxP
gc = VPD 1
where P is atmospheric pressure (kPa) and VPD is air
vapour pressure deficit (kPa).

Gas exchange measurements

We sampled gasometrically nine trees (mean height
3.8 m) from C plots and nine trees (mean height 3.3 m)
from H plots (i.e. three trees per sample plot) for 1
month, from mid-July to mid-August. Measurements
were performed on rainless misting-free days on intact
fully expanded leaves in situ with a portable photosyn-
thesis system LCpro+ (ADC BioScientific, Great Amwell,
UK) at constant air humidity (13 mbar), CO, concentra-
tion (C, = 360 wmol mol~!) and temperature of the leaf
chamber (25 °C). Leaf-to-air vapour pressure difference
was relatively similar in the two treatments: on average
2.12 kPa for C plants and 1.99 kPa for H plants. To gener-
ate photosynthetic light response curves (A/Q curves),
four leaves per tree were sampled from the middle part
of the crown with an instrument equipped with an LED
light source. The measurements started with photosyn-
thetically active radiation (PAR) at 1196 pmolm™?s™ %,
then decreased stepwise to 9 pmol m~2 s~ and increased
stepwise from 1196 to 1803 wmol m 2s~ 1. Intrinsic
water-use efficiency, expressed as the ratio of net photo-
synthesis (A,)) to stomatal conductance to water vapour
(gs), was determined at two levels of irradiance: at 400-
600 pmol m~2 s~ when IWUE was usually at a maximum
(IWUEqx) and at light intensities corresponding to full
sunlight (IWUEsq; @ > 1400 pmol m™2s71).

The response of net photosynthesis to varying intercel-
lular CO, concentration (C)—A/C; curves—was also
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determined on intact leaves (four leaves per tree) in situ
at constant air humidity (13 mbar), temperature of the
leaf chamber (25°C) and at saturating irradiance
(1500 pmol m~2 s~ 1). External CO, concentration (C,) was
supplied in 11 steps, decreasing from 360 to 60 wmol mol ™*
and then increasing from 450 to 1600 pmol mol ™. In add-
ition to IWUE,ox and IWUE,; calculated from the data of
A/Q curves, IWUE;, (initial IWUE) was determined using
initial values of the A/Q and A/C; sequences when external
[CO,] was 360 pmol mol 2.

Tree growth assessment

Tree height (H, cm) and stem diameter at 30-cm height
(D, mm) of all aspen trees growing at three C and
three H plots were measured before and after the 2011
growing season. H was measured with a telescopic
Nedo mEssfix-S measuring rod (Nedo GmbH & Co.KG,
Dornstetten, Germany) and stem diameter with a LIMIT
digital caliper (Luna AB, Alingsds, Sweden). Current an-
nual increment of the trees (AH, AD) was estimated as
the difference between the two measurements. Relative
increment (AH,o, AD,|) Was expressed as the ratio of AH
and AD to their respective characteristics at the begin-
ning of the growing season. The ratio of H: D was defined
as tree slenderness (S).

Data analysis

Statistical data analysis was carried out using Statistica,
Ver. 7.1 (StatSoft Inc., Tulsa, OK, USA). Repeated-
measures analysis of variance (ANOVA) was used to com-
pare the sap flux density (F) and canopy conductance to
water vapour (gc) between trees from the control and the
misting treatment. The daily averages of F and gc were
analysed altogether on 31 days from 1000 to 1700 h
from 14 June to 7 August 2011 (DOY: 165-176, 197-
201, 206-219). Linear regression analysis was carried
out to estimate relationships between F, g¢, VPD and Ws.
The normality of the regression residuals was checked
using the Shapiro-Wilk test.

The gasometric data were analysed with Photosyn
Assistant, Ver. 1.2 software (Dundee Scientific, Dundee,
UK). The A/Q curves were fitted as a non-rectangular
hyperbola expressed as a quadratic equation by Prioul
and Chartier (1977). The initial slope of the curve ex-
presses the apparent quantum efficiency (¢), whereas
the X and Y axes intercepts, respectively, correspond to
the light compensation point (Qcomp) and apparent dark
respiration (Rq), and the upper asymptote approximates
the light-saturated rate of photosynthesis (A,qx). An add-
itional parameter—convexity (6)—is required to describe
the rate of bending between the linear increase and the
maximum value. Sub-stomatal cavity CO, concentration
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(G;) was calculated using the model of von Caemmerer
and Farquhar (1981).

The A/C; curves were analysed according to the bio-
chemical model proposed by Farquhar et al. (1980), and
subsequently modified by Harley and Sharkey (1991)
and Harley et al. (1992). This model enables estimation
of the CO, compensation point (I'), the maximum rate
of carboxylation by Rubisco (V¢ max), the PAR-saturated
rate of electron transport (Jmqx) and the rate of triose
phosphate utilization (Vypy), which indicates the availabil-
ity of inorganic phosphorus for the Calvin cycle (Sharkey
1985). The relative stomatal limitation on photosynthesis

Table 1. Soil water potential (kPa) estimates of the experimental
plots: ¥s mean, Mean across the growing season; ¥s qus, lower
quartile; ¥s q75, upper quartile.

Plot Vs mean Ws_q25 Ws_ q7s
Cc1 —-197 —240 —152
C2 -191 —-217 -177
C4 —-196 —-217 —185
H1 -56 —-76 -33
H2 —194 -221 —-175
H4 —-124 —-151 -97
100
A Days 165-176
P>0.05
80
o
$ 80
=
2 40
8
2071 & Control
@ Humidification
O i n L n i
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Time of day
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o
= 300
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é 200
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Time of day

(Ls), an estimate of the proportion of the reduction in
photosynthesis attributable to CO, diffusion between
the atmosphere and intercellular space, was calculated
from the A/C; curves as follows (Farquhar and Sharkey
1982; Tissue et al. 2005; Huang et al. 2008):

An
Ls = (1 - A—0)1oo, )

where A, is the net photosynthetic rate at normal C,
(360 wmol mol™ 1) and Aq is the photosynthetic rate
when G; (= 360 pmol mol 1) equals C,. Under these con-
ditions, A is the rate of photosynthesis that would occur
if there were no diffusive limitation to CO, transfer
through stomatal pores. The effect of humidification on
gas exchange parameters was analysed by applying a
nested analysis of variance with fixed factors of ‘Treat-
ment’, ‘Experimental plot’ and ‘Soil water potential’ (a
continuous variable), the second nested in the first. As
plant physiological traits were more strongly related to
the soil water potential measured at 30-cm depth (¥30),
we used this parameter as an index of soil water status.
Because of drought development during the measure-
ment period, we divided the datasets of both treatments
into two groups according to ¥5q (< —204 kPa for drier

100

B Days 179-219
P=>0.05

Time of day

D Days 179-219
P<0.05

Time of day

Figure 4. Daily average values of sap flux density (F) and canopy conductance to water vapour (gc) in control and humidification plots during
mist fumigation from June 14 to June 25 (DOY: 165-176; A and C) and July 15 to August 7 (DOY: 197-219; B and D), 2011. Scale bars denote SEM.
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soil and > —204 kPa for moister soil in C plots; <—163
and >163 kPa in H plots, respectively) and analysed gas
exchange data also separately for these conditions.
Student’s t-test was applied to estimate the treatment
effect on the growth characteristics of individual trees
across all experimental plots. Analysis of variance models
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250 F.. o o o . Humidification (R*=0.583, P<0.001)
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Figure 5. Variation in daily average canopy conductance to water
vapour (gc) depending on atmospheric VPD (A) and bulk soil water
potential at a depth of 30 cm (¥3; B). The numbers by the regression
lines indicate the respective slopes.
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were used to study the effects of ‘Treatment’ and ‘Experi-
mental plot’ (nested in treatment) or ‘Treatment’ and ‘Soil
water potential’ as a continuous covariate on the growth
characteristics. Means and upper and lower quartiles of
daily average soil water potentials (¥s mean, ¥s_q2s,
Ws_q75) across the growing season were used as covari-
ates in separate models (Table 1). When exploring the
variance of total and relative growth increment in 2011,
tree size (H or D at the end of the previous growing sea-
son) was included as a covariate. Type IV sums of squares
were used in the calculations; post hoc mean compari-
sons were conducted using Tukey’s HSD test.

Results

Sap flux density and canopy conductance

Although canopy conductance (gc) was significantly
higher (22 %; P < 0.05) under humidification across the
whole study period, the difference between the treat-
ments was statistically insignificant for days 165-176
(Fig. 4C) when the soil water potential did not differ be-
tween the C and H plots (Fig. 2). Also the sap flux density
in the H treatment was on average 13 % higher than in
the C treatment, although the difference was not signifi-
cant (Fig. 4A and B). gc decreased with increasing VPD
(P < 0.001) in both the C and H plots; the response pat-
terns were completely coincident and the slopes of the
respective regression lines did not differ between the
treatments (Fig. 5A). gc also decreased with decreasing
Vs (P < 0.001), while the treatments demonstrated con-
trasting sensitivities (dgc/d ¥s) to developing soil water
deficit—the corresponding slopes were 0.94 and 3.01
for control and humidified trees, respectively (Fig. 5B).

Table 2. Leaf gas exchange characteristics of hybrid aspen growing under control and humidification treatment. Each value is the mean + SE;
the means are compared with Tukey’s test. NS, not statistically significant.

