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Abstract

Determining underlying physiological patterns governing plant productivity and diversity in
grasslands are critical to evaluate species responses to future environmental conditions
of elevated CO, and nitrogen (N) deposition. In a 9-year experiment, N was added to
monocultures of seven C; grassland species exposed to elevated atmospheric CO,
(560 pmol CO, mol ™) to evaluate how N addition affects CO, responsiveness in species of
contrasting functional groups. Functional groups differed in their responses to elevated CO,
and N treatments. Forb species exhibited strong down-regulation of leaf N,,,,ss concentrations
(—26%) and photosynthetic capacity (—28%) in response to elevated CO,, especially at high N
supply, whereas C; grasses did not. Hence, achieved photosynthetic performance was
markedly enhanced for C; grasses (+ 68%) in elevated CO,, but not significantly for forbs.
Differences in access to soil resources between forbs and grasses may distinguish their
responses to elevated CO, and N addition. Forbs had lesser root biomass, a lower distribution
of biomass to roots, and lower specific root length than grasses. Maintenance of leaf N,
possibly through increased root foraging in this nutrient-poor grassland, was necessary to
sustain stimulation of photosynthesis under long-term elevated CO,. Dilution of leaf N and
associated photosynthetic down-regulation in forbs under elevated [CO,], relative to the C;
grasses, illustrates the potential for shifts in species composition and diversity in grassland
ecosystems that have significant forb and grass components.
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Introduction

With increasing CO, emissions from human activities
driving increases in mean global atmospheric [CO,],
there are concerns over the capacity of natural ecosys-
tems to continue to serve as sinks for atmospheric CO,
over decades to come (Canadell et al., 2007). During the
20™ century, the sink capacity of native grasslands was
related to climate, atmospheric CO,, and nitrogen (IN)
deposition, but our understanding of the interactions
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among these factors and the mechanisms driving these
interactions remains incomplete (Schimel et al., 2001).
Because ecosystem C and N cycles are strongly coupled,
interactive effects of elevated CO, and N availability are
likely, potentially reducing the magnitude of photosyn-
thetic enhancement under elevated CO, (McMurtrie &
Comins, 1996; Rastetter et al., 1997; Luo et al., 2004). In
addition, species-specific responses to environmental
conditions influence the rate of C and N cycling in
ecosystems and interactions between species and
elevated CO, or N addition. Long-term field experi-
ments in which multiple factors are manipulated simul-
taneously therefore provide an important tool for
untangling ecological interactions (Hunter, 2001;
Mikkelsen et al., 2008). Moreover, it is important to link
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physiological responses to whole plant biomass accu-
mulation to understand the underlying controls and
their effect on plant productivity in ecosystems under
expected climatic and atmospheric change (Korner,
2003).

Plant N stocks and photosynthesis-leaf N relation-
ships couple ecosystem C and N cycles (Lee et al., 2001,
2003; Ellsworth et al., 2004). Long-term elevated CO,
typically causes a reduction in leaf N (Yin, 2002; Ains-
worth & Long, 2005) and hence potentially in plant
productivity per unit C availability, particularly when
root N uptake is not enhanced to support increased
growth demands in elevated CO, (Field et al., 1992; Luo
et al., 1994). In contrast to the reduction of leaf N when
[CO,] is enriched, increased N supply to soils would be
expected to increase leaf N (Field et al., 1992). Thus, leaf
N and its impacts on leaf physiology can help us better
understand the interactions between N availability and
atmospheric CO, concentration that are critical to pre-
dicting how plant productivity and diversity are af-
fected in an increasingly eutrophic biosphere (Vitousek,
1994).

Plant species can vary in their divergent responses to
environmental change, including rising atmospheric
[CO,] and N addition (Zanetti et al., 1997; Joel et al.,
2001; Lee et al., 2001; Poorter & Perez-Soba, 2001; Reich
et al., 2004). Many grassland studies have found that
increased plant growth under elevated CO, can only be
sustained with sufficient N supply (Griinzweig & Kor-
ner, 2003; Liischer et al., 2004; Schneider et al., 2004;
Dukes et al., 2005; Reich et al., 2006a). However, such a
response may not typify all species or functional groups
(Poorter & Navas, 2003). Several studies have shown
that forbs might be more sensitive to elevated CO, than
other functional groups (Reich et al., 2001b; Teysson-
neyre et al., 2002; Polley et al., 2003). Recent reports have
shown that C; forbs in grasslands are negatively im-
pacted by increased N deposition (Zavaleta et al., 2003b;
Stevens et al., 2006; Clark & Tilman, 2008) but it is
unclear how or why this functional group responds
differently than other functional groups. A negative
response to N addition in C; forbs could be related to
water availability (Morgan et al., 2004), competition for
light (Mohan et al., 2007) or soil resources, altered soil
processes (Niklaus et al., 2003; West et al., 2006) or
altered allocation between plant C pools (Poorter,
1993). Differential responses to elevated CO, and N
deposition among plant groups can lead to changes in
species composition and diversity, and the structure
and function of ecosystems (Potvin et al., 2007).

Grasslands constitute 40% of global land area (Mor-
gan et al., 2007) and are often relatively species-rich.
Broad functional groups could be useful for capturing
the aggregated responses of different types of species

and their responses to changing environmental condi-
tions (Zavaleta et al., 2003a). It has been hypothesized
that a number of intrinsic physiological leaf traits, such
as photosynthetic rates, specific leaf area (SLA) and
foliar nitrogen, central to how species functional groups
are depicted, also determine the response of species to
elevated [CO,] (Woodward & Cramer, 1996; Lavorel
et al., 1997). These key functional traits shared by
species in functional groups could be represented in
models predicting community responses to environ-
mental change (Suding et al., 2008).

This study aims to provide insight into mechanisms
that drive species responses to atmospheric change for
two contrasting functional groups under a combination
of elevated CO, and N addition. This is particularly
important in light of recent reports of species losses in
grassland ecosystems under climatic and atmospheric
change (Joel et al., 2001; Zavaleta et al., 2003a; Suding
et al., 2005). Our goal was to examine how trait differ-
ences between C; forbs and C; grasses yield different
responses to the combination of elevated CO, and N
addition. We investigated physiological mechanisms
underlying species responses to both elevated CO,
and N deposition, and the multiple interactions be-
tween these environmental factors and species. Func-
tional group responses were also examined to assess
whether these groupings could represent species re-
sponses within their respective functional group. We
studied C; grass and forb species across the sixth to
ninth years of elevated [CO,] exposure and chronically
low levels of N addition in a nutrient-poor prairie
grassland in Minnesota, USA to address the following
hypotheses:

H.1. Long-term reductions in foliar N under elevated
CO, are reflected in declining photosynthetic
capacity such that the instantaneous CO, enhance-
ment effect is offset by photosynthetic down-
regulation. This would result in little or no
enhancement of realized photosynthetic rates in
elevated CO; in a nutrient-poor grassland.

