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Abstract

Despite increasing evidence of the importance of intraspecific trait variation in plant communities, its role in community
trait responses to environmental variation, particularly along broad-scale climatic gradients, is poorly understood. We
analyzed functional trait variation among early-successional herbaceous plant communities (old fields) across a 1200-km
latitudinal extent in eastern North America, focusing on four traits: vegetative height, leaf area, specific leaf area (SLA), and
leaf dry matter content (LDMC). We determined the contributions of species turnover and intraspecific variation to
between-site functional dissimilarity at multiple spatial scales and community trait responses to edaphic and climatic
factors. Among-site variation in community mean trait values and community trait responses to the environment were
generated by a combination of species turnover and intraspecific variation, with species turnover making a greater
contribution for all traits. The relative importance of intraspecific variation decreased with increasing geographic and
environmental distance between sites for SLA and leaf area. Intraspecific variation was most important for responses of
vegetative height and responses to edaphic compared to climatic factors. Individual species displayed strong trait responses
to environmental factors in many cases, but these responses were highly variable among species and did not usually scale
up to the community level. These findings provide new insights into the role of intraspecific trait variation in plant
communities and the factors controlling its relative importance. The contribution of intraspecific variation to community
trait responses was greatest at fine spatial scales and along edaphic gradients, while species turnover dominated at broad
spatial scales and along climatic gradients.
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Introduction

Understanding and predicting how communities respond to

environmental variation is a central goal of ecology, and ecologists

are increasingly adopting trait-based approaches to study these

responses [1–3]. Because an organism’s functional traits directly

influence its responses to and effects on the environment [4],

information about the traits of individuals in a community (i.e.

community trait distributions) offers insights into community

assembly mechanisms and can be used to predict community

composition and ecosystem functioning [3,5,6]. Understanding

how community trait distributions, particularly community-

weighted mean trait values (CWMs), respond to environmental

variation has therefore become a major focus in community

ecology [5,7,8].

Community trait distributions may change along environmental

gradients through a combination of species turnover (changes in

species presence and relative abundance) and intraspecific trait

responses, including genetic adaptation and phenotypic plasticity

[8,9]. Most studies examining trait-environment relationships in

plant communities have assigned a single, fixed trait value to each

species, thereby accounting only for trait variation due to species

turnover and ignoring intraspecific variation [10]. However,

recent studies have shown that intraspecific variation may also

play an important role in community trait responses to environ-

mental variation. For example, Jung et al. [11] found that

intraspecific variation accounted for up to 44% of the change in

CWMs of several key functional traits across an elevation gradient

in flood meadow communities. Similarly, Lepš et al. [10] found

that community-level responses of multiple traits to fertilization

and mowing in grassland communities were primarily driven by

intraspecific responses. Results of these and other recent studies

[12–14] demonstrate that accounting for intraspecific trait

variation may be crucial for quantifying community trait responses

to the environment, but the relative magnitude of intraspecific

variation has varied strongly among and within studies. The next

step beyond simply quantifying intraspecific trait variation is to

understand the factors controlling its relative role and importance

in communities. Determining when and where intraspecific

variation matters at the community level is a major concern for
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plant ecology, with important implications for predicting commu-

nity and ecosystem responses to global change [15].

One factor that may influence the relative importance of

intraspecific trait variation is the spatial scale of the studied

communities. Previous studies have shown that interspecific trait

variation increases with increasing spatial scale due to species

turnover driven by dispersal limitation and environmental filtering

along gradients of increasing breadth [16,17]. Intraspecific

variation is also expected to increase with increasing spatial scale,

as more genetic and plastic variability within species is included,

but it is expected to saturate at large scales once the entire range

and thus potential trait variation of individual species is reached

[15,18]. The relative magnitude of interspecific vs. intraspecific

variation is therefore expected to increase at broad spatial scales

encompassing strong environmental gradients [15]. This hypoth-

esis has not been tested to our knowledge, in part due to the lack of

studies measuring intraspecific variation at broad scales.