Parameter Treatment
Control + SE

An(umolm*25*1)105i04 ....................
gs (molm™2s71%) 0.224+0.01
s sat (Molm™2s7%) 0.194+0.02
IWUE;, (nmol mol™?) 53.44+1.5
IWUEmayx (wmol mol™1) 62.3+2.29
IWUEq: (nmol mol™?) 56.8 +1.88
Ls (%) 41.3+1.01
Amax (mol m~2s7%) 12.94+0.6
Ve max (wmol m=2s7%) 56.5+2.9
Jrnax (pmolm~2s71) 173+10

Significance level (P)

Humidification &+ SE
.......... 113i04Ns

0.28+0.01 0.002
0.254+0.02 0.040
451+15 <0.001
54.4+2.19 0.015

48.81+2.19 0.008
37.7+1.01 0.016
129+0.6 NS
59.9+2.7 NS
196 +11 NS
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Leaf gas exchange

Average net photosynthesis (A,) tended to be slightly
greater in trees growing at elevated atmospheric humid-
ity than those grown at ambient RH, although the treat-
ment means did not differ statistically throughout the
experiment (Table 2). Analysis of variance revealed that
the humidity treatment affected stomatal response, but
not leaf photosynthetic traits (Tables 2 and 3). Specifically,
there were significant differences in means of stomatal
conductance to water vapour measured at saturating

PAR (gs sqt) and IWUE between the treatments: gs sqt Was
32 % higher and IWUE;, 16 % lower in the H treatment
than in C trees (Table 2).

The data analysis revealed that soil water availability
affected the gas exchange parameters differently
within the treatments. A, and gs sqt in the H treatment
were significantly greater under moist soil conditions
(12.45 wmol m~2 s~ and 0.300 mol m~? s~ %, respectively)
than under drier conditions (9.78 umolm 2s™! and
0.192 mol m~ %571, respectively; Fig. 6A and B). Initial

Table 3. Effects of treatment, plot and soil water potential at a depth of 30 cm (¥30) on gas exchange characteristics. NS, not statistically

significant.

Characteristic

Factor

Significance level (P)

An (umolm™2s7Y)

gs (molm™2s71)

21

s sat (Molm™s77)

IWUE;,, (wmol mol™?)

IWUE max (wmol mol ™)

IWUEq (wmol mol™?)

Amux

Ve max (pmolm™2s71)

Jrnax (pmolm™2s71)

Ls (%)

Treatment

Plot (nested in treatment)
V30

Treatment

Plot (nested in treatment)
11,30

Treatment

Plot (nested in treatment)
V30

Treatment

Plot (nested in treatment)
V30

Treatment

Plot (nested in treatment)
V30

Treatment

Plot (nested in treatment)
l1,30

Treatment

Plot (nested in treatment)
V30

Treatment

Plot (nested in treatment)
Y30

Treatment

Plot (nested in treatment)
V30

Treatment

Plot (nested in treatment)

lI’3 0

<0.001
0.013
NS
0.002
NS
0.027
0.022
NS
0.013
0.002
NS
<0.001
0.005
0.003
<0.001
0.012
0.007
NS
NS
NS
NS
NS
0.045
NS
NS
0.007
NS
<0.001
0.015
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Figure 6. Means of net photosynthesis (A,; A), stomatal conduct-
ance to water vapour at saturating PAR (gs sqt; B) and intrinsic water-
use efficiency (IWUE;y; C) of control (closed circles) and humidified
trees (open squares) depending on soil water status. Values are
means + SE; different letters denote statistically significant
(P < 0.05) differences.

intrinsic water-use efficiency also differed with respect to
soil conditions: it was lower under moist soil conditions
than under drier conditions (44.2 and 49.3 pmol mol ™2,
respectively). There were no differences in A,, gs sqt and
IWUE;,, with respect to soil moisture in C plots (Fig. 6). It
is important to notice that gs, gs sat, IWUE;, and An,qx did
not depend on Y3, (as a continuous variable) across the
whole dataset (Table 3).

Photosynthesis was strongly associated with gs in both
treatments: R? = 0.84, P < 0.001 in C plots and R? = 0.79,
P < 0.001 in H plots. There was an inverse linear relation-
ship between IWUE;, and C/C, (R*=0.73, P < 0.001),
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while the slopes of the corresponding regressions did
not differ between the treatments (P > 0.05). A, in-
creased with rising CO, concentration (Cg), with signifi-
cantly (P < 0.001) steeper response in the H treatment
(B="53.5; R> =0.82, P < 0.001) than in the control (8 =
45.5; R?> = 0.74, P < 0.001). There were no differences in
the A, =f(C) slopes between the treatments. g5 de-
creased with increasing Cq, but the responses did not dif-
fer between the treatments. As a consequence, IWUE;,
rose with C,; the slope for control trees was greater
than that for humidified trees (P < 0.001; Fig. 7).

The maximum rate of carboxylation by Rubisco (V¢ max)
and the maximum rate of electron transport (Jmqx) did
not differ between the treatments across the whole data-
set; ANOVA revealed only an effect of soil water status on
these parameters (Table 3). When the data were analysed
separately in two groups (moist versus dry soil condi-
tions), significant differences between the means of
Ve max and Jax became evident only for the humidifica-
tion treatment—both parameters were higher (P < 0.001
for both parameters) in moist soil. No variation with
the soil conditions was detected in Ve max and Jmayx in
the control trees (Fig. 8A and B). Regression analysis re-
vealed a positive relationship between Ve max (R? =0.168,
P < 0.001) and Jmax (R*=0.151, P < 0.01) and %3, as
well as between Ve max and Jmax (R = 0.85, P < 0.001)
across both treatments.

The mean values of relative stomatal limitation
of photosynthesis (Ls) were lower in trees grown at ele-
vated RH than in C trees—37.9 and 41.3 %, respectively
(P < 0.05; Table 2), although ANOVA did not establish
any significant effect of the treatment (Table 3). Net
photosynthesis was negatively correlated with Lg in con-
trol trees (R? = 0.15, P = 0.03), but the relationship lacked
in the humidification treatment (P = 0.23). We found no
differences in Ls with respect to soil water status in any
treatment separately (Fig. 8C).

Impact on growth rate

Saplings of hybrid aspen growing in H plots were signifi-
cantly shorter and had narrower stems (Table 4), regard-
less of whether sample plot or soil water potential was
included as confounding factors in the models (Table 5).
The absolute and relative growth increments in 2011
were either unaffected by treatment or significantly
greater in H plots (Tables 4 and 5). This was more pro-
nounced when ¥s meqn OF ¥s_q25 Was used as a covariate
in ANOVA models, although using ¥s o5 yielded slightly
better approximations than the two other soil water po-
tential estimates (Table 5). Slenderness (S) was unaffected
by treatment, but varied significantly among the experi-
mental plots.
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Figure 7. Photosynthetic WUE versus external CO, concentration in control and humidification treatment.

Discussion

Effects on sap flow and gas exchange

The sap flux density in hybrid aspen trees changed con-
siderably compared with that at the same experimental
site in previous summers (Kupper et al. 2011; Tullus
et al. 2012a). F in control plots was significantly greater
than that in the humidification treatment during the
rainy summer of 2009 (Kupper et al. 2011). The same ten-
dency (not significant) was observed in the drier summer
of 2010 (Tullus et al. 2012a). However, our current results
demonstrate higher (although not statistically signifi-
cant) sap flux densities in trees growing in the humidifica-
tion plots (Fig. 4). The canopy conductance to water
vapour in the H treatment was greater (P < 0.05) across
the whole study period. This discrepancy is attributable
to relatively low soil water potential in the control treat-
ment owing to the very dry summer: ¥s did not rise over
—80 kPa in July. The total precipitation during the 2011
growing season (May-October) was 261 mm (Fig. 1),
42 % less than the average of the three previous years
(452 mm). As the air humidity manipulation did not affect
sapwood-to-leaf-area ratio (HV), the ~30 % greater leaf
area of control trees was responsible for greater tran-
spirational water losses causing faster depletion of soil
water reserves and a greater decline in Ws despite lower
overall sap flux densities in C plots (Fig. 4A and B).

The response of canopy conductance to changesin VPD
did not vary between the treatments, suggesting that
stomatal sensitivity to atmospheric evaporative demand
was not affected by the experimental manipulation. In
contrast to that, gc decreased much faster in response

to falling ¥s in the H treatment than in the control
(Fig. 5). The differential response of g¢ to decreasing soil
water availability is probably mediated by plant hydraulic
conductance (Cohen and Naor 2002; Domec et al. 2009).
Hydraulic measurements performed on aspen trees in
2010 revealed that both soil-to-branch and leaf hydraulic
conductances expressed per unit leaf area were smaller
in humidified trees, although growing in moister soil
(A. Sellin, unpubl. res.). Under conditions of soil water
deficit the lower hydraulic capacity probably becomes
a crucial factor for H trees, limiting leaf water supply
and inducing a steep decline in canopy conductance. Fur-
thermore, an experiment with silver birch revealed that a
rapid water deficit in H plants led to a faster decrease in
hydraulic conductance—responsible for liquid water sup-
ply—compared with the decrease in gs, which limits
water losses, and exposed plants to a greater risk of de-
hydration (Sellin et al. 2014).