H.2. Nutrient addition can compensate for reduced
foliar N under elevated CO, such that photosyn-
thetic capacity of C; grassland species remains
unchanged or increased with CO, enrichment.

We examined these hypotheses for multiple C; grass-
land species in a long-term grassland free-air CO,
enrichment (FACE) experiment where atmospheric
[CO,] and soil N were manipulated (Reich et al,
2001a). Collectively, these hypotheses are used to ex-
plain differences in species performance in elevated
CO, and N addition, and test for commonality of
species and functional group responses, thereby
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improving our capacity to generalize global change
responses in grassland ecosystems.

Materials and methods

Site description and experimental design

The BioCON (Biodiversity, CO, and N) FACE experi-
ment is part of the U.S. National Science Foundation
Long-term Ecological Research network and is located
in central Minnesota, USA (45°24'13.5"N, 93°11'08"W).
The site is located in a humid continental climate on
glacial outwash comprised of loamy sand soils with low
nutrient availability (Grigal et al., 1976). The mean
annual precipitation is 660 mm yr~' and the mean max-
imum July temperature is 28.3 °C.

The BioCON FACE experiment consists of six circular
plots of 20m diameter, three of which control atmo-
spheric [CO,] to 560 umolmol ' while three plots re-
main at ambient [CO,]. Daytime exposure of plots to
elevated [CO,] proceeds continuously from the begin-
ning of the growing season in April until the end of the
growing season in October. One-minute average [CO,]
in FACE rings were within 10% of the target concentra-
tion >95% of the time during the years of this study.
The plants were planted in 1997, with the first season of
CO, fumigation in 1998.

A subset of plots from the complete FACE experiment
(see Reich et al., 2001a, b) was used for the analyses here,
specifically the 56 2m x 2m plots within the six FACE
rings with monocultures of our seven target C; grass or
nonleguminous forb species. Monocultures were used
to assess species responses rather than mixtures since
the emphasis was on independent species responses to
the treatment factors. Among these plots, soil N
addition treatments had been randomly assigned in
two replicates in a split-plot design since the start of
the experiment in 1998. N addition consisted of
4gNm ?yr ' in the form of solid ammonium nitrate
applied each year across May, June and July. There were
eight monoculture subplots of each of the seven species
equally divided across the four combinations of CO,
and N-addition treatments. Above-, belowground and
total biomass of these plots were determined each year
in June by harvest of a subsample area of the main plot
(Reich et al., 2001b). Belowground harvests were con-
ducted by means of three 5-cm diameter cores to 20 cm
depth. Fine roots were defined as <2 mm diameter and
were separated manually from the larger roots.

The species chosen for this study were four Cs;
grasses: Poa pratensis L., Koeleria cristata Pers., Bromus
inermis Leyss. and Agropyron repens L. and three forb
species: Solidago rigida L. and Anemone cylindrica A.
Gray and Achillea millefolium L. These species are

referred to in figures by a combination of the first three
letters of the genus and the first two letters of the
species name.

Gas exchange and leaf nitrogen

Measurements in this study were made during the sixth
through ninth growing seasons of the experiment
(2003-2006) to assess the long-term effects of elevated
CO, and nitrogen additions and potential interactions
between them. Species composition, biomass and phy-
siological responses to CO, and N were relatively stable
at this stage of the experiment. Gas exchange measure-
ments were conducted with a portable infrared gas
analyzer system (LiCOR 6400, Li-Cor Inc., Lincoln NE,
USA) during the main portion of the season when each
species was active (May-June of each growing season).
To assess instantaneous and long-term (up to 9 years)
effects of elevated CO, on photosynthetic capacity,
photosynthetic CO, response curves (A-C;) were mea-
sured on leaves of each plant species with a minimum
of seven different CO, concentrations between 60 and
1500 pmol mol ?, using saturating light conditions
(photon flux density of 1800 umolm 2s™!) and con-
trolled temperatures (leaf temperatures of 28-30 °C) in
the leaf cuvette. Per species, plants in monoculture plots
were measured with two replicates for each CO, and N
treatment. All grass measurements were from the top-
most fully expanded leaf adjacent to the flag leaf to
ensure similar leaf ages. Leaves were collected and
placed on ice after each A-C; response curve to deter-
mine projected leaf area in the chamber (IMAGE J v1.37,
National Institutes of Health, Bethesda, MD, USA). In
the laboratory, leaves were dried at 70 °C, weighed, and
finely ground. A subsample was analyzed for total
nitrogen and carbon content using an elemental analy-
zer (Carlo-Erba Strumentazione, Milan, Italy) with ap-
propriate reference standards for herbaceous leaves in
each analysis run (National Institute of Standards and
Technology, Boulder, CO, USA).

Physiological variables were fitted from the A-C;
response curves using the Farquhar photosynthesis
model (Farquhar et al., 1980) according to the procedure
laid out in Ellsworth et al. (2004). To evaluate changes in
photosynthetic capacity and assess potential down-reg-
ulation of photosynthesis, we analyzed the variables
maximum carboxylation rate (V may) and the maximum
electron transport rate (Jna) as well as the measured
net photosynthesis in current growth conditions (either
ambient or elevated [CO;]) (A,e) and net photosynth-
esis at a common CO, level of 365 umolpmol~!. Com-
paring photosynthesis at a common measurement CO,
level allows for assessing the long-term effects of ele-
vated [CO;] and N on intrinsic photosynthetic capacity

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 2076-2088



LEAF N CONTROLS PHOTOSYNTHETIC RESPONSES IN GRASSES 2079

(Lee et al., 2001; Ellsworth et al., 2004; Ainsworth &
Rogers, 2007). Net photosynthesis at a common CO,
level was analyzed both on a mass basis (A,;365) and
area basis (A,365), concurrent with leaf N expressed on a
mass basis (Niass) and on an area basis (Narea). A slight
increase in LMA (leaf mass per area) was observed in
elevated CO, (P = 0.07). Despite this, results were gen-
erally similar whether expressed on mass or area bases.
We also analyzed net photosynthesis at a common CO,
level of 560 umol mol ' corresponding to the CO, con-
centration of the elevated CO, treatment, however,
those results strongly paralleled the results for Ajses
and hence are not shown. These variables help to
evaluate the basic physiological mechanisms behind
changes in plant growth and productivity in long-term
elevated CO; and N addition, and facilitate the compar-
ison of those mechanisms in different C; species.

Statistical analyses

Since we are interested in the long-term effects of
elevated CO, and N addition rather than interannual
variation, species averages were from photosynthetic
CO, response curves conducted across the four years
when biomass responses to treatments were constant.
Averaging across years resulted in similar sample sizes
for each species per treatment combination, and repre-
sented average responses of each species to long-term
elevated CO, and N addition. Seasonal variation was
minimized because the same species were measured

during the same time of the year across years, just
before when species achieved peak biomass. Year ef-
fects were tested via a full factorial three-way ANOVA
using [CO,], N and year as main effects. There was no
significant year effect for any variables of interest or any
significant interactions of [CO,] and N with year. All
further analyses of variance described below were con-
ducted on variables averaged across years by species,
plot, CO; and N treatment.

