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displaying stronger shifts in SLA and LDMC but weaker 
shifts in leaf area. Trait shifts due to species turnover were 
generally weak and opposed intraspecific responses. Seed 
addition altered community taxonomic composition but 
had little effect on community trait shifts. These results 
highlight the importance of intraspecific variation for 
short-term community functional responses and demon-
strate that the strength of these responses may be medi-
ated by community FD.

Keywords  Community mean traits · Seed dispersal · 
Functional diversity · Plant traits · Species turnover

Introduction

Trait-based approaches are increasingly used to understand 
and predict changes in community structure in response to 
environmental change (Lavorel and Garnier 2002; McGill 
et al. 2006; Jung et al. 2014). Local environmental condi-
tions deterministically select or filter individuals based 
on their functional trait values (Keddy 1992; Weiher and 
Keddy 1995; Cornwell and Ackerly 2009), such that envi-
ronmental changes in space and time lead to predictable 
shifts in community trait composition, as demonstrated by 
numerous studies showing relationships between environ-
mental conditions and community mean trait values (Fon-
seca et al. 2000; Ackerly et al. 2002; Garnier et al. 2004). 
These community-level patterns reflect processes operating 
at different levels of organization (Ackerly 2003):

1.	 Phenotypic plasticity—modifications in trait values 
within individuals in response to the environment.

2.	 Adaptive evolution—heritable changes in trait values 
within populations resulting from natural selection.

Abstract  Environmental changes are expected to shift 
the distribution of functional trait values in plant com-
munities through a combination of species turnover and 
intraspecific variation. The strength of these shifts may 
depend on the availability of individuals with trait values 
adapted to new environmental conditions, represented 
by the functional diversity (FD) of existing community 
residents or dispersal from the regional species pool. We 
conducted a 3-year nutrient- and seed-addition experi-
ment in old-field plant communities to examine the con-
tributions of species turnover and intraspecific variation to 
community trait shifts, focusing on four key plant func-
tional traits: vegetative height, leaf area, specific leaf area 
(SLA), and leaf dry matter content (LDMC). We further 
examined the influence of initial FD and seed availability 
on the strength of these shifts. Community mean height, 
leaf area, and SLA increased in response to fertilization, 
and these shifts were driven almost entirely by intraspe-
cific variation. The strength of intraspecific shifts in height 
and leaf area was positively related to initial intraspecific 
FD in these traits. Intraspecific trait responses to fertiliza-
tion varied among species, with species of short stature 
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3.	 Species sorting—changes in occurrence or relative 
abundance of species within communities (i.e., species 
turnover) resulting from differential success based on 
interspecific trait differences.

 All three processes may combine and interact to gen-
erate community-level functional responses to the environ-
ment, but most previous studies have only considered spe-
cies sorting, under the assumption that interspecific trait 
differences are much larger than intraspecific differences 
arising from phenotypic plasticity or heritable genetic vari-
ation (Garnier et al. 2001a). However, recent studies have 
shown that intraspecific trait variation may be substantial 
at the community level and contribute strongly to shifts in 
community mean trait values in response to environmen-
tal variation (e.g., Jung et  al. 2010; Messier et  al. 2010; 
Hulshof and Swenson 2010; Lepš et  al. 2011), highlight-
ing the need to consider intraspecific trait responses when 
quantifying community trait responses to the environment.

Another unresolved question is how community func-
tional structure, including the amount of interspecific and 
intraspecific trait variation present in a community, controls 
the strength of community trait responses to environmental 
change. In evolutionary biology, it is well known that the 
amount of evolutionary change in a trait is a function of the 
strength of selection and the amount of heritable trait vari-
ation within the population, as expressed in the Breeder’s 
equation (Lush 1937; Falconer 1960). By extension, the 
amount of change in a trait within a community in response 
to selection may be influenced by the amount of trait vari-
ation, or functional diversity (FD), present within the 
community (Shipley et  al. 2006). Communities with high 
interspecific FD, reflecting large trait differences among 
species, are more likely to include species with traits pre-
adapted to new environmental conditions, facilitating rapid 
shifts in community trait composition through species 
turnover. Similarly, communities with high intraspecific 
FD, reflecting phenotypic plasticity of resident genotypes 
or large genetic variation, may have a strong capacity to 
respond to an environmental change through intraspecific 
trait shifts, including plastic responses and genetic adapta-
tion (Grime et al. 2008).

