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Summary

1. Patterns of species co-existence and species diversity in plant communities remain an impor-

tant research area despite over a century of intensive scrutiny. To provide mechanistic insight

into the rules governing plant species co-existence and diversity, plant community ecologists

are increasingly quantifying functional trait values for the species found in a wide range of

communities.

2. Despite the promise of a quantitative functional trait approach to plant community ecology,

we suggest that, along with examining trait variation across species, an assessment of trait varia-

tion within species should also be a key component of a trait-based approach to community ecol-

ogy. Variability within and between individuals and populations is likely widespread due to

plastic responses to highly localized abiotic and biotic interactions.

3. In this study, we quantify leaf trait variation within and across ten co-existing tree species in a

dry tropical forest in Costa Rica to ask: (i) whether the majority of trait variation is located

between species, within species, within individuals or within the leaves themselves; (ii) whether

trait values collected using standardized methods correlate with those collected using unstan-

dardized methods; and (iii) to what extent can we differentiate plant species on the basis of their

traits?

4. We find that the majority of variation in traits was often explained by between species differ-

ences; however, between leaflet trait variation was very high for compound-leaved species. We

also show that many species are difficult to reliably differentiate on the basis of functional traits

even when sampling many individuals.

5. We suggest an ideal sample size of at least 10, and ideally 20, individuals be used when calcu-

lating mean trait values for individual species for entire communities, though even at large sam-

ple sizes, it remains unclear if community level trait values will allow comparisons on a larger

geographic scale or if species traits are generally similar across scales. It will thus be critical to

account for intraspecific variation by comparing species mean trait values across space in multi-

ple microclimatic environments within local communities and along environmental gradients.

Further, quantifying trait variability due to plasticity and inheritance will provide a better under-

standing of the underlying patterns and drivers of trait variation as well as the application of

functional traits in outlining mechanisms of species co-existence.

Key-words: community ecology, functional ecology, functional trait, plasticity, power analysis,

species differentiation, tropical dry forest

Introduction

The co-existence of plant species is often thought to be con-

strained by the ability of individuals to function in different

abiotic and biotic environments. Thus, information pertain-

ing to functional ecology of the species in communities is

essential for testing mechanistic hypotheses regarding spe-

cies co-existence (Weiher & Keddy 1995; Mcgill et al. 2006).

In particular, community ecologists would benefit from

quantitative information that describes the functional*Correspondence author. E-mail: hulshof@email.arizona.edu
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differences between individuals of different species and indi-

viduals of the same species. Increasingly, community ecolo-

gists have sought to generate functional trait information

for all species in their study systems as means to reconcile

hypotheses regarding species co-existence (Weiher & Keddy

1995; Mcgill et al. 2006).

The proposed functional trait-based community ecology

has drawn considerable interest with an increasing number of

trait-based studies of plant species co-existence appearing in

the literature (Weiher, Clarke, & Keddy 1998; Ackerly &

Cornwell 2007; Swenson & Enquist 2007; Swenson and En-

quist in press; Swenson et al. 2007; Kraft, Valencia, & Acker-

ly 2008; Cornwell &Ackerly 2009; Swenson 2009). The power

of this functional trait approach is twofold. First, plant func-

tional ecologists have generated and refined a small list of

plant traits that are robust indicators of plant ecological and

life-history strategies (Westoby et al. 2002). Second, the traits

of interest are easily measured allowing one to generate a dis-

tribution of species-level trait values even in extraordinarily

species diverse communities (i.e. Kraft, Valencia, & Ackerly

2008).

Despite the above strengths of the functional trait-based

approach to community ecology, there is one central criticism

that is inevitable. As sessile organisms, plants are renowned

for their plasticity both within species and individuals. Addi-

tionally, interspecific variation in leaf traits has been corre-

lated with climatic variation, geology, altitude, latitude and

niche breadth (Schimper 1903; Raunkiær 1934; Whittaker

1967; Givnish 1979; Wright et al. 2004; Ackerly & Cornwell

2007), while intraspecific variation has been correlated with

microhabitat differences in topography, slope, soil moisture

availability (e.g. Lambrecht & Dawson 2007), and insolation

(e.g. Ackerly et al. 2002). Plant functional ecologists have

sought to minimize the impact of intraspecific variation by

formulating standardized protocols for plant functional trait

measurement (Cornelissen et al. 2003) and by sampling mul-

tiple individuals. For example, in order to minimize the vari-

ability in leaf traits due to ontogeny, canopy position or

shading, plant functional ecologists will generally only sample

fully expanded, mature, and sun-exposed leaves (Cornelissen

et al. 2003). This type of standardized trait collection proto-

col is generally feasible. Further, in global scale data sets the

degree of intraspecific variation in plant functional trait val-

ues has been shown to be negligible compared with the global

variability in species trait values (Diaz & Cabido 1997; West-

oby 1998; Cornelissen et al. 2003; Garnier et al. 2004; Wright

et al. 2004; Swenson & Enquist 2007). What is less clear is

whether intraspecific variability in plant functional trait val-

ues is still negligible when one examines species in amore con-

strained geographic area where the range of interspecific trait

values is likelymuch lower.

