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Abstract Humans are altering nutrient availability

worldwide, likely affecting plant trait expression, with

consequences for community composition and eco-

system function. Here, we examined the responses of

plant species dominant under ambient nutrient condi-

tions (baseline species) versus those that become

dominant under increased nutrient conditions

(enriched species) in a tallgrass prairie ecosystem.

The expression of 8 functional traits was quantified for

3 baseline and 3 enriched species within one short-

term and one long-term nutrient addition experiment.

We found that enriched species occupied a trait space

characterized by traits that generally correspond with

faster growth rates than baseline species. Additionally,

the enriched species shifted in their trait expression

relative to the control more than the baseline species

with nutrient additions, particularly within the long-

term experiment. The trait space shifts of individual

species with nutrient additions scaled up to affect

community aggregate trait values within both exper-

iments. However, traits that responded to nutrient

additions at the community level were not strong

predictors of aboveground net primary productivity

(ANPP) within the short-term experiment. In contrast,

in the long-term experiment, one response trait

(community aggregate height) strongly correlated

with variation in ANPP with nutrient additions. The

link between plant functional traits and community

and ecosystem responses to chronic nutrient additions

shown here will provide important insight into key

mechanisms driving grassland responses to global

change.

Keywords Baseline species � Effect trait � Enriched

species � Nutrient addition � Response trait � Tallgrass

prairie

Introduction

Anthropogenic activities are driving chronic increases

in resource availability in ecosystems worldwide

(Vitousek et al. 1997b; Smith et al. 2009). One well-

studied aspect of this phenomenon is the chronic
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increase in nutrient availability that is resulting from

atmospheric nitrogen (N) deposition and fertilizer

inputs to ecosystems (Vitousek et al. 1997a, 2010). A

consistent outcome of increases in nutrients, such as N

and phosphorus (P), is a shift in terrestrial plant

community composition and diversity (Suding et al.

2005; Clark et al. 2007; Cleland and Harpole 2010),

often with effects on ecosystem functions, such as

aboveground productivity (Inouye and Tilman 1995;

LeBauer and Treseder 2008; Harpole et al. 2011;

Isbell et al. 2013; Avolio et al. 2014). While a number

of studies have documented these responses, less is

known about the potential mechanisms underlying

shifts in plant community composition and alterations

in ecosystem function. Recently, it has been proposed

that plant functional traits are key for elucidating

mechanisms driving plant community and ecosystem

responses to chronic resource additions (McGill et al.

2006; Suding et al. 2008).

Plant functional traits, defined as traits that indi-

rectly impact the fitness of an individual through their

effects on growth, mortality, and survival (Violle et al.

2007), are known to influence community and eco-

system processes across a wide array of ecosystems

(Diaz and Cabido 2001; Suding et al. 2003, 2008).

Patterns of plant functional trait expression have been

studied extensively across natural environmental gra-

dients, including precipitation and soil fertility (Cha-

pin 1980; Cowling and Campbell 1980; Cunningham

1999; Poorter and De Jong 1999; Fonseca et al. 2000;

Wright et al. 2001; McDonald et al. 2003; Westoby

and Wright 2006; Ordoñez et al. 2009) and, to a lesser

degree, in experimental frameworks (Suding et al.

2008). Many of these studies have focused on fixed

plant traits, such as photosynthetic pathway or growth

form. However, we lack an understanding of how

changes in nutrient availability will affect non-fixed

(quantitative) plant functional traits at a local scale,

and how this change in trait expression may then scale

up to influence community and ecosystem level

processes.

Plant species are known to have particular suites of

functional trait values (Grime 1977; Grime 1977;

Chapin 1980; Reich et al. 1992; Chapin et al. 1993;

Fonseca et al. 2000) that are thought to relate to the

species’ role in the plant community (Chapin et al.

1993; Schellberg and da Silveira Pontes 2012).