Another factor that may influence the relative importance of

intraspecific trait variation is the type of environmental gradient

considered. Previous studies have shown that intraspecific

variation may be important for community responses to local-

scale edaphic variation [8,11], but its role in responses to broad-

scale climatic variation has not been examined. Determining

whether the relative importance of intraspecific variation differs

between edaphic and climatic gradients is a useful step towards a

more general understanding of when intraspecific variation

matters at the community level. Knowledge of the role of

intraspecific variation is also relevant for predicting responses of

communities to climate change [19]. If community trait responses

to climate are driven by species turnover, climate change will

result in large changes in community composition and species

distributions. On the other hand, if species are able to cope with

climatic variation through genetic adaptation or phenotypic

plasticity, community composition may remain stable [20,21].

Assessing the degree to which intraspecific variation contributes to

community trait responses to strong spatial climatic gradients will

provide insights into which of these scenarios is most likely in the

face of future climate change.

In this study, we examined community functional responses to

environmental variation in old-field plant communities across

eastern North America. The study was conducted on a broad

spatial extent (1200 km in latitude), allowing us to test the relative

importance of species turnover vs. intraspecific variation to

community trait patterns along strong edaphic and climatic

gradients at multiple spatial scales. Specifically, we addressed the

following questions: 1) What is the relative importance of species

turnover vs. intraspecific variation to among-site trait variation,

and how is this influenced by spatial scale? We hypothesized that

the relative importance of intraspecific trait variation would

decrease with increasing spatial scale and breadth of environmen-

tal gradients. 2) How do community mean trait values respond to

edaphic and climatic variation, and what are the relative

contributions of species turnover and intraspecific variation to

these responses? We hypothesized that intraspecific variation

would be more important for community responses to edaphic

compared to climatic factors.

Materials and Methods

Study site
We surveyed vegetation and functional traits in 22 old fields

across the eastern United States in June-August, 2012. The study

area extended from central South Carolina (30u400N) to central

New York (43u100N), spanning approximately 1200 km of latitude

(see Fig. S1 for map of study sites). The study sites were located on

private and public land. A list of authorities who granted

permission to conduct field work and should be contacted for

future permissions is found in the Supporting Information (Table

S5). The study area encompassed strong variation in both climatic

and edaphic factors (Table 1), making it a useful system for

comparing the influence of these factors on community functional

composition. Moving from south to north, there was a strong

decrease in mean annual temperature (17.9 to 6.9uC) and growing

season length (263 to 156 annual frost-free days) and a weaker

decrease in mean annual precipitation (1330 to 976 mm). In

addition, with increasing latitude there was a strong increase in soil

fertility and shift from coarse to fine-textured soils driven primarily

by recent glaciation history [22].

The fields sampled had different histories of agricultural land

use, but all had been abandoned for at least 5 years prior to

sampling. Fields were maintained in early stages of succession by

mowing in late summer or fall once every 1–2 years. Time since

mowing was not significantly related to any environmental

variable or response variable measured and was not included in

the analyses. No burning, livestock grazing, or herbicide applica-

tion had occurred in any of the fields within the past 5 years.

Vegetation in the fields was almost entirely herbaceous, including

a mix of grasses and forbs. Dominant species included goldenrods

(e.g., Solidago altissima, S. rugosa) and grasses (e.g., Andropogon
virginicus, Schedonorus pratensis, Poa pratensis). While there was

considerable turnover in species composition across the study area,

many of the dominant species were widely distributed, creating the

potential for intraspecific variation to play an important role in

community trait patterns.

Vegetation and environmental data
In each field, we recorded the percent cover of vascular plant

species in 20 1-m2 quadrats arrayed along transects. The number

and arrangement of transects and spacing between quadrats varied

depending on the size and shape of the field, with the goal of

obtaining a representative sample of the overall vegetation. Cover

values in the 20 quadrats were pooled to obtain the relative cover

of each species in each field. We recorded a total of 227 species in

the 22 sampled sites, with a mean richness of 21.4 species per site.

Most species occurred in three or fewer fields, and there were large

differences in species composition among sites (mean Bray-Curtis

dissimilarity based on relative cover = 0.76; based on presence/

absence = 0.75).