The BioCON experiment was designed as a split-plot
with N addition nested within atmospheric CO, treat-
ment (Reich et al., 2001b). Treatment effects were as-
sessed using the appropriate whole-plot random effect
of atmospheric CO, or within-plot error variances
against the residual error in the F-test. The whole-plot
random effect was not significant (P>0.1) in any case.
Since our goal was to investigate species within func-
tional groups responses to the experimental treatments,
as well as responses of functional groups themselves,
we conducted ANOVA using main effects CO, level, N
level, and Functional group and Species identity within
functional group [denoted Spp(FunctGr) in Tables 1 and
2] to test for effects and interactions in the experiment
(Table 1). The statistical significance of the functional
group factor as well as the interactions involving this
factor were assessed using the Spp(Funct Gr) term in
the denominator of the F-test. Post-hoc Tukey’s tests
were used to examine differences among the different
species. Because species responded differently to ele-
vated CO, (Table 1), we further analyzed differences

Table 1 P-values, whole-model error mean squares (MS) and goodness of fit for an ANOVA with CO, treatment (CO,), N addition
treatment (N), Functional Group (Funct gr) and species within functional group [Spp(Funct gr)] as main effects, including degrees of
freedom (df), for the following variables: maximum carboxylation rate (Vimay), maximum electron transport rate (/max), net
photosynthesis in respective growth conditions e.g., either ambient or elevated [CO,] (Ane), net photosynthesis at a common CO,
level of 365 pmol mol ! on an area basis (A,345) and mass basis (Amses) and foliage N on a mass basis (Nimass) and area basis (Nyyrea)

P-values

Source df chax ]max Anet Aa365 Am365 Nmass Narea*
CO, 1 - - <0.0001 - - <0.0001 -

N 1 0.016 0.023 0.067 - - <0.0001 <0.0001
CO, xN 1 - - - 0.043 0.001 0.021 -

Funct gr 1 - - - - - 0.042 -

Spp (Funct gr) 5 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 0.003 <0.0001
CO, x Funct gr 1 0.011 0.068 0.001 0.006 0.006 0.010 -

N x Funct gr 1 - - - - 0.015 - -

CO, x Spp(Funct gr) 5 0.039 0.060 - - 0.021 0.005 -

N x Spp(Funct gr) 5 0.016 0.008 - - - 0.008 -

CO, x N x Funct gr 1 0.022 0.016 0.081 0.059 0.001 - -

CO, x N x Spp(Funct gr) 5 - - - - - - -

Error MS 35-38 128.0 398.7 8.69 7.44 1465.0 3.02 0.03
Whole model R? 0.76 0.73 0.81 0.69 0.81 0.85 0.84

!— Denotes that results were not significant (P>0.1).

*Transformation used to meet normality assumption: Log(Nyrea—0.2).
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between ambient and elevated CO, for each species
separately, including the whole-plot random effect.

Species and functional group responses to elevated
CO, were further explored for N-addition plots because
there were significant CO, x N interactions (alone or in
combination with functional group) for all key metrics
(see Table 1), with the largest differences in responses
seen in the N-addition plots. All statistical analyses
were conducted in JMP 5.0.1 software, SAS Institute,
Cary, NC, USA.

Results

Since the BioCON FACE experiment was designed with
[CO,] and N as the two central experimentally manipu-
lated factors, we first focus on the main and interactive
effects of these factors. We then present species and
functional group effects as well as higher-order inter-
actions of elevated CO, and N with these factors.

Effects of elevated CO, and N treatments on leaf nitrogen
and photosynthesis across species

A number of photosynthetic and nitrogen-related traits
varied significantly with CO, treatment, N addition
treatment and their interaction across all seven grass-
land species (Table 1). As expected, foliar N concentra-
tion was increased 23% with N addition across all
species (both area- and mass-based N, P<0.0001,
Table 1, Fig. 1). Long-term elevated CO, exposure

significantly decreased foliar N on a mass basis
(=11%, P<0.0001, Table 1) more than on an area basis
(N.S. in Table 1). However, there was a significant
CO, x N interaction in N, (P =0.021, Table 1) be-
cause there was a much larger decline in Nyy,es due to
elevated CO, treatment at high than at low N levels.
There were similar trends for N, to those for Ny ass,
but CO, x N was not statistically significant for this
parameter (P>0.10, Fig. 1b).

With a + 200 umol mol™" enrichment in [CO,], there
was a significant enhancement in realized net photo-
synthesis (+ 41% response in Apne, P<0.0001, Table 1)
across all species and functional groups. In contrast, net
photosynthesis in growth [CO,] conditions (Ape) re-
sponded weakly to N addition (+8%, P =0.067,
Table 1). There was no significant CO, x N interaction
for Anet across species. The long-term CO, treatment
had no significant main effect on photosynthesis at a
common CO, level (Azgs), but showed a significant
CO, x N interaction (Table 1; Fig. 1c and d). Both area-
(Aazes) and mass-based (Apmzes) photosynthesis at a
common measurement [CO,] showed CO, treatment-
induced down-regulation under added N but not under
ambient N.

As with A.zes and Amzes, Vemax and Jmay, did not
differ significantly between CO, treatments when
pooled across the different species (Table 1), in these
cases because species or functional groups differed in
their response to elevated CO, or elevated CO, and
N. Both Vimax and Jmax increased significantly with N
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Fig. 1 Effects of elevated CO, and N addition treatments on (a) foliar N on a mass basis (Nmass), (b) foliar N on an area basis (Narea), (C)
photosynthesis at a common CO, level on a mass basis, Amzes and (d), photosynthesis at a common CO; level on an area basis, A,365
across seven grassland species. Means in ambient CO, (open bars) and elevated CO, treatment (black bars) are shown. ON denotes
unamended plots and + N denotes N-addition plots. Sample sizes associated with the means and standard error bars in this figure
varied between 6 and 8. **Represents a significant t-test within N-treatment of P <0.01.
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addition (+11% and +10%, respectively, Table 1)
across species.

Species effects and higher-order interactions

Species differed significantly in all measures of photo-
synthetic capacity and leaf N (P < 0.003, Table 1). All
grass species had higher Ny,,ss values than forb species,
resulting in a significant functional group difference
(P =0.042). Across CO; and N treatments, species ranked
similarly in Vemaxs Jmax Aazes and Ape. S. rigida had
consistently the highest photosynthetic capacity, and
A. millefolium, B. inermis and P. pratensis always repre-
sented the lowest three values (in descending order).
For some variables, there were significant treatment x
species interactions (Table 1). There were several CO, x
species interactions, because only Solidago and Bromus

showed significantly reduced Vimaxs Jmax OF Nimass N
elevated CO,. The same physiological variables also
showed significant N x Species interactions (Table 1). Spe-
cies consistently responded to N addition with a signifi-
cant increase in Npass (11-45% increase, P <0.04), except
Anemone. For Vimax and Jmax, only Poa and Anemone
showed a significant increase with N-addition.