Therefore, it may be expected that plant species that

are known to increase in abundance with chronic

nutrient additions (hereafter referred to as ‘enriched

species’) may occupy a different functional trait space

as compared to species that dominate under ambient

(unmanipulated) conditions (hereafter referred to as

‘baseline species’). In addition to interspecific trait

variation, traits can also vary within a species. Indeed,

differential trait expression within a species under

different environmental conditions can be as great as

interspecific or inter-functional type variation (Wright

et al. 2005; Messier et al. 2010). This differential trait

expression within a species may be an important factor

in determining a species’ response to chronic nutrient

additions, as species that exhibit a high degree of

variation in their trait expression in response to

environmental drivers may be able to take advantage

of novel environmental conditions (Funk 2008; Albert

et al. 2010, 2011; Drenovsky et al. 2012; Kichenin

et al. 2013).

Ultimately, changes in plant functional traits at the

species level with chronic nutrient additions may scale

up to be expressed at the community level. Alterations

in community aggregate trait values could be due to

shifts in the expression of individual species’ traits or

changes in species composition (Walker et al. 1999;

Knops and Reinhart 2000). By scaling plant functional

traits to the community (stand) level (Suding et al.

2008), trait responses to an environmental driver

(Walker et al. 1999; Diaz and Cabido 2001; Violle

et al. 2007), as well as trait effects on critical

ecosystem processes (Walker et al. 1999; Suding

et al. 2008; Lavorel and Grigulis 2012), can be

determined. Response traits likely play a role in

ecological sorting and community assembly (Suding

and Goldstein 2008; Webb et al. 2010; Messier et al.

2010), and are therefore important in determining how

a community may respond to chronic nutrient addi-

tions. In contrast, effect traits are those that drive

variation in ecosystem properties, such as productivity

(Walker et al. 1999; Suding et al. 2008). While

response and effect traits may be critical in determin-

ing community and ecosystem responses to environ-

mental variation, across ecosystems different

functional traits may be identified as those that

respond to perturbation or affect ecosystem function.

Therefore, identifying community-level response and

effect traits and whether these overlap is an important

step in determining the effect of chronic resource

alteration on community and ecosystem processes

(Suding et al. 2008).
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Here, we examine how chronic additions of N and P

affect the expression of plant functional traits and how

the trait expression of these plant species relates to a

key ecosystem function in grasslands—aboveground

net primary production (ANPP). First, we examined

whether the trait space occupied by baseline and

enriched species differed within a natural tallgrass

prairie ecosystem under natural resource conditions

(i.e., within control plots). We then examined the trait

responses of these species to chronic nutrient additions

within two experiments—one short-term (4-year) and

one long-term (9-year). Third, we examined whether

the shifts in trait space observed at the species level

scaled up to affect community aggregate trait

responses to chronic nutrient additions and whether

this effect depended upon shifts in trait expression

(intraspecific trait variation) or differences in species

abundances (interspecific trait variation). Finally, we

determined whether community aggregate traits cor-

related with ANPP, an important ecosystem function,

and whether the strength of this relationship varied

with experiment length.

We hypothesized that the enriched plant species

would occupy a different functional trait space from

the baseline plant species. Specifically, we predicted

that the enriched species would be characterized by

trait values associated with faster growth, such as

higher specific leaf area (SLA) or rates of leaf

formation (number of emerging leaves). We further

hypothesized that the enriched species would shift in

trait space with both short- and long-term experimen-

tal nutrient additions, which would confer an advan-

tage to these species with chronic nutrient additions,

whereas baseline species would not shift in their trait

space. At the community level, we hypothesized that

the community aggregate trait values would not

exhibit a large response to chronic nutrient additions

in the short-term experiment, whereas community

aggregate traits would exhibit large shifts in trait space

with chronic nutrient additions in the long-term

experiment due to shifts in species abundances

(interspecific trait variation) being more important

than variation in trait expression within species

(intraspecific trait variation) in driving the shift in

community aggregate trait space. Finally, we hypoth-

esized that the traits that drive the community

aggregate response to nutrient additions should also

be related to variation in ANPP, as these traits are

representative of the physiological responses of

individuals to nutrient additions, which underlie

primary productivity within a system.

Materials and methods

Experimental design

Our study utilized two ongoing experiments at the

Konza Prairie Biological Station located in northeast-

ern KS. The site receives an average of 835 mm of

precipitation per year and is dominated by C4 grasses.