We collected soil samples in four randomly selected quadrats in

each field and pooled samples for physical and chemical analysis.

Percent sand, silt, and clay were determined using the hydrometer

method [23]. Percent organic matter was measured as loss on

ignition at 360uC. Soil samples were analyzed for cation exchange

capacity (CEC), pH, available nitrogen (nitrate plus ammonium;

KCl extraction/cadmium reduction method), available (Bray II)

phosphorus [24], and available (Mehlich 3 extractant) sulfur,

calcium, magnesium, potassium, iron, manganese, and aluminum

[25]. Soil analyses were performed by Brookside Laboratories,

Inc., New Bremen, OH, USA. We accessed daily precipitation and

temperature data (1980–2010) for each site from Daymet (http://

www.daymet.org). Using these data, we derived mean annual

temperature, mean temperature of the coldest month, mean

temperature of the warmest month, temperature seasonality

(standard deviation of monthly mean temperature), annual frost-

free days, annual growing-degree days (base of 5uC and cap of

30uC), annual precipitation, precipitation in the driest month,

precipitation in the wettest month, and precipitation seasonality

Intraspecific Trait Variation in Plant Communities
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(CV of monthly precipitation). Environmental data were log

transformed as necessary to improve normality.

Trait data
We focused on four traits that relate to different aspects of plant

functional strategy: vegetative height, leaf area, specific leaf area

(SLA), and leaf dry matter content (LDMC). Vegetative height is

related to light acquisition and competitive ability [26,27]. Leaf

area relates to energy and water balance and tolerance to

environmental stress [28]. SLA is a central component of the leaf

economics spectrum, which captures the tradeoff between rapid

growth and resource conservation [29]. LDMC is also associated

with the leaf economics spectrum as well as leaf water balance and

resistance to physical stress [30,31].

In each field, we measured functional traits of species that

collectively accounted for 80–100% of the total vegetation cover.

This sampling threshold has been shown to provide robust

estimates of community mean trait values [32] but excludes some

rare species. In each field, we selected five mature- and healthy-

looking individuals of each species from different areas of the field

for trait measurements. Vegetative height was measured as the

distance (cm) from the base to the highest part of the general

canopy of the plant. We selected one young, fully-expanded, upper

canopy leaf per individual for leaf trait measurements. We

measured the one-sided surface area and fresh mass of each leaf

following full rehydration [33] and dry mass after oven drying at

80uC for 48 hours [31]. SLA was calculated as leaf area divided by

dry mass (mm2/mg), and LDMC was calculated as leaf dry mass

divided by fresh mass. We measured traits on 61 species total

(mean 7.5 per field), representing on average 87% of the total

cover of each field.

Data analysis
Our first analysis partitioned the contributions of species

turnover and intraspecific variation to among-site variation in

functional traits following the approach of Lepš et al. [10]. For

each field, we calculated three types of community-weighted mean

trait values. 1) ‘‘Total CWM’’, calculated as the abundance-

weighted average of site-specific species mean trait values:

Total CWMj~
PS

i~1

pijxij

where pij is the relative cover of species i in site j, xij is the mean

trait value of species i measured in site j, and S is the number of

species sampled in the site. Among-site variation in total CWMs

may be generated by a combination of changes in species

composition (i.e. species turnover) and changes in species mean

trait values (i.e. intraspecific variation) among sites. 2) ‘‘Interspe-

cific CWM’’, calculated as the abundance-weighted average of

overall species mean trait values:

Interspecific CWMj~
PS

i~1

pijxi

where xi is the mean trait value of species i across all sites where it

is measured. Variation in interspecific CWMs is generated by

species turnover only. 3) ‘‘Intraspecific CWM’’, calculated as the

difference between the total CWM and interspecific CWM for a

given site:

Intraspecific CWMj~Total CWMj{Interspecific CWMj

Variation in intraspecific CWMs is generated by intraspecific

trait variation only. Using the total, interspecific, and intraspecific

CWMs, we partitioned trait variation among sites into species

turnover, intraspecific variation, and covariation components

using the sum of squares decomposition approach of Lepš et al.