These predictions assume that communities already 
include species and genotypes with traits suited to the 
new conditions created by an environmental change. If 
not, the ability of a community’s functional composition 
to track the environment will depend on dispersal of indi-
viduals with appropriate traits from the surrounding area 
(Ackerly 2003). Dispersal limitation may therefore limit 
community trait responses to environment change, particu-
larly responses due to species sorting (Foster et al. 2011). 
Metacommunity theory predicts that the strength of spe-
cies sorting and the correspondence between environment 

and species composition should be greatest in systems with 
high connectivity due to dispersal (Leibold et al. 2004), and 
this prediction has been supported by experiments manip-
ulating seed dispersal in grassland communities (Questad 
and Foster 2008; Foster et al. 2011). On the other hand, dis-
persal limitation may have less of an effect on functional 
than taxonomic composition due to functional redundancy 
among species and the potential for intraspecific variation 
to generate functional responses in the absence of species 
turnover (Messier et al. 2010; Swenson et al. 2011; Siefert 
et al. 2013).

The strength of community trait shifts may also be 
influenced by interactions between species turnover and 
intraspecific responses. Previous studies examining trends 
in community mean traits along environmental gradi-
ents have found that trait shifts due to species turnover 
and intraspecific variation may either reinforce or oppose 
each other (e.g., Lepš et al. 2011; Pérez-Ramos et al. 2012; 
Kichenin et  al. 2013). Negative interactions between spe-
cies turnover and intraspecific responses may occur if 
changes at one level preempt changes at the other. For 
example, Grime et  al. (2008) suggested that rapid plastic 
responses and expansion of genotypes of resident species 
prevented large shifts in species composition in response 
to simulated climate change in grassland communities. 
Conversely, rapid migration may allow species with traits 
pre-adapted to new environmental conditions to replace 
residents before they have time to adapt (Donoghue 2008). 
Examining the relationship between species turnover and 
intraspecific trait shifts in communities with varying levels 
of inter- and intraspecific FD and dispersal limitation will 
shed light on these potential scenarios.

We conducted a 3-year field experiment in old-field plant 
communities in central New York to investigate community 
functional responses to environmental change and to assess 
the effects of dispersal limitation and initial community 
FD on these responses. We manipulated nutrient availabil-
ity by adding fertilizer to experimental communities and 
removed dispersal limitation by adding seeds of species 
from the local species pool. We focused on four functional 
traits known to be related to plant resource acquisition and 
use strategies: vegetative height, leaf area, specific leaf area 
(SLA), and leaf dry matter content (LDMC). We addressed 
four main questions:

1.	 How do community mean trait values respond to 
increased nutrient availability, and what are the contri-
butions of, and interactions between, species turnover 
and intraspecific trait responses?

2.	 How are community trait responses influenced by 
removal of dispersal limitation through seed addition?

3.	 How are community trait responses influenced by 
inter- and intraspecific FD?
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4.	 How are trait responses of individual species influ-
enced by their ecological and functional characteris-
tics?

Materials and methods

Experimental design

The study was conducted at Green Lakes State Park in 
central New York, USA (43°2.5′N, 76°0.0′W). The experi-
ment was established in a 1-km2 area of old fields aban-
doned from agricultural use in the 1960s through 1990s 
and presently dominated by native Solidago spp. and non-
native grasses such as Bromus inermis and Poa pratensis. 
In summer 2010, we established eight 5 × 5-m square plots 
with 1-m2 quadrats located at the four corners, making a 
total of 32 quadrats. Individual quadrats served as experi-
mental units and plots as experimental blocks. The plots 
were not cleared or otherwise disturbed prior to initiating 
the experiment. Within each block, we randomly applied a 
set of 2 × 2 factorial treatments, including fertilization (no 
fertilizer; 16 g N m−2 year−1) and seed addition (no seeds; 
seeds of 19 species added). We applied the treatments each 
year from 2011 to 2013. For the fertilization treatment, we 
used Osmocote slow-release fertilizer (18-6-12 N-P-K) and 
applied the appropriate amount to add 8 g N m−2 in April 
and July of each year. This rate of nutrient addition is typi-
cal of high-nutrient treatments in previous grassland fertili-
zation experiments (e.g., Tilman 1987; Dickson and Foster 
2008). For the seed-addition treatment, we added seeds of 
19 species (Table S1), representing a wide range of func-
tional strategies and trait values, that occurred within the 
study site. Seeds of most species were added at a rate of 
1 g m−2 year−1, with a lower limit of 200 and upper limit 
of 2000 seeds/species per year (Table S1), representing a 
tradeoff between equalizing seed mass and seed number 
across species (Jakobsson and Eriksson 2000). Though 
this rate of seed addition is higher than that of natural seed 
rain in grassland communities (Myers and Harms 2009), 
the purpose of the treatment was not to mimic natural seed 
rain but to overcome dispersal barriers that could limit spe-
cies establishment in experimental plots. Seeds were hand 
broadcast into quadrats, with half the yearly amount added 
in November and half in April. We manually agitated the 
vegetation and litter layer in all quadrats to allow seeds to 
contact the soil.