Lowering A, and gs and increasing IWUE are typical re-
sponses to water stress in plant species with a drought
avoidance strategy. When plants encounter a soil water
deficit, abscisic acid (ABA) is synthesized in the roots
and translocated to the leaf through the transpiration
stream (Assmann and Shimazaki 1999); higher concen-
trations of ABA in leaves drive mechanisms leading to a
decrease in gs; and an increase in WUE (Liu et al. 2005).
Pantin et al. (2013) propose that ABA promotes stomatal
closure in two ways—via its widely known biochemical ef-
fect on guard cells and via an indirect hydraulic effect
through a decrease in leaf hydraulic conductance. Main-
taining stable gas exchange attributes during drought de-
velopment means that a plant either possesses a drought
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Figure 8. Means of maximum rate of carboxylation by Rubisco
(Vc max; A), PAR-saturated rate of electron transport (Jymaex; B) and
relative stomatal limitation to photosynthesis (Ls; C) of control
(closed circles) and humidified trees (open squares) depending on
soil water status. Values are means + SE; different letters denote
statistically significant (P < 0.05) differences.

tolerance strategy or lacks adaptations with respect to
drought. Populus tremula, one of the parent species, is
known to act as a drought avoider (Possen et al. 2011).
In our case, the lack of variation in gas exchange charac-
teristics in C plots with respect to soil water status (Fig. 6)
and modification of gas exchange in H plots by altering
water availability can be explained by the lower ¥svalues
in the C treatment (i.e. long-term effects mediated
by ABA).

The Ecology of Plants

Regardless of the difference in ¥s between the treat-
ments, there was still an effect of the humidity manipula-
tion on gs st and IWUE (Table 3). In fact, the differencesin
leaf gas exchange between the C and H plots are attrib-
utable to the combined effects of soil water availability
and increased atmospheric humidity. As such, our first
hypothesis is supported by the experiment: growing at
higher RH increases stomatal conductance in trees
while lowering photosynthetic WUE (Table 2), while the
effect is largely mediated by changes in soil water status.

Soil water potential influenced both V¢ max and Jmax in
hybrid aspen (Table 3). Grassi et al. (2005) found a positive
relationship between V¢ max and ¥s in oak and ash trees
during summer, as in hybrid aspen in this study. A simu-
lation by Grassi and Magnani (2005) indicated that
30-40 % of the biochemical limitation could be attribu-
ted to a reduction in leaf nitrogen content during
droughty summers. Plant photosynthetic capacity and
leaf N content expressed per leaf area are positively
correlated (Grassi et al. 2005; van de Weg et al. 2012).
Previous work at the FAHM experimental site has shown
that rising RH reduces the water flux in silver birch
(Kupper et al. 2011) and alters the nutritional status of
leaves, leading to a decline in photosynthetic capacity
(Sellin et al. 2013). In this experiment, humidification
increased rather than decreased water flux through
the trees (Fig. 4), which explains why the biochemical
capacity of photosynthesis was unaffected by the
manipulation, but by changes in s (Table 3). The second
hypothesis concerning reduced photosynthetic capacity
of leaves due to the expectedly smaller N uptake in
humidified trees remained unconfirmed. The absence
of an impact of air humidity manipulation on photosyn-
thetic machinery of hybrid aspen was also supported by
chlorophyll fluorescence measurements performed in
the droughty summer of 2012 (A. Niglas, unpubl. res.).

High RH can affect stomatal sensitivity by changing
stomatal morphology: plants grown at higher RH have
larger stomata that close to a lesser extent when leaves
dry (Giday et al. 2013). In addition, long-term acclimation
to high RH during growth increases heterogeneity in sto-
matal response characteristics to short-term exposure
to stomatal closure-inducing factors (Nejad and Van
Meeteren 2005). Experiments showing differences in sto-
matal sensitivity and morphology between plants grown
at high and low RH have been carried out under stable/
controlled environmental conditions. The conditions be-
fore a ledf is fully expanded are important determinants
on whether stomatal closure capacity is affected by leaf
dehydration and RH. Moreover, the degree of stomatal
adaptation in expanding leaves depends on the duration
and timing of the exposure to high RH (Fanourakis et al.
2011). The present study was performed under field
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Table 4. Comparison (t-test) of mean (4 SE) growth parameters of individual trees growing in humidified (H) and control (C) plots. NS, not

statistically significant.

Growth characteristic C H t-stat P
He|ght(cm)454iss ................. 428158 ................... 306 .................. 0002
Diameter of stem at 30-cm height (mm) 32.6+0.7 29.5+0.6 3.39 <0.001
Height increment of the current year (cm year™?) 111423 117 +2.7 -1.70 NS
Relative height increment of the current year 0.34+0.01 0.39+0.01 —3.46 <0.001
Diameter increment of the current year (mm year™?) 8.9+0.3 8.5+0.2 1.14 NS
Relative diameter increment of the current year 0.38+0.01 0.41+0.01 —1.65 NS
Slenderness (height-to-diameter ratio) 14.4+0.2 14.84+0.2 -1.97 0.051

Table 5. Results from ANOVA models describing the effect of tree size (i.e. the value of the respective parameter before the start of the growing

season, C;_1), treatment (T), plot and soil water potential (¥s_mean, ¥s_q25 ¥s_a7s) on the growth parameters.

Factors Response variables
H D AH AH,q AD AD, S
M .(;(.i.e.l' 1 .................................................................................................................................................................
Ci—1 P - - 0.824 <0.001 <0.001 0.766 -
T P <0.001 <0.001 0.074 0.247 0.069 0.086 0.051
Plot (T) P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.015
Adj. R? 0.29 0.13 0.09 0.37 0.37 0.16 0.03
Model 2
Ci—1 P - - 0.802 <0.001 <0.001 0.006 -
T P <0.001 <0.001 0.019 0.013 0.041 0.017 0.668
Y5 mean P <0.001 0.157 <0.001 <0.001 <0.001 <0.001 0.005
Adj. R? 0.08 0.03 0.09 0.36 0.32 0.09 0.03
Model 3
Ci—1 P - - 0.880 <0.001 <0.001 0.004 -
T P <0.001 <0.001 0.013 <0.001 0.049 0.018 0.800
¥s q2s P <0.001 0.081 <0.001 <0.001 <0.001 <0.001 0.010
Adj. R? 0.09 0.04 0.10 0.37 0.32 0.09 0.03
Model 4
Ci—1 P - - 0.684 <0.001 <0.001 0.008 -
T P <0.001 0.002 0.083 0.077 0.075 0.052 0.622
¥s q7s P <0.001 0.351 <0.001 <0.001 <0.001 <0.001 0.002
Adj. R? 0.07 0.03 0.07 0.35 0.32 0.08 0.04

conditions with natural diurnal fluctuations of RH; misting
was applied when ambient RH was <75 % and could be
increased to as much as 18 % (versus 60 and 95 % of RH
in Fanourakis et al. 2011). Our data suggest that stomatal
sensitivity to atmospheric VPD remained unaffected
in saplings of hybrid aspen. Although we did not explore

stomatal dimensions, we presume that differences
in morphology and the putative morphological effect
on stomatal sensitivity were rather minor as our trees
grew in natura, in both diurnally and seasonally variable
environments, under conditions requiring flexible stomatal
adjustment.
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The findings that stomatal conductance decreases and
photosynthesis increases with rising external CO, level
are well-known phenomena (reviewed by Araujo et al.
2011). A steeper A, response to C, in H plots is attribut-
able to higher stomatal conductance (evidenced by gs
max) due to leaf development under lower VPD (Table 2).
This is indirectly confirmed also by the negative correl-
ation between A,, and Ls in the C treatment.

Initial intrinsic water-use efficiency responded more
sensitively to Cq in C plots than in H plots (Fig. 7), testi-
fying once more to the effect of elevated atmospheric
humidity on leaf gas exchange. Because high IWUE is
advantageous to plants under drought conditions, a
slower response in high-RH-grown trees to changing
ambient conditions may be disadvantageous in the
case of abrupt climatic fluctuations becoming more fre-
quent in the future (Easterling et al. 2000); these plants
are not able to adjust their water use as quickly as plants
grown in drier air and experience greater water loss.
Thus, our results support the third hypothesis on the
capacity of plants to modify WUE under changing envir-
onmental conditions, albeit not directly tested with
respect to air humidity.

Consequences on tree growth

The above-ground growth response of aspen trees to
humidification in 2011 demonstrated some trends in con-
trast to those observed in previous years (Tullus et al.
2012a). However, the positive effect of humidification
was detectable only in current-year height increments,
while overall dimensions remained smaller in H plots,
where hybrid aspen trees had grown slower than in
C plots in the two previous experimental years (Tullus
etal 2012a). The inverse growth response is also attribut-
able to dry weather conditions prevailing in summer
2011. Generally ¥s or experimental plot was the
more significant factor influencing tree growth response
than humidity manipulation. One must take into account
that the two factors—¥s and treatment—are partly in-
terrelated, as transpirational flux through trees was
lower in H plots (Fig. 4A; see also Kupper et al. 2011 and
Tullus et al. 2012a) and more water was retained in the
soil (Fig. 2). However, the humidity manipulation also
had an impact on growth when considering the effect
of Ws; thus, the humidification effect on tree growth
was clearly not due solely to altered soil water availability.
In average or rainy years, when soil water does not limit
growth, lowered transpiration hinders nutrient uptake by
trees in H plots (Tullus et al. 2012a), especially for nutri-
ents migrating to the roots with mass flow in soil. Under
these conditions increased atmospheric humidity does
not improve the growth rate of hybrid aspen. Sellin et al.
(2013) also showed that humidification treatment lowers
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the photosynthetic capacity and growth rate of silver
birch in moist summers. In dry years, when soil water
availability limits growth, the impact of this mechanism
is obviously irrelevant.