[10]. Positive covariation indicates that species turnover and

intraspecific variation reinforce each other (i.e., sites dominated by

species with high trait values also have individuals with high trait

values for their species), while negative covariation indicates that

species turnover and intraspecific variation oppose each other (i.e.,

sites dominated by species with high trait values have individuals

with low trait values for their species).

Our second analysis assessed community trait responses to

edaphic and climatic variation and partitioned the contributions of

species turnover and intraspecific variation to these responses. Due

to strong correlations among variables, we attempted to reduce the

dimensionality of the environmental data using principal compo-

nents analysis, but the primary axes identified left much

unexplained variation and were poorly related to community trait

values. We therefore selected subsets of climatic (mean annual

temperature and annual precipitation) and edaphic variables

(sand, pH, CEC, organic matter, available nitrogen, and available

phosphorus) that were expected to be important drivers of

community functional structure and were not strongly correlated

with each other (r,0.5). We modeled relationships between

Table 1. Mean, standard deviation, and range of environmental variables included in regression analyses.

Variable Abbreviation Unit Mean
Standard
deviation

Range
(max-min)

Mean annual temperature MAT uC 11.95 3.0 11.0

Mean annual precipitation MAP mm 1132 99.2 354

Cation exchange capacity CEC mEq kg21 79.4 30.0 11.23

Soil pH pH 5.6 0.37 1.5

Soil available phosphorus P mg kg21 49.2 53.8 200.0

Soil available nitrogen N ppm 6.31 2.87 10.4

Soil organic matter OM % 4.98 1.73 7.38

Sand Sa % 41.75 18.82 71.91

doi:10.1371/journal.pone.0111189.t001
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community-weighted mean trait values and edaphic and climatic

factors using multiple linear regressions with the full subset of

edaphic or climatic variables as predictors. We then performed

stepwise model selection by AICc to select the best edaphic and

climatic model for each trait. To quantify the contributions of

species turnover, intraspecific variation, and their covariation to

overall community trait responses, we partitioned the variance

explained by the edaphic and climatic models using the sum of

squares decomposition described above [10]. To examine

community trait responses to specific environmental factors, we

conducted a similar variance partitioning analysis using single

environmental variables as predictors. We also used regression

analyses to quantify and compare trait responses of the five most

abundant and widely distributed species in the study area: forbs

Solidago altissima and Solidago rugosa, and grasses Schedonorus
pratensis, Poa pratensis, and Andropogon virginicus.

Our third analysis tested whether the between-site trait variation

and the relative contribution of species turnover vs. intraspecific

variation increased with increasing spatial and environmental

distance. First, we calculated the geographic distance and

environmental distance between each pair of sites in the study

area (22 sites, resulting in 231 pairs). Geographic distance between

sites was calculated as great circle distance and ranged from 6.5 to

1,151 km (see Fig. S2 for distribution of between-plot distances).

Environmental distance was calculated as Euclidean distance using

scaled environmental variables (Fig. S2). Next, for each pair of

plots we calculated the total dissimilarity in CWMs, dissimilarity

due to species turnover, and dissimilarity due to intraspecific

variation by applying the sum of squares decomposition described

above [10] to each plot pair. We quantified the relative

importance of species turnover vs. intraspecific variation by taking

the log of the ratio of the species turnover and intraspecific

variation components. This created a symmetric measure of the

relative contribution of species turnover vs. intraspecific variation

to between-site trait dissimilarity, with positive values indicating a

greater contribution of species turnover and negative values a

greater contribution of intraspecific variation. We tested whether

total between-site trait dissimilarity, dissimilarity due to species

turnover, dissimilarity due to intraspecific variation, and the

relative importance of turnover vs. intraspecific variation varied as

a function of geographic and environmental distance using Mantel

tests. Because geographic and environmental distance were

strongly correlated (Mantel r= 0.70), we also used partial Mantel

tests to test for the effect of either geographic or environmental

distance while controlling for the other.