The experiments were established adjacent to each

other in an upland site in a watershed burned

biennially in the spring (in odd years). Both nutrient

addition experiments consisted of two nutrient addi-

tion treatments crossed in a fully factorial design:

control, nitrogen (N), phosphorus (P), and NP. The

first experiment, hereafter referred to as the ‘short-

term experiment’, was established in 2008 and con-

sists of 24 5 9 5 m plots (n = 6 replicates per

treatment) fertilized in the spring of each year, with

N added as ammonium nitrate in 2008 and as timed-

release urea from 2009 to 2011 and P added as calcium

phosphate. Half the plots in the short-term experiment

also received potassium additions (10 gm-2 year-1 of

potash); however, no effects of potassium were

observed and therefore all analyses are pooled across

the potassium treatments for this experiment. The

second experiment, hereafter referred to as the ‘long-

term experiment’, was established in 2003 and con-

sists of 24 5 9 5 m plots (n = 6 replicates per

treatment) that have been fertilized in the spring of

each year, with N added as ammonium nitrate and P as

calcium phosphate. All nutrients were added at a rate

of 10 gm-2 year-1. Nutrient addition treatments sig-

nificantly elevated soil N and P levels in both the short-

and long-term experiments (La Pierre unpub. data and

Avolio et al. 2014, respectively).

Focal species

We measured the traits of 6 plant species populations

within a natural tallgrass prairie ecosystem at Konza.

Plant species at the site were identified as either

‘baseline species’—those that dominate under ambi-

ent (control) conditions—or ‘enriched species’—

those that increase in abundance and dominate with

chronic nutrient additions. All baseline and enriched
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species chosen for this experiment are perennial

species that are native to North American tallgrass

prairie.

The three species with the greatest abundances

within the unmanipulated plots (n = 6) established at

the site (see ‘‘Experimental Design’’ section, below)

were identified as the baseline species. These baseline

species consistently dominate in tallgrass prairie

through time in the absence of externally driven

perturbations in resources. Baseline species used for

this study were Andropogon gerardii (C4 grass),

Sorghastrum nutans (C4 grass), and Schizachyrium

scoparium (C4 grass). Enriched species were identified

from the long-term (9-year) chronic nutrient addition

experiment at the site, within which large shifts in

plant community composition have been observed

(Avolio et al. 2014). Only the enriched species that

could be found within the majority ([95 %) of the

treated plots were chosen for this study, resulting in 3

enriched species used in this study. Enriched species

used for this study were Dichanthelium oligosanthes

(C3 grass), Ambrosia psilostachya (forb), and Solidago

missouriensis (forb).

Data collection

Four traits relating to leaf attributes [SLA, leaf dry

matter content (LDMC), leaf thickness, and leaf

toughness] and four traits relating to growth (leaf

turnover, leaf formation, height, and individual bio-

mass) were measured for individuals of each focal

species at three separate sampling dates (June 2010,

June 2011, and August 2011). These sampling dates

corresponded to years 3–4 in the short-term experi-

ment and years 8–9 in the long-term experiment. On

each sampling date, 3 individuals of each species were

selected along a 2 m transect through the center of

each plot (both unmanipulated and nutrient addition

plots) and destructively harvested (harvested individ-

uals were at least 1 m away from each other). For each

individual harvested, the number of senesced ([50 %

dead), fully emerged, and emerging [rolled (for

grasses) or curled inward (for forbs) young leaves]

leaves was counted and the height was measured to the

nearest 0.5 cm. Then the centermost fully emerged

leaf was collected from each individual. The leaf’s

area was determined by scanning the leaf using a

flatbed scanner (Canon, CanoScan LiDE 110) and

analyzing the image using the imaging software

ImageJ. The thickness of each leaf was measured at

the midpoint point of the leaf (avoiding the mid-veins)

using a dial caliper to the nearest 0.1 mm. The wet

weight of the leaf was also measured. Finally, the force

necessary to penetrate the leaf at its widest part

(avoiding the mid-veins) was measured using a simple

penetrometer consisting of a 3.25 mm2 puncturing

surface weighted from above using sand. The leaf and

remaining biomass of the individual were then dried at

60 �C for 48 h, and the dry weight of the leaf and total

biomass of the individual were measured.