These species differences were often consistent with
functional group differences in response to elevated
CO,. Forbs reduced photosynthetic capacity and leaf
N in elevated CO, by at least 15% (P = 0.042), whereas
grasses did not show significant reductions in elevated
CO,. Moreover, there were significant three-way inter-
actions of CO, x N x Functional group for variables
reflecting photosynthetic capacity: Vimax (P =0.022),
Jimax (P =0.016), Amaes (P =0.001) and A,zes (P = 0.059)
(Table 1). These measures of photosynthetic capacity
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Fig. 2 Species-specific responses and standard error bars (left panels) to elevated CO, in N-addition plots for maximum carboxylation

rate, Vimax (@, b) and maximum electron transport rate, /max (¢, d). The aggregate functional groups responses of Vi pax and Jmax to
elevated CO, are shown at right in (b) and (d). Open bars represent the ambient CO, treatment and black bars are the elevated

CO, treatment. Significant differences between CO, treatments within each species or functional group are represented by *P<0.1,
*P<0.05, and **P<0.01. Samples sizes ranged from one to three for species effects (a, c) and six to eight for functional group

effects (b, d).
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Fig. 3 Species-specific responses and standard error bars (left panels) to elevated CO, in N-addition plots for net photosynthesis in
respective growth conditions, A (a, b) and mass-based foliage nitrogen concentration, Npass (¢, d). The aggregate functional groups
responses of Apet and Npags to elevated CO, are shown at right in (b) and (d). Open bars represent the ambient CO, treatment and black
bars are the elevated CO, treatment. Significant differences between CO, treatments within species or functional group are represented
by *P<0.1, *P<0.05, and **P<0.01. Samples sizes ranged from one to three for species effects (a, c) and six to eight for functional

group effects (b, d).

were generally reduced by elevated CO, more in forbs
than grasses (Table 1, two-way interactions). Moreover,
these reductions were more pronounced in N addition
treatments (Table 1: three-way interactions, Fig. S1 in
Supporting information), and hence were examined in
more detail. Also, examining the CO, responses of
different functional groups in the N-addition plots
provides insight into CO, x functional group interac-
tions that are difficult to visualize as three-way interac-
tions with N.

Elevated CO, responses of functional groups under N
addition

Under added N conditions, the response of photosyn-
thetic capacity to elevated CO, varied among functional

groups (significant CO, x Functional group interac-
tions). The three variables that best reflect photosyn-
thetic capacity (Vemaxs Jmax and Amzes) were all reduced
in all forb species in response to elevated CO,
(by >25%), whereas grasses showed no change in these
variables in elevated CO, (Fig. 2). These effects were
generally consistent among species within each group
(Fig. 2a) and hence represent functional group differ-
ences (Fig. 2b and d). Poa, Koeleria and Agropyron did
not show down-regulation of photosynthetic capacity
in elevated CO, (Vopax= +39%, +2% and +4%
enhancement respectively) under N addition (Fig. 2a)
while Bromus showed a —10% change in V .« (Fig. 2a).
In contrast, Achillea, Anemone and Solidago all had lower
Vemax in elevated CO, (P<0.1 across all forb species;
—33%, —21%, —30%, respectively) in N addition plots
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Table 2 P-values, whole-model error mean squares (MS) and goodness of fit for an ANOvA with CO, treatment (CO,), N addition
treatment (N), Functional Group (Funct gr) and species within functional group [Spp(Funct gr)] as main effects, including degrees of

freedom (df) for total root biomass and root mass fraction across years 2003-2006

P-values

Total root biomass

Root mass Total fine root biomass

Source df (0-20cm) (gm ™) fraction (gg ") (0-20cm) (gm ™)
CO, 1 - - -

N 1 0.001 0.046 0.001
CO, xN 1 - - -

Funct gr 1 0.028 - 0.050
Spp (Funct gr) 5 <0.0001 <0.0001 <0.0001
CO, x Funct gr 1 - 0.027 0.089
N x Funct gr 1 0.032 - -

CO, x Spp(Funct gr) 5 - - -

N x Spp(Funct gr) 5 - - -

CO, x N x Funct gr 1 - - -

CO, x N x Spp(Funct gr) 5 - - -

Error MS 23 12.7 0.016 145.0
Whole Model R 0.93 0.83 0.93

All variables were transformed to meet normality assumptions for ANOVA: a square root transformation was used for the total root
biomass and root mass fraction ratio was power transformed, fine root biomass was log and power transformed.

_ Denotes that results were not significant (P>0.1).

(Fig. 2a). In the N-enriched treatment, the larger mag-
nitude of down-regulation in forbs vs. grasses resulted
in no significant enhancement of net photosynthesis in
elevated CO; for forbs in contrast to a sizeable enhance-
ment for the grasses (Fig. 3b).

We found similar trends in Ny, to those for photo-
synthetic capacity. A significant CO, x functional group
interaction on leaf Ny,,5s (P = 0.01) showed that elevated
CO; negatively affected the leaf N concentration in
forbs but not in grasses (Table 1). Under added N, Nyyass
in forb leaves was 26% lower in elevated CO,
(P =0.0004) compared with ambient CO, (range among
species within this group of —18% to —35%; Fig. 3c and
d). In contrast, there was no consistent CO, effect on
Nmass among grass species (Fig. 3c and d), though
Bromus did in fact show a decrease of 19% (P = 0.013).
Thus, leaf N concentrations were reduced strongly in
forbs when exposed to elevated CO,, whereas grasses
were more generally able to maintain leaf N concentra-
tions in elevated CO..

Root biomass allocation patterns in forb and grass species

In an attempt to gain perspective on the observed
elevated CO, responses in N-addition plots, we exam-
ined biomass allocation patterns in the seven species in
this study because non N-fixing species gain most
required N from the soil. Root mass fraction (total root
biomass/total biomass) was calculated for each species

and treatment across the sixth to ninth growing season
of elevated CO, exposure (Table 2). Although there
were no significant CO, treatment differences in total
root biomass, fine root biomass and root mass fraction,
all increased in N-addition plots compared with una-
mended plots across species (P =0.0009, 0.0008 and
0.046, respectively, Table 2). In addition, there was a
strong functional group effect in which C; grasses
showed higher total root biomass (Fig. 4a, P =0.028,
Table 2) and fine root biomass (P =0.050, Fig. 4b)
compared with the forb species, and this was especially
pronounced in N-addition plots (Table 2, Fig. 4a and b).
Root mass fraction also showed a significant interaction
between elevated CO, and functional group (P = 0.027,
Table 2). Whereas root mass fraction was no different
between forbs and grasses in ambient CO,, forbs de-
creased root mass fraction significantly (—28%) in re-
sponse to elevated CO, and grasses did not (Fig. 4c).
Grasses always had higher fractional distribution of
biomass to roots compared with forbs (Fig. 4d), and
these patterns remained regardless of elevated CO,
treatments or N addition.