Conclusions

The current study demonstrates that higher air humidity
mitigates the effect of low soil water availability on
broadleaved trees during dry years by reducing stomatal
limitation to photosynthesis, allowing higher net photo-
synthetic rates and supporting higher growth rates
(relative height growth). At the same time, higher RH in-
creases the sensitivity of canopy conductance to water
deficit and reduces the responsiveness of IWUE to factors
inducing stomatal closure. The present and our earlier re-
sults (Tullus et al. 2012gq; Sellin et al. 2013, 2014) imply
that a future rise in atmospheric humidity at high lati-
tudes may be disadvantageous in evenly rainy/humid
years and expose trees to a higher dehydration risk during
weather extremes, although mitigating the impact of soil
water deficit under moderate drought.
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When Michaelis and Menten met Holling:
towards a mechanistic theory of plant
nutrient foraging behaviour
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Abstract. Plants are adept at assessing and responding to nutrients in soil, and generally proliferate roots into
nutrient-rich patches. An analogy between this growth response and animal foraging movement is often drawn,
but because of differences between plants and animals it has not always been clear how to directly apply existing
foraging theory to plants. Here we suggest one way to unite pre-existing ideas in plant nutrient uptake with foraging
theory. First, we show that the Michaelis—Menten equation used by botanists and the Holling disc equation used by
zoologists are actually just rearrangements of the same functional response. This mathematical unity permits the
translation of existing knowledge about the nutrient uptake physiology of plants into the language of foraging behav-
iour, and as a result gives botanists direct access to foraging theory. Second, we developed a model of root foraging
precision based on the Holling disc equation and the marginal value theorem, and parameterize it from the literature.
The model predicts (i) generally plants should invest in higher quality patches compared to lower quality patches, and
as patch background - contrast increases; (ii) low encounter rates between roots and nutrients result in high root for-
aging precision; and (iii) low handling times for nutrients should result in high root foraging precision. The available
data qualitatively support these predictions. Third, to parameterize the model above we undertook a review of the
literature. From that review we obtained parameter estimates for nitrate and/or ammonium uptake for 45 plant spe-
cies from 38 studies. We observe that the parameters ranged over six orders of magnitude, there was no trade-off in
foraging ability for nitrate versus ammonium: plants that were efficient foragers for one form of nitrogen were efficient
foragers for the other, and there was also no phylogenetic signal in the parameter estimates.

Keywords: Encounter rate; handling time; Holling’s disc equation; Michaelis - Menten kinetics; nutrient foraging; plant
foraging behaviour; root foraging precision.
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Introduction

Nutrients are typically distributed heterogeneously
throughout the soil (Jackson and Caldwell 1993; Hutchings
and de Kroon 1994; Hodge 2004) and plants are adept at
assessing and responding to this nutrient heterogeneity
(Robinson 1994; de Kroon and Hutchings 1995; Hodge
2004; Kembel and Cahill 2005; Cahill and McNickle 2011;
Tian and Doerner 2013). Generally, plants respond to
nutrient-rich patches by preferentially proliferating roots
into those patches. This growth response results in an
increased absorptive surface area inside nutrient-rich
patches relative to lower quality regions of the average
background soil and is generally considered to be an
adaptive response. Increasingly, there has been a trend
towards viewing this plasticity in root growth with re-
spect to nutrients through a lens of behavioural ecology
(Sutherland and Stillman 1988; Silvertown and Gordon
1989; Kelly 1992; Hutchings and de Kroon 1994;
de Kroon and Hutchings 1995; Gersani et al. 2001; Dudley
and File 2007; Hodge 2009; Karban 2008; McNickle et al.
2009; Cahill and McNickle 2011; Tian and Doerner 2013).
This gradual shift in perspectives on how plants acquire
nutrients has been driven by data demonstrating that
plants are not passively following pre-determined growth
trajectories, but instead plant growth is based on actively
assessing and responding to cues from the soil nutrient
environment (Silvertown and Gordon 1989; Hutchings
and de Kroon 1994; Hodge 2009; Karban 2008; Cahill
and McNickle 2011; Tian and Doerner 2013).

However, despite substantial gains in our knowledge of
the range of plant nutrient foraging behaviours, we are
still a long way from incorporating plant foraging behav-
iour as a united sub-field of behavioural ecology (McNickle
et al. 2009; Cahill and McNickle 2011). Indeed, many
questions remain about plant root foraging behaviour.
For example, the average plant appears to strongly prolif-
erate roots into nutrient-rich patches; however, some
species do not strongly proliferate roots into patches
(Hodge 2004; Kembel and Cahill 2005; Kembel et al.
2008; Cahill and McNickle 2011). Additionally, some
species of plants appear to discriminate among patches
of varying quality by proliferating higher root mass into
more nutrient-rich patches, while other species show
little discrimination among patches that differ in nutrient
availability (Gleeson and Fry 1997; Hutchings et al. 2003;
McNickle and Cahill 2009). There are also unresolved
questions about how plants should invest in patches
based on the contrast between nutrient availability in
rich patches versus poorer background soil (Lamb et al.
2004). Logically, we would expect all plant species to
benefit from nutrient-rich patches (when they are nutri-
ent limited) and so we lack a first principles explanation
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that can permit an understanding of why species differ
so much in their foraging responses (Kembel et al. 2008;
McNickle and Cahill 2009; McNickle et al. 2009).

In a perfect world plant foraging theory would not
reinvent the wheel, but integrate existing ideas about
plant ecology, plant nutrient uptake physiology and
behavioural ecology. Here, we attempt such a synthesis
by exploring the previously recognized fact that the Hol-
ling disc equation used by foraging ecologists to model
resource intake (Holling 1959; Stephens and Krebs 1986;
Vincent et al. 1996; Stephens et al. 2007) and the
Michaelis-Menten equation used by plant physiologists
to model nutrient uptake (Michaelis and Menten 1913;
Lineweaver and Burk 1934; Epstein and Hagen 1951;
Johnson and Goody 2011) are actually rearranged
forms of the same functional response (Real 1977). As
we show, this identity in functional response permits
the translation of plant nutrient uptake physiology into
the language of foraging behaviour. We have three
main objectives: first, we compare the models used by
biologists to describe resource capture to show that the
models used by plant physiologists and animal beha-
viourists are mathematically identical. Second, we derive
a simple example model to predict the root foraging
precision of plants that is based on the well-described
functional response of plants (Epstein and Hagen 1951;
Bassirirad 2000) and the marginal value theorem
(Charnov 1976; McNickle and Cahill 2009). Third, we par-
ameterize the foraging model with a realistic range of
plant foraging traits obtained from a literature review of
existing studies of plant uptake kinetics for nitrate and
ammonium and recast these results from ‘enzyme-kinetics’
into ‘foraging kinetics’. We also present a summary of these
data with three sub-objectives: (i) we describe the range
and central tendency within the observed patterns of nutri-
ent uptake traits; (ii) we ask whether there is any relation-
ship in the ability of plants to capture the substitutable
resources of nitrate and ammonium and (iii) we ask
whether there is any phylogenetic signal in these uptake
parameters. We conclude with a discussion of the value
of rethinking plant uptake of nutrients as a process of en-
zyme kinetics to a process of foraging behaviour.

Methods

Identical models, different packaging

In the broader ecological literature on foraging and for-
ager functional responses, Holling’s disc equation (Holling
1959) provides one commonly used framework for mod-
elling resource capture. In the plant literature on nutrient
uptake kinetics, the Michaelis-Menten equation (Michaelis
and Menten 1913; Lineweaver and Burk 1934; Johnson
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and Goody 2011) provides the framework for modelling
nutrient capture (Epstein and Hagen 1951). Mathematic-
ally, these are simply different arrangements of the same
functional response, but the arrangements produce
distinct interpretations of parameters, and each arrange-
ment naturally lends itself to different predictive objec-
tives (Real 1977). Both equations produce a Type II
functional response (sensu Holling 1959), where the re-
source harvest rate, dH/dt, increases up to an asymptote
with resource availability, N (Fig. 1), and both have two
parameters.

The Michaelis-Menten equation (Michaelis and Menten
1913; Lineweaver and Burk 1934; Johnson and Goody
2011) for nutrient uptake at the level of the whole root
system in plants is

dH  VmexN
dt ~ Km+N

(€3]

where dH/dt is the resource harvest rate (units of resource
uptake per time per gram of root), r is the biomass of roots
possessed by the plant, N'is the available nutrient concen-
tration in the environment (units of resources per unit vol-
ume of soil), Vinax is the maximum influx rate (units of
resources per time per gram of root) and K., is the half
saturation constant (units of resources per unit volume),
representing the resource concentration where the har-
vest rate is half of the theoretical maximum. Readers
should note that V.« and K., simply describe the
shape of the functional response (Fig. 1A); the asymptote
on the y-axis is given by Vinqx, and the resource concen-
tration on the x-axis where the harvest rate is halfway to
the asymptote is given by K, (Fig. 1A).
Holling’s disc equation (Holling 1959) is written as

dH aN
dt ~— 1+ahN’ (20)
As above, dH/dt is the harvest rate (units of resource per
time per individual forager); N is the concentration of
prey in the environment (more typically referred to as
prey abundance, but abundance per area or volume is
mathematically identical to the concept of nutrient con-
centration); a is the rate that prey are encountered by the
forager (here in units of per time per individual forager,
often called search efficiency) and h is the time required
by the forager to handle each encountered prey item
(units of individual forager x time per prey). Note here
that instead of describing the shape of the functional
response, the parameters a and h describe activities rele-
vant to the process of foraging.