Data collection

We sampled quadrats in July–August 2010 (prior to appli-
cation of experimental treatments) and 2013 (after 3 years 
of treatment application). To determine species richness 

and composition, we visually estimated the percent cover 
of each species within each quadrat (Peet et al. 1998). To 
quantify community trait distributions, we measured traits 
of 50 randomly selected individuals per quadrat. The num-
ber of individuals sampled per species was proportional to 
relative species abundance, with a minimum of three per 
species (Siefert 2012). On each individual sampled, we 
measured four functional traits related to plant resource 
acquisition and use strategies: vegetative height, leaf area, 
SLA, LDMC. Vegetative height relates to light acquisition 
and competitive ability (Gaudet and Keddy 1988). Leaf 
area relates to stress tolerance, with low nutrient avail-
ability and other types of stress selecting for small leaves 
(Perez-Harguindeguy et  al. 2013). SLA is related to plant 
growth and photosynthetic rates, representing a general 
plant strategy spectrum that runs from fast (high SLA) to 
slow (low SLA) return on investment in nutrients and dry 
mass (Wright et  al. 2004; Reich 2014). LDMC relates to 
leaf resistance to physical stress and is also correlated with 
growth and photosynthetic rates (Perez-Harguindeguy 
et  al. 2013). We expected that increased nutrient avail-
ability would favor plants with fast, competitive strategies, 
resulting in community-level shifts toward increased veg-
etative height, leaf area, and SLA and decreased LDMC. 
Vegetative height was measured as the distance between 
the ground and the top of the general canopy of the plant. 
One mature, healthy looking leaf from the upper third of 
the canopy of each selected individual was collected for 
leaf trait measurements. We measured the area of one side 
(square millimeters) and fresh mass (milligrams) of each 
leaf after full rehydration (Garnier et  al. 2001b) and dry 
mass (in milligrams) after oven drying at 80 °C for 48 h. 
SLA was calculated as fresh leaf area divided by dry mass, 
and LDMC was calculated as dry mass divided by fresh 
mass. Leaf area and SLA were log transformed prior to 
analysis to meet assumptions of linear models.

Data analysis

Using data collected prior to the start of the experiment 
and after 3  years of fertilization and seed addition, we 
quantified changes in species richness, species composi-
tion, and community mean trait values within each quad-
rat. We measured the change in species richness as the 
difference between the number of species recorded within 
a given quadrat in 2010 and 2013. We measured changes 
in species composition in two ways. First, we quantified 
the magnitude of change as the Bray–Curtis dissimilarity 
between initial and final community composition. Second, 
we characterized the direction of change in multivariate 
space by conducting a non-metric multidimensional scaling 
(NMDS) ordination using all quadrats from 2010 and 2013 
and recording the difference in quadrat scores between 
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years for each ordination axis. We tested for effects of fer-
tilization, seed addition, and their interactions on changes 
in species richness and composition (Bray–Curtis dissimi-
larity) using linear mixed models with “plot” as a random 
effect and fertilizer addition, seed addition, and their inter-
actions as fixed effects. We used non-parametric multivari-
ate ANOVA to analyze changes in species composition, 
using a matrix of Euclidean distances among quadrats 
based on shifts in NMDS axis scores as the response. Sig-
nificance was assessed using permutation tests (n =  999) 
with plot as a grouping factor.