All analyses were conducted in R [34] using the fields [35],

vegan [36], and ecodist [37] packages.

Results

Partitioning among-site trait variation
Among-site variation in community mean trait values was

generated by a combination of species turnover and intraspecific

variation, with species turnover making the greater contribution

for each trait (Table 2). For height, SLA, and LDMC the

contribution of species turnover was 2–2.5 times greater than

that of intraspecific variation. For leaf area, almost all variation

was due to species turnover (Table 2). There was positive

covariation between species turnover and intraspecific variation

for height and LDMC, indicating that the effects of species

turnover and intraspecific variation reinforced each other (i.e.,

sites dominated by species with high values of those traits also

tended to have individuals with high trait values for their species).

There was little covariation between species turnover and

intraspecific variation for leaf area or SLA (Table 2).

Community trait responses to soil and climate and
relative contributions of species turnover vs. intraspecific
variation

The best linear models relating environmental variables to

community mean trait values varied among traits, but for all traits

edaphic factors explained more variation (16–50%) than climatic

factors (,20%; Table 3). For example, CWM height was best

explained by a combination of soil pH, CEC, organic matter, and

available phosphorus, and the best model for CWM leaf area

included soil organic matter and available phosphorus (Table 3).

CWM SLA was the trait most strongly influenced by climate,

showing a significant decrease with increasing mean annual

temperature (Table 3).

Community trait responses to the environment were generated

primarily by species turnover (Fig. 1), but the importance of

intraspecific variation depended on the trait and environmental

factor. Intraspecific variation contributed most strongly to

community responses of height. For all traits, intraspecific

variation was more important, both in terms of total magnitude

and relative to species turnover, for community responses to

edaphic compared to climatic factors (Fig. 1). Similar results were

obtained when using single environmental variables as predictors

(Table S2). For example, the only cases in which intraspecific

variation contributed more than species turnover were the

responses of CWM height to soil CEC and available P (Table

S2). Positive covariation between species turnover and intraspecific

variation contributed strongly to community responses of height

and to a lesser extent SLA, indicating that changes due to species

turnover and intraspecific variation reinforced each other (Fig. 1).

In contrast, there was weak or even negative covariation between

Table 2. Percentages of total variation in community-weighted mean trait values due to species turnover, intraspecific variation,
and their covariation.

Trait
Species
turnover

Intraspecific
variation Covariation

Height 52% 22% 26%

Leaf area 89% 7% 4%

SLA 70% 28% 2%

LDMC 52% 27% 21%

Positive covariation indicates that sites dominated by species with high trait values also have individuals with higher than average trait values for their species.
doi:10.1371/journal.pone.0111189.t002
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species turnover and intraspecific variation effects for leaf area and

LDMC.

Individual species had strong trait responses to environmental

variables in many cases, but these responses tended to be highly

idiosyncratic, differing in strength and direction among species

(Fig. 2; Table S3). There were no obvious patterns in the strength

or consistency of intraspecific trait responses across species, traits,

or environmental variables.

Effects of geographic and environmental distance on
between-site trait dissimilarity and species turnover vs.
intraspecific variation effects

The influence of geographic and environmental distance on

community trait dissimilarity varied among traits. Between-site

dissimilarity in CWM SLA increased significantly with increasing

geographic (r= 0.23; P= 0.02) and environmental distance

(r= 0.20; P= 0.04; Fig. 3), indicating that nearby and environ-

mentally similar sites had similar mean SLA. There was also a

marginally significant increase in between-site dissimilarity in

CWM leaf area with increasing environmental distance (r= 0.17;

P= 0.07; Fig. 3). For both traits, increases in functional dissim-

ilarity were driven by increases in species turnover effects, whereas

intraspecific variation was insensitive to both geographic and

environmental distance (Table S4). As a result, the relative

importance of species turnover vs. intraspecific variation increased

with increasing geographic (r= 0.33; P,0.01) and environmental

distance (r= 0.24; P,0.01) for SLA and environmental distance

for leaf area (r= 0.12; P= 0.08; Fig. 3). In contrast, between-site

dissimilarity in CWMs and the relative importance of turnover vs.

intraspecific variation were not related to geographic or environ-

mental distance for height or LDMC (Fig. 3).