There is also a less well-established course of action for a

plant ecologist interested in a functional trait study of their

community when using standardized protocols is not easily

accomplished (Kraft, Valencia, & Ackerly 2008; Swenson &

Enquist 2008; Lake & Ostline 2009). For example, in tropical

forests sun-exposed leaves can be exceedingly difficult to col-

lect due to the height of the vegetation or impossible to collect

due to the fact that the vegetation only occurs in shaded habi-

tats (Kraft, Valencia, & Ackerly 2008). The population den-

sity of many species in diverse tropical plant communities can

be very low making it also difficult to achieve large sample

sizes. Lastly, there is the considerable concern that the mean

trait value for a species does not adequately represent the

mean trait values for all populations or individuals of that

species even if the trait values used to calculate the mean trait

value for a species were collected using standardized

protocols.

Ultimately, this leads to three questions that require

answers. First, where does themajority of functional trait var-

iation occur for locally co-existing species: between species,

between individuals within the same species, within individu-

als or within plant organs (i.e. leaves)? Second, how well do

trait values collected using standardized methods correlate

with those collected using unstandardized methods (Kraft,

Valencia, & Ackerly 2008; Swenson & Enquist 2008)? Third,

how much power do we have to differentiate species on the

basis of their functional traits when the sample size is low?

Here we present a study that addresses the above three ques-

tions by quantifying leaf functional trait values within and

across several tree species in the dry tropical forests of north-

western CostaRica.

Materials and methods

S T U D Y L O C A T I O N A N D S P E C I E S

This study was conducted in Bosque San Emilio of Sector Santa

Rosa, Area de Conservación Guanacaste, Costa Rica (10�48¢53¢N,

85�36¢54¢W). The study location is characterized as seasonal dry trop-

ical forest (Holdridge et al. 1971) with a 6-month rainy season begin-

ningmid-May and lasting throughNovember, followed by a 6-month

dry season during whichmuch of the vegetation is fully to semi-decid-

uous.We selected the following 10 species for our study: Sapindaceae:

Allophylus occidentalis (Sw.) Radlk., Burseraceae: Bursera simaruba

(L.) Sarg., Capparaceae: Capparis indica (L.) Fawc. and Rendle, Ru-

biaceae: Guettarda macrosperma Donn. Sm., Celastraceae: Hemian-

gium excelsum (H.B.K.) A.C. Smith, Simaroubaceae: Simarouba

glauca DC., Anacardiaceae: Spondias mombin L., Apocynaceae:

Stemmadenia obovata (Hook & Arm.) Schum., Bignoniaceae: Tab-

ebuia ochracea Standl., and Sterculiaceae: Guazuma ulmifolia (Lam.).

Taxonomic nomenclature follows Janzen & Liesner (1980). The spe-

cies A. occidentalis, B. simaruba, S. glauca, S. mombin, and T. ochra-

ceae have compound leaves and C. indica, G. macrosperma,

H. excelsum, S. obovata, and G. ulmifolia have simple leaves. These

species were chosen because they are among the most abundant

species within this forest (Hubbell 1979). Specifically, all ten of these

species are among the top 25% most abundant species in the San

Emilio Forest Dynamics Plot (Hubbell 1979; Enquist et al. 1999;

Swenson unpublished data).