We measured community-level changes in functional 
traits and the contributions of species turnover and intraspe-
cific variation using a modification of the approach of Lepš 
et al. (2011). We measured the total change in community-
mean trait values between 2010 and 2013 (ΔComm) for 
each quadrat as:

where pij13 and pij10 are the relative cover of species i in 
quadrat j in 2013 and 2010, respectively, and x̄ij13 and x̄ij10 
are the mean trait values of species i in quadrat j in 2013 
and 2010, respectively, and S is the number of species 
recorded in the study. We measured the contribution of spe-
cies turnover (i.e., changes in species relative abundance) 
to the total change in community mean traits between years 
(ΔTurn) as:

where x̄ij is the mean trait value of species i in quadrat j 
averaged across years, thus assuming no intraspecific shifts 
in trait values between years. Positive ΔTurn indicates an 
increase in trait values at the community level due to an 
increase in abundance of species with high trait values, and 
negative ΔTurn indicates a decrease in trait values at the 
community level due to an increase in abundance of spe-
cies with low trait values. We calculated the contribution 
of intraspecific trait responses to the change in commu-
nity mean traits between years (ΔIntra) as the difference 
between the total change in community mean traits and the 
change due to species turnover:

Positive ΔIntra indicates an overall increase in trait 
values within species, and negative ΔIntra indicates an 
overall decrease in trait values within species. We used lin-
ear mixed models with plot as a random effect to test the 
effects of fertilization, seed addition, and their interactions 
on changes in community mean traits (ΔComm) and the 

�Commj =

S∑

i=1

pij13x̄ij13 −

S∑

i=1

pij10x̄ij10,

�Turnj =

S∑

i=1

pij13x̄ij −

S∑

i=1

pij10x̄ij,

�Intraj = �Commj −�Turnj.

contributions of species turnover (ΔTurn) and intraspe-
cific variation (ΔIntra). To test whether community trait 
responses to fertilization were influenced by community 
FD, we also included initial interspecific and intraspecific 
FD and their interactions with fertilization as fixed effects. 
For each quadrat and trait, interspecific FD was calculated 
as the variance of species mean trait values weighted by 
species relative cover. Intraspecific FD was calculated as 
the weighted mean of within-species trait variances (Lepš 
et al. 2006). We tested for relationships between ΔTurn and 
ΔIntra across all treatments for each trait using major axis 
regression.

Finally, we examined intraspecific trait responses of 
individual species to fertilization. For each case in which 
a species was found in the same fertilized quadrat in both 
2010 and 2013, we calculated the difference in species 
mean trait values between years within the quadrat, then 
averaged across quadrats to obtain a mean trait response 
to fertilization for each species. To assess whether spe-
cies’ trait responses to fertilization could be explained by 
their ecological and functional characteristics, we tested for 
correlations between mean trait response and initial mean 
trait value, trait variance, frequency (number of quadrats 
in which species occurred), and mean cover across species 
for each trait. We also hypothesized that fertilization would 
influence leaf traits indirectly by increasing shade, and that 
responses to shade would be strongest for species lower in 
the canopy. To test this hypothesis, we tested for correla-
tions between mean trait responses and mean vegetative 
height across species.

All analyses were conducted in R (R Development Core 
Team 2012) using the vegan (Oksanen et  al. 2012) and 
lmodel2 (Legendre 2013) packages.

Results

Species richness and composition

Species richness in 2010 at the start of the experiment 
ranged from six to 19 species/quadrat (mean =  6.4). Fer-
tilization had a significant negative effect on the change 
in species richness between 2010 and 2013 (F1,21 = 35.1; 
P < 0.001; Fig. 1a). Species richness decreased by 1.4 spe-
cies on average in fertilized quadrats, compared to an aver-
age increase of 2.4 species in unfertilized quadrats. Seed 
addition had a significant positive effect on the change in 
species richness (F1,21 = 5.6; P = 0.03; Fig. 1a), with an 
average increase of 1.2 species in seed-addition quadrats, 
compared to an average loss of 0.3 species in quadrats not 
receiving seed addition. There was no significant interac-
tion between fertilization and seed addition. Seed addition 
had a marginally positive effect on the change in total cover 
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of seeded species (F1,21 =  1.7; P =  0.10), with an aver-
age increase of 52—60  % in seed-addition quadrats. The 
change in the cover of seeded species was not significantly 
affected by fertilization (P = 0.4).

Fertilization had a significant effect on changes in spe-
cies composition within quadrats between 2010 and 2013, 
as measured by shifts of quadrats in NMDS ordination 
space (F1,31  =  6.82; P  =  0.007; Fig. S1). However, the 
magnitude of change in species composition, measured 
as the Bray–Curtis dissimilarity between 2010 and 2013, 
did not differ between fertilized and unfertilized plots 
(F1,21 =  0.19; P =  0.66; Fig.  1b). In contrast, seed addi-
tion significantly increased the magnitude of species com-
position change (F1,21 = 4.7; P = 0.04; Fig. 1b) but had no 
effect on shifts in ordination space (F1,21 = 0.66; P = 0.55; 
Fig. S1).