Discussion

We investigated differential responses in photosynthetic
capacity of C; species from two grassland functional
groups to elevated atmospheric CO, and N addition to
understand their long-term responses to global eutro-
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Fig. 4 Means with standard error of total root biomass (a), total
fine root biomass (b) and root mass fraction (c) for each func-
tional group (e.g. all C5 grasses and all non-leguminous forbs) in
N-addition plots in ambient [CO,] (open bars) and elevated
[CO,] (black bars). Stars indicate significant differences between
functional groups: *P<0.05 and ***P <0.001. Sample sizes were
n = 6 for forbs and n = 8 for grasses. The fraction of total biomass
(d) is shown across N-addition and elevated CO, treatment
because there were no differences in allocation with regard to
those treatments within each functional group.

phication. Such differential responses could be ecologi-
cally important if they influence species productivity
and subsequent species dynamics (Joel et al., 2001;
Zavaleta et al., 2003a; Niklaus et al., 2007). C; forb
responses to elevated CO, have been compared pre-
viously with those of grasses in a number of experi-
ments (Knapp et al., 1996; Anderson et al., 2001; Morgan
et al., 2001). However, few of these experiments have
examined such responses under combinations of ele-
vated CO; and enhanced N supply, or for time periods
longer than a few years. In our study, after 6-9 years of
elevated CO, exposure, significant CO, x N interac-

tions were observed across species for photosynthetic
capacity (Amzes) and leaf nitrogen (Np,.ss). These inter-
actions indicated that elevated CO, induced stronger
down-regulation of photosynthetic capacity and its
related variables when N availability was higher (Fig.
1). Moreover, we observed strong differences in photo-
synthetic responses to elevated CO, between functional
groups, and these were especially pronounced under
higher N supply. Forbs showed strong and consistent
photosynthetic down-regulation that eliminated the
elevated CO, fertilization effect on photosynthesis. In
contrast, C; grasses maintained a substantial photosyn-
thetic stimulation even after 9 years of elevated CO,
exposure.

In our study, reduced rates of carboxylation and
electron transport, and less realized photosynthetic
enhancement in elevated CO,, correlated with a reduc-
tion in leaf N concentration in elevated CO,. In species
or functional groups in which reductions in leaf N were
observed under elevated CO,, photosynthetic down-
regulation followed. The leaf N responses to long-term
elevated CO, appear to drive down-regulation of
photosynthetic capacity. Because most nitrogen is in-
vested in photosynthetic components, the CO,-induced
reduction in Np,e resulted in no significant CO,-
;induced enhancement of realized photosynthesis in
forb species receiving N addition. Based on these re-
sults, we conclude that our first hypothesis — that down-
regulation is of a similar magnitude as, and therefore
can eliminate, the CO, fertilization effect — was sup-
ported. However, it was only true for one functional
group, the C; forbs, and was not supported at all for the
C; grasses. In contrast, the second hypothesis — that the
down-regulatory process would be ameliorated by en-
hanced N supply — was surprisingly countered by the
data, in opposition to general support for enhanced
productivity responses to elevated CO, with greater N
supply (Reich et al., 2006b). Our observation of less
photosynthetic enhancement from elevated CO, under
N enrichment than ambient N supply was observed in
forbs but not in grasses.

Despite the photosynthetic down-regulation re-
sponses to elevated CO, reported here, positive biomass
responses (and predominantly for roots) to elevated
CO; and N addition were reported early in this experi-
ment by Reich et al. (2001a,b) in C; species, including
both C; grasses and perennial forbs. However, the
present study provides evidence of a strong increase
in root biomass in response to N addition for the grasses
but not for the forb species (Table 2). Even though these
species share the same photosynthetic pathway, they
have different growth forms and rooting patterns which
have implications for resource uptake and allocation. It
has also been argued that responses to N deposition and
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N addition to soils are different between these species
groups (Stevens et al., 2006), consistent with our results.
Our results showing reduced photosynthesis in forbs in
response to elevated CO, and N addition (Fig. 3) are
also consistent with Reich et al. (2004) where forbs
showed a 12% biomass reduction to N addition but
grasses showed larger biomass increases (by 20%). The
total plant N pool increased strongly in grasses and
there was no response in forbs, suggesting forbs did not
take up the additional N supply (Reich et al., 2004). Our
findings are also consistent with species-specific data, in
which two of the three forb species (Achillea and Ane-
mone) showed greater biomass enhancement due to
elevated CO, in ambient N than in N-addition plots
across a larger set of grassland species and species
mixtures (data not shown).

Although stimulation of photosynthesis in elevated
CO; is still possible with reduced leaf N concentra-
tions (Ainsworth & Long, 2005), this N-redistributing
mechanism likely does not provide all plant growth
demands for N in elevated CO, (BassiriRad et al., 2001;
Hungate et al., 2003). This may even be the case when
additional N is supplied, if the plants cannot take
advantage of the additional resources. Plants may
not be able to take up the additional N due to in-
creased immobilization of N in elevated CO, (de
Graaff et al., 2006; Finzi et al., 2006; Holmes et al.,
2006; Hungate et al., 2006; Knops et al., 2007), lack of
mycorrhizal colonization of roots (Hartnett & Wilson,
1999), or increased N leaching in N addition plots
(Hobbie, 1992; Dijkstra et al., 2007). Leaching of dis-
solved inorganic nitrogen was especially apparent in
forb and legume monocultures at our site (Dijkstra
et al., 2007).

We observed a strong increase in leaf N and a weaker
increase in net photosynthesis to N addition across
species. Grasses responded to N addition with a 15%
increase in net photosynthesis whereas forbs did not
respond to N addition. This is consistent with a study at
the same site that found that soil solution N concentra-
tion was close to zero underneath grass monocultures,
whereas it was about 60% underneath forb species
(Reich et al., 2004), indicating that grasses forage
strongly for available soil N whereas forb monocultures
do not.

If plant N demand exceeds N supply, then the stimu-
lated growth response in elevated CO, is likely not
sustainable (Luo et al., 2004; Gill et al., 2006) as indicated
by a recent review of CO, x N interactions in long-term
field studies (Reich et al., 2006b). Increased fine root
growth is a potential way to access more soil nitrogen in
elevated CO, (BassiriRad et al., 2001). Fine root biomass
as well as specific root length was significantly smaller
in forbs compared with grasses grown under a combi-

nation of elevated CO, and N addition (Craine et al.,
2002). Typical interpretations of specific root length
would suggest that forbs do not have as much root
absorption or N acquisition capacity as grasses. Smaller
root biomass combined with smaller specific root length
suggests that forbs might not be able to exploit the soil
as efficiently as grasses do. Forbs have a greater fraction
of biomass in aboveground components (>50%)
whereas in grasses more than 75% of total biomass is
found in the roots. Therefore, differences in access to
soil resources due to different root morphology, root
biomass distribution, and total root biomass between
forbs and grasses (Fig. 4d) likely affected the CO,
responsiveness in these functional groups, in particular
the ability to maintain leaf N and avoid down-regula-
tion of photosynthetic capacity by grasses but not by
forbs.