Typically, Holling’s disc equation describes the harvest
rate of one animal with one mouth, and so most typically
ecologists do not need to clarify that the equation is
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Nutrient harvest rate

Nutrient concentration

os}

Prey harvest rate

Prey density

Figure 1. Graphical comparison of (A) the Michaelis-Menten equa-
tion that relates resource harvest rates to resource abundance and
(B) the Holling disc equation that relates resource harvest to resource
abundance. The parameters of the Michaelis-Menten equation de-
scribe the shape of the curve where Vo is the maximum resource
harvest rate and K, is the concentration of nutrients that produces
half of the maximum resource harvest rate (A). The parameters of
the Holling disc equation describe traits of the organisms, and
though they produce the same curve, these parameters cannot be
placed in the figure.

parameterized on a ‘per-individual forager’ basis as we
have done above (McNickle et al. 2009). But, recognizing
the ‘per unit of forager’ aspect of the equation becomes
important when using Holling’s disc equation to under-
stand the foraging behaviour of modular plants that
are more like colonial animals than solitary animals
(see McNickle et al. 2009 for discussion). As above, taking
into account the per-root foraging effect in plants,
equation (2a) becomes

dH raN
dt ~ 1+ ahN’ (2)
In the root foraging form of the Holling disc equation, a
unit of root (r, units of mass or length) substitutes for
the individual forager, and the plant can effectively be
many foragers at once by proliferating many units of
root into a volume of soil (McNickle et al. 2009).
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The parameters of the Michelis-Menten equation can
be recast into Holling’s disc equation with a simple
rearrangement of equation (1). Dividing both sides of
the Michaelis-Menten equation by K, and setting equal
to the disc equation we find

F(Vmax/Km)N _ raN
1+ (1/KnN ™ 1+ahN’

3

Equation (3) shows how to convert the enzyme-kinetic
parameters into the foraging parameters where the
encounter rate between a unit of root and a nutrient
molecule is given by a = V,qx/Km, and the cost in time
associated with handling a given amount of nutrient
molecules is given by h = 1/V 4. This translation pro-
duces estimates of plant foraging parameters for the
Holling disc equation that are in the correct units and
maintain the correct theoretical interpretation for plant
foraging (Table 1).

From functional responses to root behaviour

From the Holling equation, where parameters map
directly to functional behavioural traits, many aspects
of foraging behaviour can be intuitively derived as a direct
consequence of search and handling (reviewed in
Stephens et al. 2007). Here we advance a simple nutrient
foraging model for plants which is based on Charnov’s
(1976) marginal value theorem and the Holling disc equa-
tion as one example of the value of translating Michaelis—
Menten kinetics into Holling’s foraging kinetics. The
marginal value theorem hypothesizes that foragers
should invest effort (here effort is root biomass) into
patches until the nutrient uptake rate inside the patch
balances the rate in the background soil (Charnov 1976;
Gleeson and Fry 1997), and several species of plants
have been shown to follow this prediction (Kelly 1990;
Kelly 1992; McNickle and Cahill 2009). For plants that
can place foraging roots in multiple locations, this predic-
tion is also similar to the ideal free distribution (Fretwell

The Ecology of Plants

and Lucas 1969; McNickle and Brown 2014). However,
plant foraging is sufficiently different from animal
foraging that one further modification is necessary.

Plant foraging is often measured as root foraging preci-
sion, which compares the investment of root biomass or
root length inside a patch with other locations in the soil.
This plant foraging behaviour differs from animal forag-
ing where questions are typically about understanding
time investment or energy requirements (McNickle et al.
2009). Thus, the model we develop predicts root foraging
precision, which we define as the ratio of root production
inside a nutrient-rich patch of some volume to the root
production in the poorer quality background soil of
equal volume (e.g. Rajaniemi and Reynolds 2004; James
et al. 2009; McNickle and Cahill 2009). It is important to
note that many other definitions of root foraging preci-
sion have been used by empiricists. However, all of
these definitions of precision are conceptually similar in
that they attempt to estimate the relative investment
of root biomass inside a nutrient-rich patch relative to
the investment in average background habitat quality.
These other definitions are not easily predicted from the
functional response without more complicated treat-
ments of root:shoot growth or spatial dimensions of
soil. For example, some authors defined precision as the
mass of roots inside a patch as a fraction of total body
mass (Campbell et al. 1991) but a model for this type
of foraging precision would require significantly more
complex treatments of root growth relative to nutrients
and shoot growth relative to photosynthetically active
radiation that are beyond the scope of this manuscript.
Other authors have defined precision as the relative pro-
portion of total root system inside a patch (e.g. Kembel
and Cahill 2005) or the relative root mass difference
between patch and background as a fraction of total
root biomass (e.g. Einsmann et al. 1999). These are also
difficult to solve without complex and explicit treatments
of space at the scale of the entire root system that are
beyond the goals of this manuscript.

Table 1. Comparison of the parameters of the Michaelis-Menten equation, and the Holling disc equation. The two models are built from an
equation of the same general form (Real 1977) and the two equations model identical processes in plants and animals. This produces
interchangeable parameters, where the units of measurement also perfectly translate.

Parameters Units

Holling disc a=Vmex/Km Lg 'min?
equation
h = 1/Vimax min g wmol ™!
Michaelis-Menten ~ Vinax = 1/h pwmol g~ min~?
equation Km = 1/ah wmol L1

Biological meaning

Effective encounter rate or search efficiency; the maximum volume of nutrients of

concentration R (wmol/L) that are encountered per gram of root per minute.
Handling time: the time taken for 1 wmol of nutrient to be captured by a gram of root
Maximum theoretical rate of nutrient uptake, per gram of root.
Half saturation constant or the nutrient concentration where the rate of uptake is

half of Vinax. This is sometimes called the enzyme affinity for the substrate.
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Consider a plant searching for j forms of nitrogen (Nj)
spread across i patches throughout the soil. The total
amount of nitrogen j encountered is given by the search
efficiency for nitrogen types j to n (g; ... a,), the concen-
tration of nitrogen typesjto n atlocationiin the soil (Nj. ..
N;n) and the amount of roots that are searching in each
location i (r; ... ry). Uptake rate is discounted by the rate
at which resources are encountered while searching
(g ... ap), and by the time lags associated with handling
nitrogen type j to n (h;...hy). Assuming that Nj is
experimentally held constant over the course of the
experiment then with no depletion, (e.g. Campbell and
Grime 1989; Shemesh et al. 2010), and also assuming
that the concentrations of nutrients other than nitrogen
are experimentally held constant among locations (e.g.
Drew and Saker 1975; McNickle et al. 2013), then the
harvest rate of nitrogen types j to n at location i is given
by the multiple resource form of the Holling disc equation,
with root biomass:

dH; ri(Z?:l ajNij)
dt 14 (20 ahNg)

(4)

Equation (4) predicts the uptake rate of all nitrogen types
from any location i. Consider a simple experiment where
plants are grown with one spatially discrete nutrient-rich
patch (location p), surrounded by nutrient-poor back-
ground soil (location b). Comparing one patch with a
similar volume of background soil, we expect that, all
else equal, plants would produce roots in the patch (r,)
and in the background (rp), such that the amount of
roots combine with the traits of the forager (a and h) to
produce equal rates of nutrient uptake (Charnov 1976),
given by

rp<Z,"-=1aijj> 3 'b<2?zlafN"j) . (5q)

1+ (ZLl ajthpj) 1+ (ZLl Gjthbj)

Here we are interested in root foraging precision, which is
the optimal ratio of roots inside the patch relative to the
roots inside the background soil (P* = r,*/r,*) given by:

n n
pr Li _ Z{):l Np 1+ Zjnzl a;hiNp; . (b
rp 1+ 1ahNy 2 j=1Nbj

Equation (5b) thus represents a simple approximation of
foraging precision in plants based on plant nutrient up-
take physiology and foraging theory. A key assumption
of this model is that plants are nitrogen limited and not
limited by other resources, particularly carbon. When
plants are carbon limited they may shift allocation away

from roots and towards shoot production. Additionally,
this model assumes that the roots are the sole source
of nitrogen uptake. For example, root production may
not be as important for nitrogen acquisition in nitrogen-
fixing plants or mycorrhizal species. These assumptions
can be easily met in controlled manipulative experiments
and by choosing appropriate model species, but may not
apply to all species and contexts.

Literature review: range of foraging traits

To estimate the range of behavioural foraging traits in
plants and parameterize our model, we broadly searched
the literature for estimates of Vi,qx and K, for nitrate and
ammonium and translated the reported Vo« and K., into
encounter rates and handling times (Table 1). In February
2011, we searched the ISI Web of Science for the topic
‘root uptake kinetics’ which returned 870 papers. To
make search results more manageable, we filtered the
results to the Web of Science Category ‘Plant Sciences’.
This produced 509 papers. We then inspected titles and
abstracts to reduce the search to only papers that re-
ported parameters for nitrate and/or ammonium. From
the remaining 219 papers we read each manuscript to
collect parameter estimates. We limited our data collec-
tion to papers that estimated parameters based on either
fresh or dry weight of roots and that estimated both Vi,qx
and K, using the Michaelis-Menten equation. Despite
the fact that all plant papers we reviewed used the two-
parameter Michaelis—Menten equation to fit their data, a
surprisingly large number of papers only reported Vinax,
while failing to report the second parameter, K.,. We
excluded these papers. Additionally, we limited the data
to only plant species with areal shoots so that nutrient
capture was achieved exclusively through roots. Fully
aquatic plants and algae were therefore excluded, but
wetland plants were included. A small number of studies
(<10) were not in English, were unavailable after an
exhaustive physical and online search or did not report
the units of measurement, and these were excluded.
When different studies reported estimates of V,,qx and
K., for the same species, we report these as separate
data points [see Supporting Information]. When mul-
tiple treatments were employed we used only the control
treatment or the equivalent ‘no manipulation’ treatment.
These search criteria resulted in a final set of 38 studies,
with parameter estimates for nitrate and/or ammonium
for 45 distinct plant species, and three species that
had been studied more than once [see Supporting
Information].