Community‑level trait shifts

Prior to the start of the experiment, community mean veg-
etative height of quadrats ranged from 22.8 to 99.9  cm 

(mean  =  60.2), community mean leaf area ranged from 
4.0 to 13.3  cm2 (mean  =  8.0); community mean SLA 
ranged from 16.8 to 24.8 mm2 mg−1 (mean =  19.8), and 
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Fig. 1   Effects of fertilization (F) and seed addition (S) on changes in 
a species richness and b species composition in experimental quad-
rats. Bars are mean ± SE (n = 32 quadrats) 2010–2013. Significance 
of F and S effects are indicated; *P < 0.05; ***P < 0.001

(a)

(b)
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Fig. 2   Effects of F on changes in community mean trait values in 
experimental quadrats. Bars are mean ± SE (n = 32 quadrats) 2010–
2013. Results are shown for overall change in community mean traits 
(ΔComm), change due to species turnover (ΔTurn), and change due 
to intraspecific variation (ΔIntra). Significance of F effects are indi-
cated; *P < 0.05, ***P < 0.001. +F Plots fertilized, −F plots not fer-
tilized, SLA specific leaf area, LDMC leaf dry matter content
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community mean LDMC ranged from 0.23 to 0.34 g g−1 
(mean = 0.29; Table S2). While there was large natural var-
iation in community mean traits among quadrats, no trait 
varied significantly between fertilization or seed-addition 
treatments (P > 0.5).

Fertilization had a positive effect on overall changes 
in community mean trait values between 2010 and 2013 
for vegetative height (F1,17 = 8.0; P = 0.01; Fig. 2a) and 
leaf area (F1,17 = 6.8; P = 0.02; Fig. 2b) but no effect on 
changes in community mean SLA or LDMC (Fig. 2c, d). 
Community mean vegetative height increased by 18.4  cm 
on average (SD = 12.8) in fertilized plots, compared to an 
average increase of 9.8 cm (SD = 7.8) in unfertilized plots 
(Fig.  2a; Table S2). Community mean leaf area increased 
by 2.3 cm2 on average (SD = 1.6) in fertilized plots, com-
pared to an average increase of 0.45  cm2 (SD =  2.1) in 
unfertilized plots (Fig. 2b; Table S2). Changes in commu-
nity mean SLA and LDMC were negligible in both ferti-
lized and unfertilized plots (Fig.  3c, d; Table S2). Seed 
addition had no effect on shifts in community mean values 
of any trait (P > 0.2).

Changes in community mean traits occurred almost 
entirely through intraspecific trait responses, whereas shifts 
due to species turnover were negligible (Fig. 2a–d). Fertili-
zation had a significant positive effect on intraspecific traits 
shifts for height (F1,17 = 23.4; P < 0.001; Fig. 2a), leaf area 
(F1,17 = 18.5; P < 0.001; Fig. 2b), and SLA (F1,17 = 4.7; 
P  =  0.04; Fig.  2c). There was no effect of fertilization 
on species turnover responses for any trait except SLA, 
for which fertilization had a marginally negative effect 
(F1,17 = 3.3; P = 0.08; Fig. 2c).

Overall shifts in community mean trait values and the con-
tributions of species turnover and intraspecific responses were 
influenced by initial interspecific and intraspecific FD and 
seed addition and their interactions with fertilization in several 
cases (Fig. 3). For intraspecific responses in vegetative height, 
there was a significant negative interaction between initial 
interspecific FD and fertilization (F1,17 = 9.1; P = 0.008) and 
a significant positive interaction between intraspecific FD and 
fertilization (F1,17 = 6.3; P = 0.02; Fig. 3a). This indicates 
that intraspecific height responses to fertilization were strong-
est in communities that had high intraspecific variation in 

(a) (b)

(c) (d)

Fig. 3   Effects of initial functional diversity (FD), measured as com-
munity-weighted trait variance, on community trait shifts in experi-
mental quadrats: a effect of initial intraspecific FD on intraspecific 
shift (ΔIntra) in vegetative height; b effect of initial intraspecific FD 