Another way to increase soil exploitation is via my-
corrhizal symbiosis. In a grassland study, Hartnett &
Wilson (1999) observed large increases in forb biomass
with mycorrizal symbiosis, compared with no increase
in biomass with mycorrhizae in C; grasses. While
mycorrhizal colonization is generally increased in ele-
vated CO, (Gamper et al., 2004), many studies have
clearly found lower mycorrhizal colonization in N-
fertilized plots (Hogberg et al., 2003; Johnson et al.,
2003; Blanke et al., 2005; Egerton-Warburton et al.,
2007). Therefore, it is possible that these antagonistic
effects may be more detrimental to forbs than grasses,
accounting for the reductions in leaf N in forbs and
down-regulation of photosynthesis that was observed.
Grasses, which are less dependent on mycorrhizal
symbiosis due to their large root systems (Wilson &
Hartnett, 1998; Craine et al., 2002), may be able to
maintain their leaf N and photosynthetic enhancement
in elevated CO, and N-added plots. Different root
morphology as well as reliance on mycorrhizal coloni-
zation between C; grasses and forbs may provide in-
sight into relationships between plant community
structure, species diversity and ecosystem functioning
in species-diverse grasslands (van der Heijden ef al.,
2006).

Resource differentiation is a mechanism underlying
niche complementarity (Tilman, 1986) which helps
maintain biodiversity because species with similar re-
source requirements access resources differently in
space or time. The biodiversity of grasslands may not
be maintained in conditions of elevated CO, and N
deposition. Although earlier studies found increased
forb biomass in response to elevated CO, (Leadley et al.,
1999; Teyssonneyre et al., 2002; Polley et al., 2003),
reduced biomass and relative abundance in forbs has
been found in elevated CO, (Reich ef al., 2001b; Zavaleta
et al., 2003b; Niklaus & Korner, 2004) and with N
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deposition (Stevens et al., 2006; Clark & Tilman, 2008).
The significant three-way interaction in this study
(Table 1) shows that forbs were negatively affected in
elevated CO, compared with grasses, and this was
exacerbated in high N conditions.

Zavaleta et al. (2003b) reported reduced species
richness at the Jasper Ridge grassland site with a
combination of elevated CO, and N deposition, due
largely to poor performance of the forbs. Thus, if these
kinds of shifts in the competitive balance of grasses
and forbs commonly occur, it may lead to less diverse
grasslands dominated by graminoids in the elevated
[CO,] of the future. Lower grassland diversity could
also be a consequence of reduced association with
mycorrhizae in the forbs grown in high N conditions,
inducing a shift towards more C; dominated grass-
lands (Egerton-Warburton et al., 2007). However, em-
pirical evidence for such shifts is still sparse (but see
Thomas et al., 2004) and other grasslands might re-
spond differently due to resource limitations other
than nitrogen, particularly in low-rainfall zones (Mor-
gan et al., 2004).

Although species responses to elevated CO, and N
addition treatments in this study were individualistic,
there were also strong functional group responses (Figs
2 and 3). Our goal was to examine whether and how
differences between forbs and C; grasses yield different
functional group responses to a combination of elevated
CO; and N addition. Our results suggest that differ-
ences in resource acquisition might drive differences in
CO, responsiveness in these temperate grassland spe-
cies. Therefore, functional group responses to climate
change perturbations could be useful for modeling
responses and feedbacks to ecosystem C-cycling, even
when not predictive of species-specific responses (Za-
valeta et al., 2003b). That species and functional group
traits like leaf N and functional group photosynthetic
characteristics and whole-plant responses may be re-
lated to community-level responses argues for further
work evaluating mechanistic links between ecophysio-
logical and community level processes in order to
predict the direction and magnitude of environmental
change to ecosystem functioning and composition
(Suding et al., 2008).

Acknowledgements

Many thanks to Dan Bahauddin for technical support during
fieldwork. S. Patterson, K. Sargeant and ]J. Mascaro are thanked
for field and lab assistance and the many interns at BloCON are
also recognized for their crucial role in maintaining the plots.
BioCON was supported by NSF LTER (DEB 0080382) and
Biocomplexity (0322057) program awards.

References

Ainsworth EA, Long SP (2005) What have we learned from 15 years
of free-air CO, enrichment (FACE)? A meta-analytic review of
the responses of photosynthesis, canopy. New Phytologist, 165, 351—
371.

Ainsworth EA, Rogers A (2007) The response of photosynthesis and
stomatal conductance to rising [CO,]: mechanisms and environmental
interactions. Plant, Cell and Environment, 30, 258-270.

Anderson L], Maherali H, Johnson HB, Polley HW, Jackson RB (2001) Gas
exchange and photosynthetic acclimation over subambient to elevated
CO; in a C3-C,4 grassland. Global Change Biology, 7, 693-707.

BassiriRad H, Gutschick VP, Lussenhop J (2001) Root system adjustments:
regulation of plant nutrient uptake and growth responses to elevated
CO,. Oecologia, 126, 305-320.

Blanke V, Renker C, Wagner M, Fullner K, Held M, Kuhn A]J, Buscot F
(2005) Nitrogen supply affects arbuscular mycorrhizal colonization of
Artemisia vulgaris in a phosphate-polluted field site. New Phytologist,
166, 981-992.

Canadell JG, Le Quere C, Raupach MR et al. (2007) Contributions
to accelerating atmospheric CO, growth from economic activity,
carbon intensity, and efficiency of natural sinks. Proceedings of the
National Academy of Sciences of the United States of America, 104, 18866
18870.

Clark CM, Tilman D (2008) Loss of plant species after chronic low-level
nitrogen deposition to prairie grasslands. Nature, 451, 712-715.

Craine JM, Tilman D, Wedin D, Reich P, Tjoelker M, Knops ] (2002)
Functional traits, productivity and effects on nitrogen cycling of 33
grassland species. Functional Ecology, 16, 563-574.

de Graaff MA, van Groenigen K], Six J, Hungate B, van Kessel C
(2006) Interactions between plant growth and soil nutrient cycling
under elevated CO,: a meta-analysis. Global Change Biology, 12, 2077-
2091.

Dijkstra FA, West JB, Hobbie SE, Reich PB, Trost ] (2007) Plant diversity,
CO,, and N influence inorganic and organic n leaching in grasslands.
Ecology, 88, 490-500.

Dukes JS, Chiariello NR, Cleland EE et al. (2005) Responses of grassland
production to single and multiple global environmental changes. PloS
Biology, 3, 1829-1837.

Egerton-Warburton LM, Johnson NC, Allen EB (2007) Mycorrhizal com-
munity dynamics following nitrogen fertilization: a cross-site test in
five grasslands. Ecological Monographs, 77, 527-544.