SLA was calculated as leaf area divided by leaf dry

weight. LDMC was calculated as leaf wet weight

divided by leaf dry weight. Leaf toughness was

calculated as the force necessary to break the leaf

(g of sand divided by the area of the puncturing

surface). The number of senesced leaves was divided

by the number of green leaves to relativize the

measurement across species; this relativized number

was used as a proxy for the rate of leaf turnover. The

number of emerging leaves was divided by the number

of green leaves and used as a proxy for the rate of leaf

formation. All trait data have been archived in the

TRY plant trait database.

In addition to functional traits, plant species

composition and ANPP were measured within each

plot (both control and nutrient addition plots). Species

composition was measured in a permanent 1 9 1 m

subunit within each of the experimental plots twice per

growing season, once at the beginning (mid-May to

mid-June) to determine the abundance of early season

forbs and C3 grasses and once at the end (mid-August

to mid-Sept) to determine the abundance of late season

forbs and C4 grasses. Percent aerial cover was

determined separately for each species to the nearest

1 %. Maximum cover values were used to calculate

the relative cover of each species within each plot.

ANPP was measured by clipping all biomass within

two 0.1 m2 quadrats to ground level in each plot at

peak biomass each year (late August to early Septem-

ber). The locations of the clipping quadrats were

moved within the plots each year to prevent a clipping

effect. Biomass was separated into current year’s

biomass and previous year’s dead and was dried at

60 �C for 48 h prior to weighing. ANPP was estimated

as current year’s biomass and was averaged across the

two strips within each plot for all analyses.
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Statistical analyses

For each sampling date, species, and trait measured,

averages were taken across the 3 individuals sampled

within each plot prior to analysis. Additionally, all trait

data were square root transformed prior to analysis.

Redundancy analysis (RDA) was used to create a trait

space using data for all 8 traits for each species, plot,

and experiment length, with traits constrained by

experiment length, species type (i.e., baseline vs

enriched), and nutrient treatment (see Appendix 1 in

ESM for eigenvectors and -values and Appendix 2 in

ESM for a scree plot). A permutational test of the RDA

(999 perms.) was used to determine whether trait space

differs between baseline and enriched species and/or

by nutrient treatment or experiment length, with

species type, experiment length, and N and P

treatments as fixed factors and species as replicates.

Community aggregate trait values were calculated

for each plot as follows (Garnier et al. 2004):

Aggregate trait = R (species trait value 9 species

relative abundance).

On average, the 6 species measured made up 55.3 %

of the relative plant cover in each plot. RDA was used to

create a community aggregate trait space using the

community aggregate trait values for each plot within

each experiment (see Appendix 3 in ESM for eigenvec-

tors and -values and Appendix 4 in ESM for a scree plot).

A permutational test of the community aggregate RDA

was used to determine whether nutrient additions

resulted in a shift in community aggregate trait space

and whether this response differed with experiment

length using data from the short- and long-term exper-

iments, with experiment length, N, and P as fixed factors

and plots as replicates. Additionally, the shift in trait

space from the control (vector length) was calculated for

the N, P, and NP treatments for the short- and long-term

experiments within the community aggregate RDA.

We assessed what factors potentially contributed to

the shift in community aggregate trait space with

nutrient additions by calculating the dissimilarity of the

plant community between nutrient added versus con-

trol plots, the mean of the baseline species aggregate

trait values, and the mean of the enriched species

aggregate traits values for each treatment within the

short- and long-term experiments. The community

dissimilarity of each plot from each other plot for both

experiment lengths was calculated using Euclidean

distance matrices based on the percent cover data of all

species; the mean dissimilarity from the controls was

determined for each treatment within each experiment

length. The means of the baseline and enriched species

aggregate trait values were calculated as the average

community aggregate trait values for each species type

averaged across all traits measured within each exper-

iment length and nutrient treatment. These mean

aggregate trait values were used as metrics of changes

in trait expression within either baseline or enriched

species, as opposed to shifts in community aggregate

trait expression due to interspecific trait differences.