on ΔIntra in leaf area; c effect of initial interspecific FD on trait shift 
due to species turnover (ΔTurn) in LDMC; d effect of initial inter-
specific FD on ΔIntra in LDMC. Significance of FD effects are indi-
cated; *P < 0.05; **P < 0.01. For other abbreviations, see Fig. 2
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height at the start of the experiment and suppressed in com-
munities with high initial interspecific variation. Intraspe-
cific FD also had a significant positive effect on intraspecific 
shifts in leaf area (F1,17 = 4.7; P = 0.04; Fig. 3b). For shifts 
in community mean SLA, although the main effects of fer-
tilization and seed addition were not significant, there was a 
significant negative fertilization by seed addition interaction 
(F1,17 = 6.2; P = 0.02), reflecting a weak positive effect of 
fertilization on SLA in the absence of seed addition and a 
negative effect with seed addition. For LDMC, initial inter-
specific FD had a positive effect on trait shifts due to species 
turnover (F1,17 = 7.4; P = 0.01; Fig. 3c) and a negative effect 
on intraspecific trait shifts (F1,17 = 11.8; P = 0.003; Fig. 3d). 
Communities with high initial interspecific FD in LDMC had 
positive shifts in LDMC due to species turnover and negative 
shifts due to intraspecific responses.

Across all treatments, there were significant negative 
relationships between species turnover and intraspecific 
trait shifts for SLA (R2 =  0.21; P =  0.01; Fig.  4c) and 
LDMC (R2 = 0.26; P = 0.003; Fig. 4d) but no relationships 
for vegetative height or leaf area (Fig. 4a, b).

Single species trait responses to fertilization

We examined intraspecific trait responses to fertilization 
for the 13 study species that occurred in at least three fer-
tilized plots in both 2010 and 2013 (Table S3). Of these 

13 species, 12 increased in height in response to fertili-
zation (mean increase of 18.6 cm); 11 species increased 
in leaf area (mean increase of 1.06  cm2); 11 species 
increased in SLA (mean increase of 1.8  mm2  mg−1); 
and nine species decreased in LDMC (mean decrease of 
17.2 mg g−1). The strength of intraspecific responses of 
SLA and LDMC to fertilization increased with decreas-
ing species mean vegetative height (Table  1). In con-
trast, leaf area responses were strongest for tall species 
and those with low initial mean and variance in leaf area 
(Table  1). The strength of intraspecific trait responses 
was not significantly related to species frequency or 
mean cover for any trait.

Fig. 4   Relationship between 
trait shifts due to species turno-
ver and intraspecific variation 
within experimental quadrats 
for a vegetative height, b leaf 
area, c specific leaf area, and d 
LDMC. Dotted line represents 
the 1:1 line. Major axis regres-
sion lines and statistics are 
shown for statistically signifi-
cant relationships (α = 0.05). 
For abbreviations, see Fig. 2

(a) (b)

(c) (d)

Table 1   Pearson’s correlation coefficients for relationships between 
species’ mean trait responses to fertilization and initial abundance, 
mean trait values, and trait variance

* P ≤ 0.05

Response Frequency Cover Trait mean Trait vari-
ance

Mean 
height

Vegetative 
height

−0.52 0.23 0.49 0.29 0.49

Leaf area −0.17 0.24 −0.60* −0.70* 0.58*

SLA 0.51 −0.15 0.49 0.38 −0.71*

LDMC −0.51 0.13 −0.02 −0.16 0.64*
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Discussion

Community trait shifts in response to 3 years of fertiliza-
tion were mainly driven by intraspecific variation. Sig-
nificant intraspecific responses to fertilization occurred in 
three of the four traits examined. Vegetative height, leaf 
area, and SLA increased within species in response to 
increasing nutrient availability, reflecting a shift toward 
a strategy of rapid resource uptake and growth (Wright 
et al. 2004; Reich 2014). Previous studies have also found 
that intraspecific variation plays a large role in commu-
nity responses to resource availability. In a longer-term 
(10  years) fertilization experiment in grasslands in the 
Czech Republic, Lepš et al. (2011) found that variation in 
community mean height, SLA, LDMC, and other leaf traits 
was mostly caused by intraspecific variation. Similarly, 
Jung et al. (2014) found that intraspecific variation contrib-
uted more than species turnover to changes in community 
mean trait values in subalpine meadows in response to sim-
ulated drought. Together with the findings of the present 
study, these results highlight the importance of accounting 
for intraspecific trait variation when quantifying commu-
nity functional responses to environmental change.