Due to the strong correlation between geographic and

environmental distance, it was generally not possible to separate

the effects of space vs. environment on community trait

dissimilarity (partial Mantel tests not statistically significant; Table

S4). The only exception was a positive relationship between

geographic distance and the relative importance of species

turnover for SLA even after removing the effect of environmental

distance (partial r= 0.24; P= 0.01; Table S4).

Table 3. Relationships between community-weighted mean trait values and environmental variables measured in the study.

Trait Model Predictors R2

Height Edaphic CEC (+), pH (2), OM (2), P (+) 0.50

Climatic MAP (–) 0.17

Leaf area Edaphic OM (2), P (2) 0.25

Climatic MAT (+) 0.16

SLA Edaphic pH (2), OM (+) 0.26

Climatic MAT (2) 0.20

LDMC Edaphic N (2), sand (+) 0.16

Climatic ns -

Results are shown for the best edaphic and climatic models for each trait as determined by stepwise selection, including the predictor variables retained in each model
and the direction of their effects (negative or positive) on the community trait value. Abbreviations: SLA, specific leaf area; LDMC, leaf dry matter content; predictor
variables abbreviated as in Table 1.
doi:10.1371/journal.pone.0111189.t003

Figure 1. Decomposition of community trait responses to environment. Among-site variance in community-weighted mean trait values
explained by (A) edaphic and (B) climatic variables is partitioned into species turnover, intraspecific variation, and covariation effects. Covariation is
represented by the difference between the total variance and the sum of the species turnover and intraspecific variation effects. Total variance
greater than the sum of species turnover and intraspecific variation effects indicates positive covariance. Total variance less than the sum of species
turnover and intraspecific variation effects indicates negative covariance. Abbreviations: SLA, specific leaf area; LDMC, leaf dry matter content.
doi:10.1371/journal.pone.0111189.g001

Intraspecific Trait Variation in Plant Communities

PLOS ONE | www.plosone.org 5 October 2014 | Volume 9 | Issue 10 | e111189



Discussion

Recent studies have shown that intraspecific trait variation may

play a fundamental role in responses of plant communities to

environmental variation [10–12,19], but many questions remain

about when intraspecific variation matters at the community level

and the factors controlling its relative importance. By examining

intraspecific trait variation in plant communities at an unprece-

dented spatial extent (1200 km), we were able to address

unresolved questions about the relative role of intraspecific

variation in community responses to the environment. We found

that community-level trait variation was driven primarily by

species turnover, but the relative importance of intraspecific

variation depended strongly on the trait, environmental factor,

and spatial scale considered. In particular, intraspecific variation

was more important for responses to edaphic compared to climatic

factors, and its relative importance decreased with increasing

spatial scale and the related increase in breadth of environmental

gradients for two of the four traits examined. These findings

contribute to a more general understanding of the role intraspe-

cific trait variation in plant communities, with implications for

understanding community assembly and predicting community

responses to global change.

Role of intraspecific variation in community trait
responses to environment

Community trait responses to environmental variation were

primarily driven by species turnover, but intraspecific variation

tended to play a larger role in community trait responses to

edaphic compared to climatic variation. This finding may reflect

differences in the spatial scale on which edaphic and climatic

factors vary. Edaphic factors tend to vary on finer spatial scales

than climatic factors [38], so the geographic ranges of individual

species are likely to include a relatively larger proportion of the

total edaphic variation than the total climatic variation found in a

region. As a result of species being distributed widely along

edaphic gradients but narrowly along climatic ones, there is

greater potential for strong intraspecific trait responses to drive

community-level trait shifts along edaphic gradients. In addition,

fine-scale environmental heterogeneity is known to promote the

evolution of adaptive phenotypic plasticity [39,40], raising the

possibility that plants have stronger plastic trait responses to fine-

scale edaphic compared to broad-scale climatic factors. Assessing

the strength of intraspecific trait responses to different environ-

mental factors and how this relates to the spatial scale at which

those factors vary is an important aim for future research.