The community dissimilarity from the control, the

mean baseline species aggregate trait values, and the

mean enriched species aggregate trait values were

compared to the shift in trait space from the control

using multiple linear regression to determine what

factors were related to the shift in community aggre-

gate trait space with nutrient additions (i.e., variation in

trait expression of the baseline or enriched species and/

or shifts in species abundances).

We identified the individual community aggregate

traits that responded to chronic nutrient additions

(response traits) within the short-term experiment using

multi-factor ANOVAs. These ANOVAs were con-

ducted separately for each community aggregate trait

within each experiment, with N and P as fixed factors.

Finally, to determine which traits may be related to

ANPP (effect traits), a stepwise multiple regression was

conducted for each experiment, regressing ANPP

against 7 of the 8 community aggregate traits measured,

excluding individual biomass, which is essentially a

measure of total aboveground biomass when aggregated

at the community level. All statistical analyses were

performed in R v. 3.1.1 (R Core Team 2014). The RDAs

were performed using the vegan package (Oksanen et al.

2013), the relative importance of the factors in the

multiple linear regression was determined using the

relaimpo package (Grömping 2006), and the stepwise

multiple regression was performed using the MASS

package (Venables and Ripley 2002).

Results

Trait space occupied by baseline versus enriched

species

Enriched species differed significantly from baseline

species in their trait space occupied under
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unmanipulated conditions (i.e., control plots; Fig. 1a).

In general, the enriched species had higher SLA, but

lower height, leaf toughness, leaf thickness, and rates

of leaf turnover than the baseline species (Fig. 1a).

Shift in trait space occupied by baseline species

versus enriched species with chronic nutrient

additions

The baseline and enriched species differed in their

functional trait responses to chronic N additions

between the short- and long-term experiments (sig-

nificant length 9 type 9 N interaction; Table 1;

Fig. 1). Both enriched and baseline species increased

in SLA and height with N additions in the short-term

experiment (Fig. 1b), with this increase being much

stronger for enriched species than baseline species in

the long-term experiment (Fig. 1c).

Community aggregate trait responses to chronic

nutrient additions

The community aggregate trait space occupied dif-

fered between the short- and long-term experiments

(Fig. 2; Table 2), with plots in the long-term exper-

iment having lower aggregate leaf thickness and

higher aggregate leaf toughness, SLA, and height

than plots in the short-term experiment (Fig. 2).

Additionally, a significant N 9 P interaction was

observed, with N alone increasing leaf thickness and

SLA and decreasing height, while NP added in

combination increased height, leaf toughness, and

SLA and decreased leaf thickness (Fig. 2).

Linear regression showed that both intraspecific trait

variation and changes in community composition were

related to shifts in community aggregate trait space with

nutrient additions (multiple R2 = 0.975, F1,3 = 25.56,

p = 0.038); the shift in mean enriched species aggre-

gate trait values had the strongest effect on the shift in

b Fig. 1 Functional trait space quantified using RDA, with the

first two axes explaining 98.0 % of the variation in the data.

Trait loadings on each axis are identified by gray lines and text,

while biplot loadings for experiment length s short-term

experiment, species type e enriched species, and nutrient

treatments N nitrogen addition, P phosphorus addition are

indicated by black lines and text. Open symbols represent

baseline species (those that are dominant under ambient

conditions) and filled symbols represent enriched species (those

that are dominant with chronic additions of N and P). The

symbol types indicate nutrient treatments. Panel a shows trait

values for each individual species under control conditions.

Symbols indicate the mean trait space occupied by each species

(identified by numbers), with error bars representing standard

error within each species. Panel b shows trait values for the

short-term and c shows trait values for the long-term, where

symbols are mean values, with standard errors across species

indicated. Note that all data presented in this figure were

analyzed within one RDA, but are shown in separate panels here

for clarity (see text for details). Additionally, text indicating trait

and biplot loadings were omitted from panel a for clarity;

however, the loadings from panels b and c can be used as

reference for panel a
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community aggregate trait space with nutrient additions

(relative importance = 45.3 %), followed by the shift

in mean baseline species aggregate trait values (relative

importance = 31.1 %), and changes in community

composition (relative importance = 23.5 %).