Parameter estimates were adjusted uniformly to
pmol g *min~?! for V,ox and pM for K. Parameter
estimates from fresh weight and dry weight of roots
were plotted and interpreted separately. We used linear
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regressions to compare foraging ability for nitrate and
ammonium (R Statistical environment, R Development
Core Team 2009). To summarize the taxonomic diversity
and patterns in these parameter estimates, we per-
formed a phylogenetic analysis. The hypothesized phylo-
genetic relationships among species were constructed
using the online phylogenetic database and assembly
tool, Phylomatic (Webb and Donoghue 2005), with Phylo-
matic tree version R20120829 as the backbone for
our phylogenetic hypotheses. The Phylomatic tree is
well resolved up to the level of family, but the tool places
all genera as polytomies within family and all species as
polytomies within genera (Kembel and Cahill 2005; Webb
and Donoghue 2005). We tested for a phylogenetic signal
in the foraging trait data (a and h) by calculating a K
statistic using the R library ‘Picante’ (Kembel et al. 2010).
The K statistic compares the observed phylogenetic signal
in the trait with the signal that would be expected under
the Brownian motion model of trait evolution. K values
>1 imply a strong phylogenetic signal, K values equal to
1 imply the Brownian motion model and K values <1
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imply a random or convergent pattern of evolution. Traits
were mapped onto the phylogeny for visualization using
the ‘plotBranchbyTrait’ tool in the R library ‘phytools’. For
several species there were multiple independent esti-
mates of traits. In these cases, we took the average
trait value. Traits were In(x + 1) transformed for normality
and to control for differences between fresh and dry
weight estimates. There was considerable variation in
the methods used among studies to estimate nitrogen
foraging parameters [see Supporting Information].
Thus, we envision the phylogenies as a way of summariz-
ing the data with respect to taxonomy, but urge caution
in interpreting the phylogenetic signal from these data.

Results

Range of reported uptake parameters

Parameter estimates ranged over six orders of magnitude
(Table 2), but were relatively evenly spaced along this
range (Fig. 2). Examining the Holling parameters, the min-
imum value for per gram of root encounter rate for nitrate

Table 2. Summary of observed parameter estimates from the literature review for plant uptake of nitrate and ammonium. Authors sometimes
calculated based on dry or fresh weight of roots, these are summarized independently. Note that a and h were calculated from Viqx and K,

according to Table 1.

Statistic Dry weight
a
N 03 ...................... Mm ............................. 757E—06 .............

Max 0.360
Mean 0.051
Median 0.011
cv 0.133

NH, Min 2.16E—04
Max 0.368
Mean 0.049
Median 0.011
cv 0.109

............................ Stut|st|cDrywe|ght
Km

NO; Min 1.45
Max 2422
Mean 480.3
Median 44.0
cv 0.662

NH, Min 2.3
Max 1908
Mean 293.1
Median 27.8
cv 0.507

Fresh weight
h a h
.......... 00621115—065455
54.545 0.074 952.381
11.241 0.005 94.288
1.901 0.001 16.300
0.135 0.062 0.087
0.178 1.12E-04 0.902
19.690 0.081 30.000
3.191 0.009 10.874
2.150 0.003 5.454
0.157 0.111 0.259
........................................ Freshwe|ght
Vimax Km Vimax
0.0183 1.4 0.001
16.001 2140 0.183
2.206 205.8 0.0696
0.526 75.6 0.062
0.545 0.435 1.365
0.0508 83 0.033
5.633 3930 1.108
1.052 332.03 0.246
0.465 72 0.183
0.778 0.333 0.904
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Figure 2. Scatter plots and linear regressions of the observed relationship between (A) the search time for nitrate and ammonium (F; ;¢ = 100.4,
P < 0.0001, R?> = 0.79), (B) the handling time for nitrate and ammonium (F; ;¢ = 31.2, P < 0.0001, R? = 0.53), (C) Vinax for nitrate and ammonium
(F1,26 = 31.2,P < 0.0001, R? = 0.53) and (D) K, for nitrate and ammonium (F1,26 = 43.2,P < 0.0001, R? = 0.61). Fresh (fw) and dry (dw) weights
are plotted separately, but the patterns were qualitatively similar and so they were pooled for regression fits. Data were In(x + 1) transformed.

was two orders of magnitude lower than the minimum
value for ammonium, while the maximum, mean, mode
and coefficient of variation were all similar between ni-
trate and ammonium (Table 2). The pattern was retained
whether the estimate was based on fresh or dry weight of
tissue. Again, note that this is the encounter rate between
active uptake sites and not the encounter rate of nutri-
ents and the surface of the root.

For handling time the maximum and mean estimates
were generally larger for nitrate compared with ammo-
nium, while other statistics were relatively similar, or
showed no clear pattern (Table 2). Again the pattern
was retained whether the estimates were based on
fresh or dry tissue. The range of parameter values sug-
gests that nitrate may be more difficult or costly to trans-
port across root membranes compared with ammonium
given the higher average handling costs. It also suggests
that at the extreme, the number of encounters which turn
into effective encounters (i.e. uptake) may be lower for
nitrate.

We also present the range of estimates of parameters
for the Michaelis-Menten equation. The parameter Viyqx
is simply the inverse of handling time, and so the patterns
in Vmax Were the same as for h above, but inverted. That is,
where handling times were larger for nitrate compared

with ammonium, maximum influx rates (Vqx) tended
to be lower for nitrate compared with ammonium. For
the half saturation constant, K, there seemed to be no
obvious differences between ammonium and nitrate
(Table 2). If nutrient uptake in plants is a foraging process,
then this may not be surprising since K., is actually a com-
bination of search and handling time, and the patterns
described above for each of these are cancelled by con-
founding them within this parameter (i.e. K., = 1/ah).

We also explored the relationships in nutrient uptake
ability for nitrate and ammonium within a species to
examine whether plants might specialize in one type of
nitrogen over the other (Fig. 2). Here, all four parameters
(a, h, Vmax and K.;,) tell a similar story: plants that are
efficient foragers for nitrate are also efficient foragers
for ammonium. Interestingly, this suggests that there
are no general trade-offs in foraging ability for these
two common forms of nitrogen, and instead species are
either efficient or inefficient foragers. However, note
that it is not possible to be simultaneously good at
searching and handling because of the way that these
parameters are conceptualized (Table 1).

In our phylogenetic analysis of trait values, we found
no evidence of any phylogenetic signal for any of the
foraging traits (Fig. 3). The foraging traits for nitrate
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Figure 3. Phylogeny of species for which we have foraging parameters for nitrate (A and B) or ammonium (C and D). Species come from three
major clades including conifers, monocots and eudicots. Colour on the branch tips represent In(x + 1) transformed trait values for search effi-
ciency (A and C) and handling time (B and D). The species lists for nitrate and ammonium foraging parameters were not identical and so the
upper and lower phylogenies are not identical.
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Figure 4. Predicted root foraging precision over the observed range of search efficiency (A), handling time (B), maximum uptake rate (C) and half
saturation constant (D) among plants. In each case the value of the background soil was N, = 0.2 pmol L™%, and the value of the patch asso-
ciated with each curve is shown in the figure legend (0.5 umol L™ ! < N, < 2 umol L™%). In each panel, the x-axis parameter was varied, while
the second parameter was held constant at the mean observed value for nitrate calculated from dry weight (Table 2). In each panel, the mean
(open triangle) and median (closed triangle) observed values of parameters are indicated by dotted vertical lines.

encounter rates (K = 0.23, P = 0.032; Fig. 3A) or handling
(K=0.17, P=0.011; Fig. 3B) and ammonium encounter
rates (K = 0.15, P = 0.161; Fig. 3C) or handling (K = 0.09,
P =0.625; Fig. 3D) all had a K statistic <1 implying ran-
dom evolution of traits, or convergent evolution towards
relatively uniform foraging traits across all taxa. At this
time we are unable to determine whether this result
reflects a true lack of historical relationships, or merely
the variability in methodologies used to estimate para-
meters and urge caution in interpreting this signal.

Root foraging precision

Using the observed range of parameter values for nitrate
(Table 2), we can generate hypotheses concerning the
corresponding hypothesized range of foraging precision
among species foraging for nitrate and how these relate
to foraging traits of plants (Equation 5b). The model
predicts precision between positive infinity (i.e. all roots
inside the patch) and one (i.e. no discrimination between
patch and background). In most regions of parameter
space, and regardless of which uptake model is used
(Michaelis-Menten or Holling), root foraging precision is

hypothesized to increase with increasing patch quality
(Fig. 4). The model predicts that plants should allocate
more roots to increasingly nutrient-rich patches relative
to the average poorer quality background soil; that is
with increasing patch-background contrast. Each param-
eter has specific links to predicted foraging behaviour
(Fig. 4), and in the following paragraphs we examine
each of the model parameters and their hypothesized
effect on root foraging precision individually.