Ellsworth DS, Reich PB, Naumburg ES, Koch GW, Kubiske ME, Smith SD
(2004) Photosynthesis, carboxylation and leaf nitrogen responses of 16
species to elevated pCO(;) across four free-air CO, enrichment experi-
ments in forest, grassland and desert. Global Change Biology, 10,
2121-2138.

Farquhar GD, Caemmerer SV, Berry JA (1980) A biochemical model of
photosynthetic CO, assimilation in leaves of C3 species. Planta, 149,
78-90.

Field CB, Chapin FS, Matson PA, Mooney HA (1992) Responses of
terrestrial ecosystems to the changing atmosphere — a resource-based
approach. Annual Review of Ecology and Systematics, 23, 201-235.

Finzi AC, Moore DJP, DeLucia EH ef al. (2006) Progressive nitrogen
limitation of ecosystem processes under elevated CO, in a warm-
temperate forest. Ecology, 87, 15-25.

Gamper H, Peter M, Jansa J, Luscher A, Hartwig UA, Leuchtmann A
(2004) Arbuscular mycorrhizal fungi benefit from 7 years of free air
CO, enrichment in well-fertilized grass and legume monocultures.
Global Change Biology, 10, 189-199.

Gill RA, Anderson LJ, Polley HW, Johnson HB, Jackson RB (2006)
Potential nitrogen constraints on soil carbon sequestration under low
and elevated atmospheric CO,. Ecology, 87, 41-52.

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 2076-2088



LEAF N CONTROLS PHOTOSYNTHETIC RESPONSES IN GRASSES 2087

Grigal DF, Ohmann LF, Brander RB (1976) Seasonal dynamics of tall
shrubs in northeastern Minnesota — biomass and nutrient element
changes. Forest Science, 22, 195-208.

Griinzweig JM, Korner C (2003) Differential phosphorus and nitrogen
effects drive species and community responses to elevated CO, in
semi-arid grassland. Functional Ecology, 17, 766-777.

Hartnett DC, Wilson GWT (1999) Mycorrhizae influence plant community
structure and diversity in tallgrass prairie. Ecology, 80, 1187-1195.

Hobbie SE (1992) Effects of plant species on nutrient cycling. Trends in
Ecology & Evolution, 7, 336-339.

Hogberg MN, Baath E, Nordgren A, Arnebrant K, Hogberg P (2003)
Contrasting effects of nitrogen availability on plant carbon supply to
mycorrhizal fungi and saprotrophs — a hypothesis based on field
observations in boreal forest. New Phytologist, 160, 225-238.

Holmes WE, Zak DR, Pregitzer KS, King JS (2006) Elevated CO, and O3
alter soil nitrogen transformations beneath trembling aspen, paper
birch, and sugar maple. Ecosystems, 9, 1354-1363.

Hungate BA, Dukes JS, Shaw MR, Luo YQ, Field CB (2003) Nitrogen and
climate change. Science, 302, 1512-1513.

Hungate BA, Johnson DW, Dijkstra P et al. (2006) Nitrogen cycling during
seven years of atmospheric CO, enrichment in a scrub oak woodland.
Ecology, 87, 26-40.

Hunter MD (2001) Multiple approaches to estimating the relative im-
portance of top-down and bottom-up forces on insect populations:
experiments, life tables, and time-series analysis. Basic and Applied
Ecology, 2, 295-309.

Joel G, Chapin FS, Chiariello NR, Thayer SS, Field CB (2001) Species-
specific responses of plant communities to altered carbon and nutrient
availability. Global Change Biology, 7, 435-450.

Johnson NC, Wolf J, Koch GW (2003) Interactions among mycorrhizae,
atmospheric CO, and soil N impact plant community composition.
Ecology Letters, 6, 532-540.

Knapp AK, Hamerlynck EP, Ham JM, Owensby CE (1996) Responses in
stomatal conductance to elevated CO, in 12 grassland species that
differ in growth form. Vegetatio, 125, 31-41.

Knops JMH, Naeemw S, Reich PB (2007) The impact of elevated CO,,
increased nitrogen availability and biodiversity on plant tissue quality
and decomposition. Global Change Biology, 13, 1960-1971.

Korner C (2003) Ecological impacts of atmospheric CO, enrichment on
terrestrial ecosystems. Philosophical Transactions of the Royal Society of
London Series a — Mathematical Physical and Engineering Sciences, 361,
2023-2041.

Lavorel S, McIntyre S, Landsberg ], Forbes TDA (1997) Plant functional
classifications: from general groups to specific groups based on re-
sponse to disturbance. Trends in Ecology & Evolution, 12, 474-478.

Leadley PW, Niklaus PA, Stocker R, Korner C (1999) A field study of the
effects of elevated CO, on plant biomass and community structure in a
calcareous grassland. Oecologia, 118, 39-49.

Lee TD, Tjoelker MG, Ellsworth DS, Reich PB (2001) Leaf gas exchange
responses of 13 prairie grassland species to elevated CO, and increased
nitrogen supply. New Phytologist, 150, 405-418.

Lee TD, Tjoelker MG, Reich PB, Russelle MP (2003) Contrasting growth
response of an N,-fixing and non-fixing forb to elevated CO,: depen-
dence on soil N supply. Plant and Soil, 255, 475-486.

Luo Y, Field CB, Mooney HA (1994) Predicting responses of photo-
synthesis and root fraction to elevated [CO,] — Interactions among carbon,
nitrogen, and growth. Plant, Cell and Environment, 17, 1195-1204.

Luo Y, Su B, Currie WS et al. (2004) Progressive nitrogen limitation of
ecosystem responses to rising atmospheric carbon dioxide. Bioscience,
54, 731-739.

Liischer A, Daepp M, Blum H, Hartwig UA, Nosberger ] (2004) Fertile
temperate grassland under elevated atmospheric CO, — role of feed-
back mechanisms and availability of growth resources. European Journal
of Agronomy, 21, 379-398.

McMurtrie RE, Comins HN (1996) The temporal response of forest
ecosystems to doubled atmospheric CO, concentration. Global Change
Biology, 2, 49-57.

Mikkelsen TN, Beier C, Jonasson S et al. (2008) Experimental design
of multifactor climate change experiments with elevated CO,,
warming and drought: the CLIMAITE project. Functional Ecology, 22,
185-195.

Mohan JE, Clark JS, Schlesinger WH (2007) Long-term CO, enrichment of
a forest ecosystem: implications for forest regeneration and succession.
Ecological Applications, 17, 1198-1212.

Morgan JA, LeCain DR, Mosier AR, Milchunas DG (2001) Elevated CO,
enhances water relations and productivity and affects gas exchange in
C; and C, grasses of the Colorado shortgrass steppe. Global Change
Biology, 7, 451-466.

Morgan JA, Milchunas DG, LeCain DR, West M, Mosier AR (2007)
Carbon dioxide enrichment alters plant community structure and
accelerates shrub growth in the shortgrass steppe. Proceedings of the
National Academy of Sciences of the United States of America, 104, 14724—
14729.