Identifying response and effect traits

Different community aggregate traits responded to N

and P additions between the short- and long-term

experiments. In the short-term experiment, a decrease

in community aggregate LDMC with N additions and

an increase in community aggregate rate of leaf

turnover, height, and biomass with P additions was

observed (Table 3). Additionally, community aggre-

gate SLA increased with N additions, but not N and P

additions combined, in the short-term experiment

(Table 3). In the long-term experiment, a decrease in

community aggregate LDMC and leaf thickness with

N additions and an increase in community aggregate

height with P additions and biomass with N and P

additions were observed (Table 3).

In the short-term chronic nutrient addition experi-

ment, community aggregate leaf toughness explained

20.9 % of the variation in ANPP (F1,23 = 5.80,

p = 0.024; Table 3). In the long-term experiment,

39.0 % of the variation in ANPP was explained by

community aggregate height (F2,47 = 29.46, p \ 0.001;

Table 3).

Discussion

With chronic additions of resources, the expectation is

that some plant species may be better able cope with

changing environmental conditions associated with

the nutrient additions (‘enriched’ species) than other

Table 1 Effect of experiment length, nutrient additions

(N = nitrogen and P = phosphorus), and plant species type

(i.e., baseline or enriched; see text for details) on RDA loadings

for individual species traits based on a permutational test of the

RDA (number of permutations = 999)

Pseudo-F df p

Length 3.59 1,259 0.010

Type 145.73 1,259 <0.001

Length 9 type 0.98 1,259 0.424

N 6.32 1,259 <0.001

Length 9 N 0.08 1,259 0.950

Type 9 N 1.64 1,259 0.212

Length 9 type 9 N 2.28 1,259 0.030

P 2.28 1,259 0.172

Length 9 P 0.15 1,259 0.970

Type 9 P 0.19 1,259 0.899

Length 9 type 9 P 1.12 1,259 0.253

N 9 P 0.47 1,259 0.677

Length 9 N 9 P 0.03 1,259 0.990

Type 9 N 9 P 1.39 1,259 0.182

Length 9 type 9 N 9 P 0.33 1,259 0.657

Bold text indicates significant differences (p \ 0.05)

Fig. 2 Community aggregate trait space quantified using RDA

for short-term (open symbols) and long-term (filled symbols)

chronic nutrient addition experiments in a tallgrass prairie

ecosystem. The nutrient addition treatments are indicated by the

different symbol shapes. Symbols represent each community

aggregate trait loadings for each plot in each experiment. Trait

loadings for the four dominant trait responses are indicated by

gray lines and text. Biplot loadings for experiment length and

nutrient treatments are indicated by black lines and text

Table 2 Effect of experiment length and nutrient additions

(N = nitrogen and P = phosphorus) on RDA loadings for

community aggregate traits based on a permutational test of the

RDA (number of permutations = 999)

Pseudo-F df p

Length 10.05 1,40 <0.001

N 2.78 1,40 0.030

Length 9 N 0.39 1,40 0.777

P 4.40 1,40 0.007

Length 9 P 0.32 1,40 0.850

N 9 P 2.65 1,40 0.044

Length 9 N 9 P 0.77 1,40 0.525

Bold text indicates significant differences (p \ 0.05)
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species in the community, thereby increasing in

abundance and potentially displacing species that

were abundant under ambient nutrient conditions

(‘baseline’ species). A number of nutrient addition

experiments have shown that plant community com-

position can change dramatically with chronic nutrient

additions (Suding et al. 2005; Harpole and Tilman

2007; Clark and Tilman 2008). Potential mechanisms

underlying changes in community composition are

that enriched species may occupy a different trait

space than baseline species that allows them to

become abundant with chronic nutrient additions

and/or that enriched species are able to respond to

the nutrient additions by shifting their trait space more

than baseline species. Our study was aimed at

assessing whether enriched and baseline grassland

plant species differ in their trait space, whether this

trait space varies in response to either short- or long-

term nutrient additions, and whether shifts in trait

space scale up to the community level to impact

aboveground productivity.