Within the range of a; observed for plants (Table 2), the
marginal value theorem hypothesizes that plants posses-
sing the ability to encounter nitrogen at a high rate
should discriminate less among patches of differing
quality compared with plants with low encounter rates.
Theoretically this occurs because encounter rate acts
like a scaling parameter for the effectiveness of each
unit of root produced. Plants with high encounter rates
between uptake sites and nutrient ions will be able to
gather more resources, with a low investment in root sur-
face area compared with plants with low encounter rates
that require high amounts of surface area to effectively
encounter nutrients. We observe from our examination
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of the literature that the mean and median plant species
in our dataset of 45 species possess relatively low values
of this parameter compared with the maximum range
that is observed in the literature (Table 2, Fig. 4A). Thus,
based on our literature review parameterized model the
marginal value theorem would predict that the average
plant should have relatively high root foraging precision,
and should discriminate among patches of different qual-
ity by putting more roots in higher quality patches. How-
ever, the literature review also reveals that species exist
with extremely efficient encounter rates, and these
species are predicted to exhibit low root foraging preci-
sion in any patch and exhibit similar root foraging preci-
sion regardless of patch quality.

In the context of handling time (Fig. 4B), plants with
low handling times have low time lags associated
with nutrient uptake, meaning that within a prescribed
amount of time spent foraging for nutrients (e.g. the dur-
ation of a foraging experiment), plants with low handling
times are able to actually acquire more of the available
nitrogen compared with plants with high handling time.
Logically, plants with low handling times for nitrogen
are hypothesized to have high nutrient foraging precision
because plants with low handling times are able to cap-
italize on high quality patches more than plants with high
handling costs. As above, we observe from our literature
review that the mean and median plant species in our
dataset of 45 species possess relatively low handling
time compared with the range observed in the literature
(Table 2). This means that as above, the average plant in
our dataset of 45 species has relatively high foraging pre-
cision, and discriminates a great deal among patches of
differing quality. However, the observed range for hand-
ling time is large, suggesting that some species are
hypothesized to have relatively low foraging precision,
and not discriminate among patches of variable quality
(Fig. 4B).

Finally, in the context of either parameter of the
Michaelis-Menten equation (Fig. 4C and D), only the low-
est values of Vmax Or Ky lead to much discrimination
among species with respect to root foraging precision.
For either parameter, we see that a plateau is reached
quite quickly, and then root foraging precision changes
only slightly. Mathematically, this happens because
Vimax is the inverse of handling time, and K, is the inverse
and the product of both search and handling. Roughly,
this reverses the patterns observed for the Holling para-
meters. Biologically, it suggests that the concepts of
maximum uptake rate (Vinqx) and the half saturation con-
stant (K.,) are simply not concepts that are particularly
informative about processes important for root prolifer-
ation and nutrient foraging. Instead, as we have shown,
ecologists interested in nutrient foraging behaviour of
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plants will be able to discriminate more clearly among
the behaviours and traits of plants by translating the
Michaelis-Menten parameters into Holling parameters
(Fig. &4, Table 1).

Discussion

We had three major objectives in this paper: First, we
showed that the Michaelis-Menten and Holling equa-
tions are mathematically identical, and how to translate
parameter estimates for each model back and forth
(Table 1). The most important insight from this exercise
is that under a foraging interpretation of nutrient uptake,
the parameter K., turns out to be a confounded mixture
of search and handling that is not particularly useful for
predicting plant foraging behaviour (Fig. 4). The equality
of the Michaelis-Menten and Holling equations is math-
ematically straightforward, and we do not discuss this
further.

Empirically derived parameter estimates

The analysis of the parameter estimates themselves
yielded interesting insights. Interestingly, within species,
their ability to capture ammonium and nitrate was posi-
tively correlated for all parameters (Fig. 2). This means
that there are no trade-offs in the ability of species to cap-
ture these two important nitrogen types; instead there
are ‘super-foragers’ where some species are extremely
efficient either encountering or handling both nitrate
and ammonium simultaneously, while other species are
extremely inefficient. Given that these parameters ran-
ged over six orders of magnitude, this ‘super-forager’ ef-
fect is very large indeed (Table 2). However, it should be
noted that there is a trade-off (not shown) between en-
counter rate and handling time. We do not show this be-
cause it is a necessary mathematical condition on the
way a and h are calculated (see Table 1). But it is import-
ant to note that while plants can be simultaneously
efficient at either encountering or handling nitrate and
ammonium, they cannot be simultaneously efficient at
both encountering and handling. Thus, species must spe-
cialize on one or the other of these foraging processes,
and ‘super-foragers’ should actually be unpacked into
‘super-encounterers’ versus ‘super-handlers’ where species
cannot be both. It remains unclear what forces cause this
specialization, and our phylogenetic analysis did not shed
any light on this problem.

We analysed the parameter data in the context of
historical phylogenetic relationships among species,
and the results of the phylogenetic analysis were consist-
ent with random or convergent evolution on foraging
traits. However, we suggest that convergent evolution is
unlikely since the parameter values varied over six orders
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of magnitude instead of converging on a single value. We
are reluctant to draw too many conclusions about this re-
sult because of the large differences in methods among
studies from which we obtained parameter estimates.
Currently we are inclined to suspect that the observed
lack of phylogenetic signal may simply reflect this diver-
sity of methods. We suggest caution in interpreting this
result at this time, but this is certainly a pattern that
demands further investigation using a common set of
methods and a large taxonomic sample.

A model of root foraging precision

The foraging model generated three predictions: (i) on
average, plants should invest more root biomass into
higher quality patches relative to lower quality patches
but not all species should be expected to discriminate
among patches of differing quality depending on their
foraging traits (Fig. 4); (ii) root foraging precision, and
discrimination among patches of variable quality, should
be lowest in species with high encounter rates between
nutrients and active uptake sites (Fig. 4A); and (iii) root
foraging precision and discrimination among patches
of variable quality should be lowest in plants with the
highest handling times for nutrients (Fig. 4B).

Empirically testing these hypotheses will require
studies that include a large number of taxonomically
diverse plant species and produce paired estimates of
physiological uptake parameters and root foraging preci-
sion (e.g. to generate an empirically derived version of
Fig. 4). Kembel and Cahill (2005) assembled a dataset of
root foraging precision for ~120 species. Unfortunately,
there are only five species in common between the
precision dataset from Kembel and Cahill (2005) and
the assembled dataset of uptake parameters presented
here. A second problem is that Kembel and Cahill (2005)
defined precision as the percentage of total roots inside a
patch which is not predicted from the model presented
here. Thus, currently there are not enough data available
to quantitatively test the foraging model. However, we
note that, qualitatively, the available data support the
model. For example, the model predicts based on data
we assembled from the literature that the average plant
should have relatively high root foraging precision, and in-
deed high root foraging precision appears to be the be-
haviour of the average plant species (Hutchings and de
Kroon 1994; Hodge 2004; Kembel and Cahill 2005; Cahill
and McNickle 2011). Further, the prediction that some
species should strongly discriminate among patches of
variable quality while others should not discriminate
among patches is also supported by the available data
(Fransen and de Kroon 2001; Hutchings et al. 2003;
Lamb et al. 2004; McNickle and Cahill 2009).

There has been no clear explanation for why some
plants should exhibit high root foraging precision while
others should not (Robinson 1994; Robinson 1996;
Kembel et al. 2008), or why some species discriminate
among patches of variable quality while others do not
(McNickle and Cahill 2009; McNickle et al. 2009). Indeed,
some authors have even gone so far as to suggest that
the large range of behaviour of root proliferation is
illogical (Robinson 1994, 1996) or that certain results sug-
gest the behaviour might even be maladaptive (Fransen
and de Kroon 2001) when explained using previous con-
ceptual frameworks. We suggest that recasting enzyme
kinetics as a foraging process of search and handling
provides one clear first principles hypothesis for why so
many plant species exhibit high root foraging precision
(Fig. 4). Low encounter rates and low handling times
intuitively lead to high root foraging precision by virtue
of the marginal value theorem (Fig. 4). However, there is
a theoretical trade-off between search and handling:
foragers cannot do both simultaneously leading to differ-
ences in adaptation and ultimately foraging behaviour
(Holling 1959).

Switching from the Michaelis-Menten enzyme kinetics
view of nutrient uptake to Holling’s functional response
view of nutrient uptake as foraging behaviour will require
integration of some new concepts into our understanding
of plant nutrient foraging. Since handling time is just the
inverse of the maximum uptake rate (h = 1/Vqx) then
handling time, as a concept, is already in common use
by plant biologists. Plants with high influx rates necessar-
ily have low handling times. However, as we have shown,
switching to the inverse of Vo« allows a more subtle dis-
crimination between the foraging behaviour of different
species with differing uptake abilities (Fig. 4B versus C)
and as a result is a more ecologically valuable parameter.