The relative importance of intraspecific variation also varied

among traits. The contribution of intraspecific variation to total

among-site variation and responses to environmental factors was

greatest for vegetative height. Intraspecific variation contributed to

community-level variation in height directly and through strong

positive covariation with species turnover effects, consistent with

the expectation that interspecific and intraspecific trait responses

should be in the same direction to increase individual plant fitness

[8]. Intraspecific variation played a particularly large role in

responses of height to edaphic factors such as available phospho-

rus. This finding is in line with previous studies showing that plant

height is highly responsive to soil resource availability within

species and that intraspecific variation contributes strongly to

community-level variation in height [10,41,42]. In contrast, the

relative contribution of intraspecific variation was smallest for leaf

area and LDMC, traits that are known to be less plastic and for

which intraspecific variation tends to be much smaller than

interspecific variation [30,43].

Figure 2. Intraspecific trait responses to environment. Examples of relationships between trait values of individual species and important
environmental predictors are shown for each trait measured in the study: (A) height vs. soil P; (B) leaf area vs. mean annual precipitation; (C) specific
leaf area vs. soil pH; (D) leaf dry matter content vs. mean annual precipitation. Points represent site-specific mean trait values of all species sampled in
each site. Mean trait values and best fit lines from linear regressions are indicated for the five most abundant and widespread species in the study
area: Andropogon virginicus, Poa pratensis, Schedonorus pratensis, Solidago altissima, and Solidago rugosa.
doi:10.1371/journal.pone.0111189.g002
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What explains the relatively weak contribution of intraspecific

variation to most community-level trait-environment relationships

observed in this study? The effect of intraspecific trait responses

seen at the community level is the aggregate of responses of many

individual species. Although traits of individual species responded

strongly to the environment in many cases, these responses were

highly idiosyncratic, differing in both strength and direction. As a

result, they often cancelled out and generally failed to scale up to

the community level. Previous studies examining trait variation in

multiple species along an environmental gradient have also found

intraspecific trait responses to be highly variable [12,44,45]. This

variability may have several causes. First, species may respond to

environmental variation by altering their multivariate functional

strategies rather than single traits in isolation [19]. Functional

tradeoffs can result in multiple trait combinations that are equally

adaptive in a given environment [46], so responses of single traits

may be variable. Second, traits respond not only to the abiotic

environment, but also to biotic interactions [47]. The trait

response of a particular species to an environmental change will

therefore depend not only on the direct influence of the

environment, but also on changes in biotic interactions mediated

by traits of the target species and its neighbors [12]. Third, some

traits may have unimodal responses to environmental gradients,

such that trait values are maximized at a species’ environmental

optimum. The observed direction of the intraspecific trait

responses may therefore vary depending on the part of the

gradient examined in relation to the environmental ranges and

optima of the sampled species [44].

It should be noted that community trait-environment relation-

ships observed in this study were generally weak, with much

unexplained variation. This is probably due in part to a strong

influence of site history on community assembly [48]. Sites with

similar edaphic and climatic conditions were often dominated by

functionally dissimilar species, suggesting that unknown past

management regimes, along with dispersal history and stochastic

effects may have played a large role in determining the functional

composition of these early-successional communities. In addition,

it is likely that key environmental variables, such as nitrogen

supply rate and midsummer water potential, were not measured.

Influence of spatial scale on the relative importance of
species turnover vs. intraspecific variation

The broad spatial extent of our study allowed us to examine the

influence of spatial scale on the relative importance of species

Figure 3. Effects of geographic and environmental distance on between-site variation in plant functional traits. Panels A-C and I-L
show the trait dissimilarity (difference in community-weighted mean trait values) between sites as a function of geographic or environmental
distance. Panels E-H and M-P show the relative contribution of species turnover vs. intraspecific variation (measured as log of species turnover effect
divided by intraspecific variation effect) to the total trait dissimilarity between sites. Values were calculated for each pair of sites in the study area and
binned by geographic or environmental distance (n = 57–58 pairs per bin) for ease of interpretation. Points represent mean values for each distance
bin; error bars represent 95% bootstrap confidence intervals. Abbreviations: SLA, specific leaf area; LDMC, leaf dry matter content.
doi:10.1371/journal.pone.0111189.g003
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turnover vs. intraspecific variation. Albert et al. [15] hypothesized