This study is the first to our knowledge to examine how 
community FD mediates responses of community mean 
trait values to an environmental change. By analogy with 
models of evolutionary trait changes within populations 
(Lush 1937; Falconer 1960), we predicted that the magni-
tude of community-level trait changes would be positively 
related to the amount of within-community trait varia-
tion. In general, our results offer limited support for this 
hypothesis. Initial FD did not influence overall changes in 
community mean trait values in response to fertilization 
for any trait. However, intraspecific changes in vegetative 
height and leaf area were strongest in communities with 
high initial intraspecific trait variance, indicating that com-
munities with large reservoirs of intraspecific FD, arising 
from phenotypic plasticity and heritable genetic variation, 
have greater capacity to respond to environmental change 
through intraspecific trait shifts. Interestingly, intraspecific 
shifts in height were suppressed in communities with high 
interspecific FD. This finding suggests that when commu-
nity trait space is occupied by species with different mean 
trait values, there may be few openings for individual spe-
cies to fill new regions of trait space through intraspecific 
trait shifts.

A major aim of this study was to test whether com-
munity functional composition and responses to fertiliza-
tion were influenced by seed availability. Previous studies 
in grassland communities have found that seed addition 
enhances species diversity and species sorting along 
environmental gradients (e.g., Questad and Foster 2008; 

Houseman and Gross 2011; Foster et al. 2011), demonstrat-
ing that dispersal plays an important role in community 
assembly and responses to the environment. In the present 
study, seed addition had a modest positive effect on spe-
cies richness and increased the strength of shifts in species 
composition in response to fertilization but had almost no 
effect on shifts in community mean traits. The only excep-
tion was a negative interaction between seed addition 
and fertilization on community mean SLA, likely due to 
increasing cover of competitive, low-SLA species (e.g., B. 
inermis) added to fertilized plots, which overwhelmed the 
positive response of SLA to fertilization in plots without 
seed addition. These results are consistent with previous 
findings that stochastic processes such as dispersal have a 
stronger influence on species composition than functional 
composition (Fukami et  al. 2005; Swenson et  al. 2012; 
Siefert et  al. 2013). Dispersal limitation may prevent par-
ticular species with suitable trait values from establishing 
in a community, but this will only have a strong influence 
on community functional composition if no other species 
with suitable trait values are available. The high initial FD 
and strong intraspecific responses observed in this experi-
ment suggest that communities could track environmental 
changes without immigration from the local species pool. 
Dispersal is likely to have a more important influence on 
community responses to strong, long-term environmental 
shifts that favor trait values or trait combinations outside 
the range of values possessed by resident species (Ackerly 
2003; Smith et  al. 2009). In addition, seedling establish-
ment may be limited in undisturbed perennial grasslands 
such as our study site (Hartnett and Bazzaz 1985), further 
limiting the impact of dispersal. Dispersal and species sort-
ing likely play a larger role in disturbed communities that 
offer more opportunities for establishment of new species.

Previous studies examining intraspecific trait varia-
tion along environmental gradients have found that trait 
responses are highly idiosyncratic among species (e.g., 
Albert et al. 2010; Kichenin et al. 2013). Intraspecific trait 
responses also varied among species in this study, but some 
of this variation could be explained by species’ functional 
characteristics. In particular, shifts in SLA and LDMC in 
response to fertilization were strongest for species of short 
stature, consistent with patterns observed across natural 
soil resource availability gradients within the study site 
(Siefert 2012). These patterns may be explained if intraspe-
cific shifts in SLA and LDMC are driven by decreasing 
light availability in the understory of fertilized plots due 
increased plant growth. Plants are known to respond to 
shading by increasing SLA and decreasing LDMC to maxi-
mize light capture per unit of leaf mass (Evans and Poorter 
2001), and these responses are likely to be strongest in 
relatively short species, which are most subject to shading 
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(Rozendaal et al. 2006). Leaf area showed the opposite pat-
tern: intraspecific responses to fertilization were greater for 
tall species. Increases in leaf area are likely part of a gen-
eral growth response to fertilization, which may be stronger 
for tall species that can take advantage of increased soil 
resource availability because they have greater access to 
light (Chapin et  al. 1987). This finding is consistent with 
the dominant plasticity hypothesis, which predicts that 
competitive species have strong phenotypic plasticity to 
maximize resource capture and competitive ability (Ashton 
et al. 2010). Overall, the results of this experiment demon-
strate that the strength of intraspecific trait responses may 
be partially explained by species’ functional characteristics, 
but these relationships appear to be trait specific.