As hypothesized, the baseline and enriched species

examined here occupied different trait spaces. Nota-

bly, the baseline and enriched species studied here also

differ in their growth form and photosynthetic path-

way, with the baseline species comprised of all C4

grasses and the enriched species comprised of two

forbs and one C3 grass. Thus, it is not surprising that

these species differ in traits associated with growth

and leaf-level characteristics. However, the direction

and magnitude of these differences is important for

building a more descriptive understanding of what

differentiates species in these broad functional cate-

gories and why one group may perform better under

altered environmental conditions than the other. Under

unmanipulated (control) nutrient conditions, the

enriched species occupied a trait space associated

with higher SLA and lower leaf toughness, leaf

thickness, height, and rates of leaf turnover than the

baseline species. This is consistent with previous

studies that have found that species with fast growth

traits, such as high SLA, tend to perform better under

conditions of high nutrient availability (Grime 1977;

Chapin 1980; Laliberté et al. 2012). The traits

exhibited by the enriched species likely confer an

advantage under high nutrient conditions by allowing

for the quick uptake and utilization of the abundant

resources (Grime 1977).

We also found that the baseline and enriched

species differed in their responses to nutrient addi-

tions. With shorter-term (4 years) N additions, both

the baseline and enriched species shifted in their trait

space to have higher SLA and height than under

control conditions. Interestingly, the shift in the trait

space of the enriched species was greater with longer-

term (9 years) N additions than in the short-term

experiment. Although not directly tested here, we

speculate that the enriched species are initially exhib-

iting phenotypic plasticity, allowing them to adapt

quickly to enriched environmental conditions and

therefore rapidly shift in their trait space in the short-

term experiment. In addition to phenotypic plasticity,

Table 3 Response of seven community aggregate traits to

nitrogen (N) and phosphorus (P) additions (shown are F values

from ANOVAs, with degrees of freedom in parentheses; bold

indicates significant effect of N or P additions at p \ 0.05) and

their effects on ANPP (shown are partial R2 values from

stepwise multiple regressions) in both short-term and long-term

chronic nutrient addition experiments in tallgrass prairie

Short-term Long-term

Response Effect Response Effect

N P N 9 P ANPP N P N 9 P ANPP

Turnover 0.44(1,30) 4.95(1,30) 1.80(1,30) – 0.06(1,66) 1.84(1,66) 1.71(1,66) –

Formation 0.12(1,30) 0.75(1,30) 0.72(1,30) – 2.69(1,66) 0.03(1,66) 1.27(1,66) –

SLA 2.42(1,30) 4.45(1,30) 4.24(1,30) – 3.43(1,66) 2.75(1,66) 3.42(1,66) –

LDMC 4.37(1,30) 0.00(1,30) 0.25(1,30) – 9.82(1,66) 0.04(1,66) 0.50(1,66) –

Thickness 0.13(1,30) 3.13(1,30) 3.11(1,30) – 5.19(1,66) 3.02(1,66) 0.42(1,66) –

Toughness 0.14(1,30) 0.00(1,30) 0.00(1,30) 0.209 0.12(1,66) 1.99(1,66) 1.02(1,66) –

Height 2.30(1,30) 10.31(1,30) 0.32(1,30) – 3.72(1,66) 6.52(1,66) 0.43(1,66) 0.390

‘–’ indicates that the variable was not included in the final multiple regression model
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trait variation in the long-term experiment may be due

to selection on underlying genetic variation in the

enriched species. Because of the long lifespans of the

species studied here, selection on genetic variation in

these species may only emerge over longer time

scales, such as in the long-term nutrient addition

experiment studied here. Thus, as the genetic structure

of the enriched species’ populations shift toward

genotypes with, for example, higher SLA, shifts in

their phenotypic expression become more pro-

nounced. Similar shifts in the genetic structure and

phenotypic expression the dominant grass species, A.

gerardii, in response to 10 years of altered precipita-

tion variability have been observed in tallgrass prairie

(Avolio et al. 2013).

In contrast to the enriched species, trait variation in

the baseline species with N additions was consistent

across the short- and long-term experiments, with the

baseline species exhibiting less breadth in trait vari-

ation than the enriched species. This difference in the

ability of enriched and baseline species to shift in their

trait space in response to N additions may be due to

lower levels of phenotypic plasticity for the latter.

Additionally, while no changes in community com-

position have been observed in the short-term exper-

iment (La Pierre, unpub. data), large scale shifts in

community composition have been observed in the

long-term experiment with N additions (Avolio et al.