that the relative importance of intraspecific variation should

decrease with increasing spatial scale and the accompanying

increase in environmental heterogeneity. We found limited

support for this hypothesis for two of the four traits examined in

the study, leaf area and SLA. Trait variation due to species

turnover increased with increasing geographic and environmental

distance for both traits, reflecting the effects of environmental

filtering, dispersal limitation, or both [17]. In contrast, intraspecific

trait variation was insensitive to both geographic and environ-

mental distance, indicating that intraspecific variation in the

studied communities was for the most part spatially random or

driven by unmeasured fine-scale environmental variation. This

agrees with the findings of Albert et al. [45] that most intraspecific

variance in plant traits was found at fine spatial scales, i.e. within

rather than between populations along an environmental gradient.

This study is the first to our knowledge to assess the contribution

of intraspecific variation to community-level trait variation across

a broad geographic extent encompassing strong climatic variation.

The relative importance of intraspecific variation observed in this

study was generally less than that observed for the same traits in

previous local-scale studies of grassland communities. For exam-

ple, Li et al. (unpublished data) showed that intraspecific variation

was the primary source of community-level changes in height,

SLA, and LDMC along a soil moisture gradient in subalpine

meadow communities. Similarly, Kichenin et al. [12] found that

intraspecific variation drove community shifts in SLA along an

elevation gradient. At relatively small distances (,200 km), we also

found that intraspecific variation contributed more than species

turnover to among-site variation in SLA. For height, leaf area, and

LDMC, species turnover was the primary source of between-

community variation even at the smallest distances resolvable in

this study (6.5 km), but it is possible that a similar transition from

intraspecific variation to species turnover as the main source of

among-community trait variation occurred at finer spatial scales.

Implications
Our results have several potentially interesting implications for

plant community ecology. First, with the growing recognition that

intraspecific variation may play an important role in plant

communities [49], and the great effort required to measure it

[50], there is a need for information to help researchers decide

when it should be considered in plant ecology studies. To this end,

Albert et al. [15] proposed that intraspecific variation might be

negligible and therefore safely ignored at very broad spatial scales

encompassing strong environmental gradients. Our results provide

limited support for this recommendation by showing for the first

time that the relative importance of intraspecific variation in some

traits decreases with increasing geographic and environmental

distance between sites, so that species turnover dominates at very

broad scales. In such cases, it may be acceptable to use species

mean trait values to characterize community-level trait patterns,

whereas measuring each species in each site where it occurs may

be necessary for studies conducted on finer scales and shorter

gradients [50]. Second, community trait-environment relation-

ships are commonly used to infer community assembly mecha-

nisms, particularly trait-mediated environmental filtering [8], but

most studies have only considered interspecific trait variation. Our

findings suggest that different environmental filters or selection

pressures operate at different levels of organization within

communities. Specifically, climatic factors may filter species based

on their mean trait values, resulting in species turnover along

broad-scale climatic gradients, whereas intraspecific variation may

be more important for responses to edaphic filters. Third, the

dominance of species turnover in driving community trait

responses to spatial climatic gradients suggests that species

turnover will also play a large role in responses of the studied

communities to future predicted climate change [51].

To conclude, intraspecific trait variation may play an important

role in community trait responses to the environment in some

situations, and there is a need for empirical data to generalize

when and to what extent it matters at the community level. We

found that functional responses of old-field plant communities to

environmental variation at broad spatial scales were primarily

driven by species turnover, but several factors influenced the

relative importance of intraspecific variation. Specifically, intra-

specific variation was more important for responses of vegetative

height compared to leaf traits, responses to edaphic compared to

climatic gradients, and at fine compared to broad spatial scales.

Future research should examine whether our findings extend to

other plant communities and types of environmental gradients.
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