There are several possible explanations for the weak 
contributions of species turnover to community traits shifts. 
First, the 3-year duration of the experiment may not have 
been long enough for large changes in species composi-
tion to occur. This explanation may be partly discounted 
because fertilization did lead to significant shifts in spe-
cies composition, and previous fertilization experiments in 
old fields have also seen significant changes in composi-
tion even within a single year (Mellinger and McNaughton 
1975; Bakelaar and Odum 1978). Nevertheless, while 
short-term community trait responses to environmental 
manipulations have been shown to be driven primarily by 
intraspecific variation in this and previous experiments, 
shifts in community composition are expected to play a 
more important role over longer time scales (Smith et  al. 
2009; Sandel et  al. 2010). Second, although there were 
significant changes in the relative cover of species in 
response to fertilization, these changes were not explained 
by species’ trait values. Species that had the most positive 
responses to fertilization included grasses such as P. prat-
ensis, Dactylis glomerata, and B. inermis, and species with 
negative responses included forbs such as Solidago juncea, 
Euthamia graminifolia, and Trifolium repens. Aside from 
the signal of growth form, there were no consistent differ-
ences in the measured traits between species that increased 
or decreased in response to fertilization, indicating that 
other traits or trait combinations mediated these responses. 
Finally, functional trade-offs among species generate mul-
tiple strategies with similar fitness in a given environment 
(Marks and Lechowicz 2006; Reich 2014), leading to high 
interspecific trait variance within communities and blurring 
interspecific trait-environment relationships (Marks 2007). 
In contrast, multivariate trait combinations are likely more 
constrained within species, possibly allowing a stronger 
signal of environment on single traits at the intraspecific 
level.

The contribution of interspecific responses to commu-
nity trait shifts was further diluted by the negative rela-
tionship with intraspecific responses, particularly for SLA. 

A marginally significant negative interspecific response 
to fertilization was cancelled out by a positive response 
due to intraspecific variation, resulting in no overall trait 
response at the community level. Opposing trait shifts due 
to species turnover and intraspecific responses have been 
observed in previous studies, but the causes of these pat-
terns appear to be context dependent (Lepš et  al. 2011; 
Kichenin et  al. 2013; Jung et  al. 2014). The opposing 
changes in SLA observed in this study may be related to 
increasing aboveground competition for light in fertilized 
plots. The negative species turnover response was driven 
mainly by increasing cover of tall, competitive, relatively 
low-SLA grasses (e.g., B. inermis) and decreasing cover 
of small, subordinate, high-SLA forbs (e.g., T. repens), 
whereas the positive intraspecific shifts were likely driven 
by phenotypic plasticity of shaded individuals to increase 
light capture. This result is consistent with the idea that 
plastic responses that maximize short-term resource acqui-
sition may oppose selection for trait values that maximize 
long-term competitive ability (Ryser and Eek 2000).

Implications

The results of this study demonstrate that intraspecific 
trait shifts may play a key role in community functional 
responses to environmental change. There is growing rec-
ognition that community functional composition exerts a 
strong influence on ecosystem processes (Diaz and Cabido 
2001; Lavorel and Garnier 2002), but previous studies 
aimed at linking changes in community trait composition 
with changes in ecosystem function have focused exclu-
sively on trait responses arising from species turnover 
(Garnier et  al. 2004; Suding et  al. 2008). In this experi-
ment, fertilization and removal of dispersal barriers via 
seed addition caused changes in species composition, but 
these changes did not translate to directional shifts in com-
munity mean traits. These findings suggest that intraspe-
cific trait shifts may track changing environmental condi-
tions more reliably than trait shifts due to species turnover, 
highlighting the importance of accounting for intraspecific 
variation when quantifying and predicting community and 
ecosystem responses to environmental change.

The relative importance of intraspecific trait variation in 
community functional responses to the environment may 
depend on a number of factors, including the speed and mag-
nitude of environmental change, the extent and sources of 
trait variation within local communities, and the FD of spe-
cies and genotypes in the regional pool and their ability to 
disperse to and become established in a given community. 
In this study, intraspecific trait variation, likely reflecting 
rapid plastic trait responses, drove community trait shifts 
in response to a short-term environmental change. Moreo-
ver, we demonstrate for the first time that the capacity for 
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such shifts may be greatest in communities with high ini-
tial intraspecific FD. Species turnover and evolutionary 
responses are likely to become more important in responses 
to long-term environmental changes that select for trait val-
ues outside the range of plasticity of resident genotypes. 
While dispersal limitation did not influence functional trait 
shifts in the perennial grassland communities examined in 
this study, we expect that dispersal and establishment of new 
species and genotypes play more important roles in com-
munities of shorter-lived plants with more opportunities for 
seedling establishment. Future experiments manipulating the 
extent and sources of trait variation within local communities 
and in regional species and genotype pools will help further 
disentangle the effects of FD and dispersal on community 
functional responses to environmental change.
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