2014), with reductions in the abundance of the

baseline species presenting the opportunity for selec-

tion for genotypes with traits better suited to a high

nutrient environment to occur. Thus, as the variation in

trait space of the baseline species was lower than that

of the enriched species and did not differ across the

short- and long-term experiments, baseline species

may have a lower capacity for trait variation than the

enriched species.

It has been suggested that for a trait to be useful for

the study of community ecology, it should exhibit

more variation between than within species (McGill

et al. 2006). However, differential trait expression of a

species under different environmental conditions may

in itself be considered a functional trait. Trait variation

in response to altered environmental conditions may

enhance the fitness of an individual by allowing it to

quickly adapt to a novel environment (sensu Grime

1977). A similar mechanism has been proposed for the

success of invasive species, suggesting that invasive

species are able to succeed in their novel range by

exhibiting trait variation that allows them to take

advantage of the novel environmental conditions

(Funk 2008; Drenovsky et al. 2012; Bachmann et al.

2012). However, trait variation may not always lead to

fitness gains in novel environments. For example, Firn

et al. (2012) has shown that invasive species that

increase the concentration of N in their leaf tissue in

high nutrient environments tend to be eaten at a higher

rate than those species that do not alter their leaf tissue

chemistry. Thus, it is important to consider whether

trait variation has a positive effect under novel

environmental conditions, which may be system-

and species-specific.

Variation in functional traits may scale up to

influence community aggregate trait expression

(Walker et al. 1999). In this study, we found that

variation in trait expression of the enriched species

was the primary driver of shifts in community

aggregate trait expression with N additions, followed

closely by variation in trait expression of the baseline

species. Thus, our results demonstrate that intraspe-

cific trait variation alone can impact community

aggregate trait expression. In addition, we found that

shifts in community composition were also predictive

of changes in community aggregate trait space,

although to a lesser extent than intraspecific variation

in trait expression. As previous studies have shown

that altered plant communities can persist long after

nutrient addition treatments have stopped (e.g., Mil-

chunas and Lauenroth 1995), trait variation both

within and among species may play a large role in the

stability of systems in the face of future environmental

change.

Many previous studies have identified traits that can

be classified as both response and effect traits (Knops

and Reinhart 2000; Diaz et al. 2004; Suding et al.

2008; Yang et al. 2011; Lavorel et al. 2011; Minden

and Kleyer 2011; Lanta et al. 2011; Garcı́a-Palacios

et al. 2013). In this study, we found that many traits

responded to nutrient additions without having an

effect on ANPP. However, the response traits differed

between the short- and long-term experiments, sug-

gesting that these traits may be important in structur-

ing community changes with chronic nutrient

additions (Suding and Goldstein 2008; Suding et al.

2008; Ceulemans et al. 2011). Overall, two traits were

classified as effect traits in this study. Within the short-

term nutrient addition experiment, community aggre-

gate leaf toughness was correlated with ANPP;
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however, no response traits were also classified as

effect traits in the short-term experiment. In contrast,

in the long-term nutrient addition experiment, height

explained the majority of the variation in ANPP, in

addition to responding to variation in nutrient avail-

ability. The amount of variation in ANPP explained by

community aggregate traits in the long-term experi-

ment was almost twice that explained in the short-term

experiment. This may be due to the shift in species

composition that has occurred with N additions in the

long-term experiment, resulting in a shift toward

species whose traits better predict ANPP (Suding et al.

2008; Pakeman 2011).

Here, we present evidence that the plant species that

are most abundant under ambient nutrient conditions

(baseline species) differ from those that are uncommon

under ambient conditions but increase in abundance

under chronic nutrient additions (enriched species) in

both their trait expression and the degree to which they

vary in their trait expression in response to nutrient

additions. The enriched species studied here had traits

that favor rapid growth, and these traits were found to

respond rapidly to novel environmental conditions.

The shift in trait space of the enriched species was

sufficient to result in changes in trait expression at the

community level, with consequent effects on ecosys-

tem function. Thus, functional traits appear to be key

predictors of species responses to chronic resource

alterations and their effects on ecosystem processes.
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