L EA F T R A I T M E A SU R EM EN T

During June 2008 we located ten individuals for each species in the

study growing within Bosque San Emilio. The individuals selected

were collected from locations distant from one another to reduce the
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likelihood of collecting genetically similar individuals. From each

individual we collected 10 fully-expanded, non-senescent leaves from

multiple branches. Five of the leaves were fully exposed sun leaves

collected from the upper canopy and five fully shaded leaves were col-

lected from the lower canopy. All individuals within a species were

collected on the same day within a 1-hour period and all leaves from

all species were collected during a 4-day period. Immediately upon

returning from the field, the fresh mass (MW, g) for each leaf or leaflet

was measured using an SP202 Ohaus � Scout Pro electronic balance

(Ohaus Corporation, Pine Brook, New Jersey, USA). Leaf area (LA)

was measured for each fresh leaf or leaflet using a CI-203 Portable

Laser Area Meter (CID, Inc., Camas, Washington, USA). All leaves

and leaflets were then placed in a drying oven for a minimum of

72 hours at 70�C and the final dry mass was recorded (MD, g). Spe-

cific leaf area (SLA; cm2 d g)1) was calculated as: SLA = Aw ⁄MD;

where Aw is the fresh leaf area (cm2) and MD is the final dry mass in

grams. Leaf water content (LWC, g H2O d cm)2) was calculated by

subtracting leaf dry mass from leaf fresh mass and dividing by leaf

fresh area.

S T A T I S T I C AL A N A L YS E S

The first goal of this study was to determine how variance in the four-

leaf traits studied (LA,MD, SLA, and LWC) is partitioned across and

within species and individuals. To do this, we used a nested analysis

of variance (ANOVA) and calculated how the variance in these traits

was partitioned using the following nested levels: among species,

among individual trees within a species, canopy position within

individuals, and leaves within a canopy position. We performed this

analysis for (a) all species, (b) simple-leaved species and (c) com-

pound-leaved species. Next, we performed this analysis for all com-

pound-leaved species with an additional nested level of leaflets within

individual leaves. This subsequent procedure was carried out to allow

for estimates ofwithin leaf variation. Recent work byKraft, Valencia,

& Ackerly (2008) quantified leaf functional trait values on the ‘mini-

mum photosynthetic unit’ (i.e. a leaflet) as a way to estimate the trait

value for an entire leaf. Thus, this subsequent procedure was carried

out to allow for estimates of within leaf variation and to test whether

there is substantial variation among ‘minimum photosynthetic units’.

Lastly, all of the above analyses were repeated using only sun or shade

leaves and excluding the canopy position level in the nested ANOVA.

This procedure was performed to simulate a researcher that standard-

ized their trait collection to only include sun or shade leaves, but not

both.

The second goal of this study was to determine the degree to which

shade leaf functional trait values correlate with sun-exposed leaf func-

tional trait values collected from the same individual. To do this, we

performed reduced major axis (RMA) regression of the sun-exposed

leaf trait values onto the shade leaf trait values. We recorded the coef-

ficient of determination and the confidence intervals of both the slope

and intercept. The null expectation was that the intercept of the

regression would not deviate significantly from zero and the slope

would not significantly deviate from one. The RMA analyses were

performed using the R package ‘smatr’ (R Development Core Team

(2005); R Foundation for Statistical Computing, Vienna, Austria).

The third goal of this study was to determine whether we could dif-

ferentiate the locally common species used in this study on the basis

of their functional trait values and, if so, how many individuals must

we sample to differentiate these species. To do this we performed a

series of power analyses. First, we performed power analyses for one-

way ANOVAs using sample sizes ranging from two to ten and using the

observed within and between group variances. These analyses

reported the power to detect a significant difference (a = 0Æ05) in trait
values between at least two of the 10 species in our study at different

sample sizes. Second, we performed a two-sample t-test power analy-

sis between all possible species pairs using the observed trait variances

and means within each species. This analysis generated a power curve

that reports the power to detect a significant difference (a = 0Æ05)

between two species at sample sizes ranging from 0–50. The power

analyses were performed using (a) all leaves, (b) only sun leaves and

(c) only shade leaves collected from individuals.

Results

V A R I A N C E P A R T I T I ON I N G

The first goal of this study was to determine how variance in

the four-leaf traits studied (LA,MD, SLA, and LWC) is parti-

tioned across and within species and individuals. The nested

ANOVA quantifies the variance in the four-leaf traits studied

attributed to the levels: among species, among individual trees

within a species, canopy position within individuals, and

leaves within a canopy position for simple-leaved species

(Table 1), for compound-leaved species (Table 1) and for all

species (Table 2). All three analyses follow a general trend

with variation between species being greatest, followed

by between individuals and lastly, between leaves within

individuals.

The nested ANOVA that includes the additional level of vari-

ation among leaflets for compound-leaved species, however,

did not follow this trend (Table 3). Specifically, for all traits

studied, variation among leaves was lowest for both high and

low canopy positions, but within individual compound leaves

variation was found to be higher among leaflets.