Morgan JA, Pataki DE, Korner C et al. (2004) Water relations in grassland
and desert ecosystems exposed to elevated atmospheric CO,. Oecologia,
140, 11-25.

Niklaus PA, Alphei D, Ebersberger D, Kampichler C, Kandeler E, Tscher-
ko D (2003) Six years of in situ CO, enrichment evoke changes in soil
structure and soil biota of nutrient-poor grassland. Global Change
Biology, 9, 585-600.

Niklaus PA, Alphei ], Kampichler C, Kandeler E, Korner C, Tscherko D,
Wohlfender M (2007) Interactive effects of plant species diversity
and elevated CO, on soil biota and nutrient cycling. Ecology, 88,
3153-3163.

Niklaus PA, Korner C (2004) Synthesis of a six-year study of calcareous
grassland responses to in situ CO, enrichment. Ecological Monographs,
74, 491-511.

Polley HW, Johnson HB, Derner JD (2003) Increasing CO, from subam-
bient to superambient concentrations alters species composition and
increases above-ground biomass in a C3/C4 grassland. New Phytologist,
160, 319-327.

Poorter H (1993) Interspecific variation in the growth response of plants to
an elevated ambient CO, Concentration. Vegetatio, 104, 77-97.

Poorter H, Navas ML (2003) Plant growth and competition at elevated
CO,: on winners, losers and functional groups. New Phytologist, 157,
175-198.

Poorter H, Perez-Soba M (2001) The growth response of plants to elevated
CO, under non-optimal environmental conditions. Oecologia, 129,
1-20.

Potvin C, Chapin FSI, Gonzalez A, Leadley P, Reich PB, Roy J (2007) Plant
biodiversity and responses to elevated carbon dioxide. In: Terrestrial
Ecosystems in a Changing World (eds Canadell ], Pitelka LF, Pataki D),
pp. 102-113. Springer-Verlag, New York.

Rastetter EB, Agren GI, Shaver GR (1997) Responses of N-limited ecosys-
tems to increased CO,: a balanced-nutrition, coupled-element-cycles
model. Ecological Applications, 7, 444-460.

Reich PB, Hobbie SE, Lee T ef al. (2006a) Nitrogen limitation constrains
sustainability of ecosystem response to CO,. Nature, 440, 922-925.

Reich PB, Hungate BA, Luo YQ (2006b) Carbon-nitrogen interactions in
terrestrial ecosystems in response to rising atmospheric carbon dioxide.
Annual Review of Ecology Evolution and Systematics, 37, 611-636.

Reich PB, Knops J, Tilman D et al. (2001a) Plant diversity enhances
ecosystem responses to elevated CO, and nitrogen deposition. Nature,
410, 809.

Reich PB, Tilman D, Craine J ef al. (2001b) Do species and functional
groups differ in acquisition and use of C, N and water under varying
atmospheric CO, and N availability regimes? A field test with 16
grassland species. New Phytologist, 150, 435—448.

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 20762088



2088 K. Y. CROUS etal.

Reich PB, Tilman D, Naeem S ef al. (2004) Species and functional group
diversity independently influence biomass accumulation and its re-
sponse to CO, and N. Proceedings of the National Academy of Sciences of
the United States of America, 101, 10101-10106.

Schimel DS, House JI, Hibbard KA et al. (2001) Recent patterns and
mechanisms of carbon exchange by terrestrial ecosystems. Nature,
414, 169-172.

Schneider MK, Liischer A, Richter M ef al. (2004) Ten years of free-air CO,
enrichment altered the mobilization of N from soil in Lolium perenne L.
swards. Global Change Biology, 10, 1377-1388.

Stevens CJ, Dise NB, Gowing DJG, Mountford JO (2006) Loss of forb
diversity in relation to nitrogen deposition in the UK: regional trends
and potential controls. Global Change Biology, 12, 1823-1833.

Suding KN, Collins SL, Gough L et al. (2005) Functional- and abundance-
based mechanisms explain diversity loss due to N fertilization. Proceed-
ings of the National Academy of Sciences of the United States of America, 102,
4387-4392.

Suding KN, Lavorel S, Chapin FS et al. (2008) Scaling environmental
change through the community-level: a trait-based response-and-effect
framework for plants. Global Change Biology, 14, 1125-1140.

Teyssonneyre F, Picon-cochard C, Falcimagne R, Soussana JF (2002)
Effects of elevated CO, and cutting frequency on plant community
structure in a temperate grassland. Global Change Biology, 8, 1034—
1046.

Thomas CD, Cameron A, Green RE et al. (2004) Extinction risk from
climate change. Nature, 427, 145-148.

Tilman D (1986) Nitrogen-limited growth in plants from different succes-
sional stages. Ecology, 67, 555-563.

van der Heijden MGA, Streitwolf-Engel R, Riedl R et al. (2006)
The mycorrhizal contribution to plant productivity, plant nutrition
and soil structure in experimental grassland. New Phytologist, 172,
739-752.

Vitousek PM (1994) Beyond global warming — ecology and global change.
Ecology, 75, 1861-1876.

West B, Hobbie SE, Reich PB (2006) Effects of plant species diversity,
atmospheric [CO,], and N addition on gross rates of inorganic N
release from soil organic matter. Global Change Biology, 12, 1400-1408.

Wilson GWT, Hartnett DC (1998) Interspecific variation in plant responses
to mycorrhizal colonization in tallgrass prairie. American Journal of
Botany, 85, 1732-1738.

Woodward FI, Cramer W (1996) Plant functional types and climatic
changes: introduction. Journal of Vegetation Science, 7, 306-308.

Yin XW (2002) Responses of leaf nitrogen concentration and specific leaf
area to atmospheric CO, enrichment: a retrospective synthesis across
62 species. Global Change Biology, 8, 631-642.

Zanetti S, Hartwig UA, vanKessel C et al. (1997) Does nitrogen nutrition
restrict the CO, response of fertile grassland lacking legumes? Oecolo-
gia, 112, 17-25.

Zavaleta ES, Shaw MR, Chiariello NR, Mooney HA, Field CB (2003a)
Additive effects of simulated climate changes, elevated CO,,
and nitrogen deposition on grassland diversity. Proceedings of the
National Academy of Sciences of the United States of America, 100, 7650—
7654.

Zavaleta ES, Shaw MR, Chiariello NR, Thomas BD, Cleland EE, Field CB,
Mooney HA (2003b) Grassland responses to three years of elevated
temperature, CO,, precipitation, and N deposition. Ecological Mono-
graphs, 73, 585-604.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Functional group responses and standard error
bars to elevated CO, in ambient N plots (Natural N, left
panels) and N-addition plots (Amended N, right panels) for
for maximum carboxylation rate, V max and maximum elec-
tron transport rate, [max.net photosynthesis in respective
growth conditions, A, and mass-based foliage nitrogen
concentration, Nmass. Significant differences between CO,
treatments within species or functional group are re-
presented by * for P<0.1, * for P<0.05, ** for P<0.01 and
*** for P<0.001.
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