The concept of encounter rate, which can also be
thought of as search efficiency (Stephens et al. 2007), is
a relatively new idea for plant ecologists that was
confounded, along with handling time, inside the half
saturation constant (K, = 1/ah). The concept of encoun-
ter rates is critically important in the foraging literature,
and is important for understanding the patch-use behav-
iour of foragers (Vincent et al. 1996; Stephens et al. 2007).
Just as the inverse of influx rate is a more informative
parameter for root foraging behaviour, unpacking en-
counter rate from within K., provides better insights
into root foraging behaviour of plants that was obscured
inside of K, (Fig. 4A versus D). Encounters will be influ-
enced by any factor that influences the rate at which
nutrient ions are encountered by active uptake sites on
a plant root and can include behavioural responses of
the plant such as changing the number of active uptake
sites (Lauter et al. 1996; McNickle et al. 2009), or by

WORLD TECHNOLOGIES




36

changing total root biomass/length and therefore the
number of active uptake sites per volume of soil (Hutchings
and de Kroon 1994; Cahill and McNickle 2011). Encounter
rate will also be influenced by physical properties of the
soil and physical properties of the nutrient molecules
that might limit ion movement in soil solution. For
example, most uptake studies are conducted in nutrient
solutions within laboratories, which likely have quite high
mobility of ions leading to artificially high encounter
rates. However, physical factors that limit diffusion
rates in field soil will also limit the rate at which plants
can encounter nutrients and should have an influence
on plant foraging behaviour. An experimental test of
the root foraging precision model could manipulate
encounter rates by manipulating properties of the soil
environment. For example, soils with high clay content
have lower mobility of cations, and this would limit the
ability of plants to encounter positively charged ions
such as nitrate.

With any model there are caveats around the assump-
tions made. We assumed that nitrogen was the only limit-
ing resource. This is unlikely to be true in many contexts,
but can and has been achieved in controlled experiments
(e.g. Drew and Saker 1975; McNickle et al. 2013). Mathem-
atically, the model could be extended to include foraging
for multiple essential resources by the use of a minimum
function, where foraging decisions were based on Liebig’s
law of the minimum. This would require a more complex
model, but foraging theory exists for this problem (See
Vincent et al. 1996; Simpson et al. 2004). Additionally,
we assumed that nitrogen levels were not depleted over
the course of the experiment. Again, controlled manipu-
lative experiments can and have met this assumption
(e.g. Campbell and Grime 1989; Shemesh et al. 2010).
This assumption could be relaxed by allowing nutrients
to have their own dynamics in the model (see Vincent
et al. 1996). Relaxing both of these assumptions would
change the quantitative predictions of our model, but
we do not believe they would change the qualitative pre-
dictions. Specifically, that encounter rates and handling
times are important predictors of foraging precision.
The assumptions that plants are limited by nitrogen
more than carbon can be more easily met by ensuring ad-
equate light supplies. Similarly, the assumption that up-
take is achieved through roots alone can be met by the
selection of model species, or by sterilizing soil prior to ex-
perimentation. Finally, this model assumes that foraging
is all that matters to plants. There are many other pro-
blems such as mutualisms, enemy attack and competi-
tion that plants must solve (De Deyn and Van der Putten
2005; McNickle and Dybzinski 2013), and trade-offs re-
quired to solve these problems may cause undermatch-
ing in foraging behaviour as plants direct resources
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away from nutrient foraging and towards solving these
other problems (Brown 1988; Nonacs 2001).

The model of root foraging precision presented here is
just one example of how the application of a Holling func-
tional response to plant nutrient uptake could enhance
our understanding of plant nutrient foraging behaviour,
and we hope this work will lead to further advances. For
example, much of the existing foraging theory in the
animal literature is based upon the Holling disc equation
(Real 1977; Stephens and Krebs 1986; Vincent et al. 1996;
Stephens et al. 2007; Abrams 2010a, 2010b) and a diver-
sity of models can be derived from this functional re-
sponse. We suggest that interested plant ecologists can
now begin to take full advantage of the existing foraging
literature by using the Holling equation to interpret nutri-
ent uptake instead of the Michaelis-Menten equation.
It is beyond the scope of this manuscript to review the
existing animal models (see Stephens and Krebs 1986;
Stephens et al. 2007), but we believe that there is consid-
erable room for enhanced linkages between processes
of interest to plant ecologists and plant physiologists
mediated through pre-existing understanding of foraging
ecology.

Conclusions

We have argued that a switch from the phenomenological
view of plants as passive enzyme-like entities that are
largely governed by chemical fluxes to a more mechanis-
tic view of plants as active foragers that assess and
respond to their environment fits with the trend towards
viewing plant plasticity as a behavioural process. We
believe that the ability to translate existing plant physio-
logical data into information relevant to foraging behav-
iour and theory will be valuable for plant ecologists. Our
model has the potential to generate improved ecological
understanding by uniting traditionally separate fields of
ecology, while still preserving our existing knowledge
and understanding.
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Abstract. Feedbacks between plants and soil biota are increasingly identified as key determinants of species abun-
dance patterns within plant communities. However, our understanding of how plant-soil feedbacks (PSFs) may con-
tribute to invasions is limited by our understanding of how feedbacks may shift in the light of other ecological
processes. Here we assess how the strength of PSFs may shift as soil microbial communities change along a gradient
of soil nitrogen (N) availability and how these dynamics may be further altered by the presence of a competitor.
We conducted a greenhouse experiment where we grew native Stipa pulchra and exotic Avena fatua, alone and in
competition, in soils inoculated with conspecific and heterospecific soil microbial communities conditioned in low, am-
bient and high N environments. Stipa pulchra decreased in heterospecific soil and in the presence of a competitor,
while the performance of the exotic A. fatua shifted with soil microbial communities from altered N environments.
Moreover, competition and soil microbial communities from the high N environment eliminated the positive PSFs of
Stipa. Our results highlight the importance of examining how individual PSFs may interact in a broader community
context and contribute to the establishment, spread and dominance of invaders.

Keywords: Avena fatua; California grasslands; competition; exotic species; native species; nitrogen enrichment;
plant-soil feedbacks; Stipa pulchra.

Introduction soil biota, are thought to be important in the mainten-

Increasingly, feedbacks between plants and soil biota are
being identified as key determinants of the abundance
and composition of plant communities (Wardle et al.
2004; van der Putten et al. 2013). Negative feedbacks,
where plant species are less productive in their ‘home’

* Corresponding author’s e-mail address: loralee.larios@mso.umt.edu

ance of plant diversity (Reynolds et al. 2003; Vogelsang
et al. 2006) and promote species coexistence at small
scales. Positive feedbacks, where species are more pro-
ductive in ‘home’ soil biota, can contribute to species
dominance and patch dynamics on a landscape scale
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(Chase and Leibold 2003; Shurin 2007). Introduced spe-
cies seem to be exceptions to the rule, as soil biota is
often found to have little impact on invasion success
(Callaway et al. 2004; Inderjit and van der Putten 2010;
Suding et al. 2013). However within the introduced
range, the positive effects of ‘home’ soil biota may con-
tribute to exotic dominance (Grman and Suding 2010).
Translating demonstrated plant-soil feedbacks (PSFs) to
abundance patterns has had varied results (Klironomos
2002; Yelenik and Levine 2011), as these effects are
often considered in isolation from other ecological pro-
cesses. Environmental factors can affect the dependency
of plants on soil biota (Johnson et al. 2003) and the com-
position of the soil communities (Zeglin et al. 2007). How-
ever, the relative strength of these feedbacks may be
small compared with interactions such as plant competi-
tion (Shannon et al. 2012). Addressing this context de-
pendency of PSFs is key to our understanding of the role
of PSFs in plant invasions and exotic dominance.

Soil nitrogen (N) enrichment, via fertilization, atmos-
pheric deposition or other anthropogenic inputs, can
alter soil microbial communities (Bissett et al. 2013) and
facilitate plant invasions (Vitousek et al. 1997; Brooks
2003). Despite this evidence, our understanding of how
feedbacks may shift in light of these changes to impact
plant performance and subsequent invasion dynamics
is limited. Under elevated soil N, microbial composition
can shift towards a more bacterial dominated community
(Bardgett et al. 1999; Allison 2002; Bradley et al. 2006;
Zeglin et al. 2007) and can experience a loss of arbuscular
mycorrhizal fungal (AMF) species within soil microbial
communities (Egerton-Warburton et al. 2007; Liu et al.
2012). However, the net effect of these soil microbial
community shifts on PSFs and invasions is unclear.
In addition to these changes in soil microbial communi-
ties, host plant identity, which plays a significant role in
dictating soil microbial community composition and
feedback strength (Bardgett and Cook 1998; Hausmann
and Hawkes 2009), can also shift in tandem with re-
sources. For example, native and exotic species loss has
been observed with increasing resource availability across
multiple grassland systems, but resident natives had a
greater likelihood of loss than exotics (Suding et al.
2005). Synergistic interactions between shifts in soil mi-
crobial communities due to altered resources and shifts
in exotic abundance may result in enhanced PSFs that
benefit the exotic vs. the native, contributing to invasion;
yet these interactive effects are seldom studied.

Plant - soil feedbacks are often assessed at the individ-
ual plant level in isolation of other ecological processes
such as plant-plant interactions, although they can jointly
operate in regulating community diversity and abundance
(Hodge and Fitter 2013). Plants can actively secrete
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compounds within their rhizosphere to promote the acqui-
sition of resources (Hartmann et al. 2009), but the pres-
ence of the competitor can cause resources to be more
limiting and potentially alter the magnitude of PSFs, either
intensifying the PSF (Van der Putten and Peters 1997) or
eliminating them (Casper and Castelli 2007). Scaling up
individual plant responses to soil communities to the
community level requires an understanding of how com-
petitive