S H A D E V S. S U N LE A VE S

The second goal of this study was to determine the degree to

which shade leaf functional trait values correlate with sun-

Table 1. Partitioned variance for each of the various levels of the

nested analysis of variance for four functional traits measured on

simple and compound-leaved species at high (sun) and low (shade)

canopy positions

Levels Leaf Area Dry Mass SLA LWC

Compound

High

Species 0Æ46 0Æ47 0Æ4 0Æ46
Individuals 0Æ31 0Æ38 0Æ28 0Æ34
Leaves 0Æ23 0Æ16 0Æ32 0Æ20

Compound

Low

Species 0Æ51 0Æ45 0Æ45 0Æ36
Individuals 0Æ26 0Æ16 0Æ38 0Æ26
Leaves 0Æ23 0Æ39 0Æ17 0Æ38

Simple High Species 0Æ64 0Æ38 0Æ63 0Æ20
Individuals 0Æ20 0Æ38 0Æ22 0Æ40
Leaves 0Æ16 0Æ24 0Æ15 0Æ40

Simple Low Species 0Æ61 0Æ34 0Æ60 0Æ17
Individuals 0Æ21 0Æ38 0Æ28 0Æ39
Leaves 0Æ19 0Æ28 0Æ12 0Æ44

Each field represents the proportion of variance in each level for

each functional trait measured.
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exposed leaf functional trait values collected from the same

individual. The RMA results are reported in Table 4. When

regressing the sun leaf trait data onto the shade leaf data, all

four trait-specific regressions had slopes significantly different

from one and LA and LWC regressions had intercepts signifi-

cantly different from one. The R2 values ranged from 0Æ60 to
0Æ27 (Table 4).

D I F F E R EN T I A T I N G S PE C I E S O N T H E B A SI S O F T R A I T

V AL U E S

The third goal of this study was to determine whether we

could differentiate the common species used in this study on

the basis of their functional trait values and, if so, how many

individuals must we sample to differentiate these species. The

ANOVA power analyses found that, for all traits, the statistical

power to detect a significant difference between at least one

species pair in our study was 99–100% even when sample

sizes were below n = 4 (results not shown). This result was

not surprising given the large range in trait values amongst

some of the species in this study particularly for traits such as

LA.

The two sample t-test power analyses were designed to

quantify the power to differentiate the mean trait values

between two species at different sample sizes. Due to the large

number of pair-wise comparisons, we will only report three

comparisons that represent the breadth of the results. The

first example in Fig. 1 is given to demonstrate the power

curves for comparisons between two species with very differ-

ent mean trait values, C. indica and T. ochracea. In this case,

for all traits except for LWC, the power to detect a significant

difference in trait means is near one, even at very low sample

sizes.

Table 3. Partitioned variance for each of the various levels of the

nested analysis of variance for four functional traits for compound-

leaved species at high (sun) and low (shade) canopy positions, with an

additional leaflet level included in the analyses

Levels Leaf area Dry mass SLA LWC

Compound

leaflet high

Species 0Æ38 0Æ39 0Æ17 0Æ40
Individuals 0Æ21 0Æ26 0Æ07 0Æ29
Leaves 0Æ06 0Æ11 0Æ08 0Æ10
Leaflet 0Æ36 0Æ25 0Æ68 0Æ20

Compound

leaflet low

Species 0Æ50 0Æ24 0Æ59 0Æ15
Individuals 0Æ18 0Æ07 0Æ18 0Æ09
Leaves 0Æ10 0Æ06 0Æ12 0Æ04
Leaflet 0Æ22 0Æ63 0Æ12 0Æ72

Each field represents the proportion of variance in each level for

each functional trait measured.

Table 4. Results from reduced major axis (Model II) regression of

sun-exposed leaf trait values onto shade leaf trait values

Intercept Slope R2

Leaf area )17Æ75* ()10Æ38–)23Æ88) 1Æ08* (1Æ14–1Æ02) 0Æ68
Dry mass )0Æ02 (0Æ10–)0Æ11) 1Æ14* (1Æ22–1Æ05) 0Æ50
SLA 9Æ54 (16Æ25–)6Æ22) 0Æ83* (0Æ91–0Æ74) 0Æ52
LWC 0Æ001* (0Æ0015–0Æ0003) 0Æ81* (0Æ85–0Æ74) 0Æ27

The asterisk for the intercept indicates that values were significantly

different from zero. The asterisk for the slope indicates that values

were significantly different from one. The 95% confidence intervals

are given in parentheses (CIHigh–CILow).

Table 2. Partitioned variance for each of the various levels of the

nested analysis of variance for four functional traits for all leaves

collected at high (sun) and low (shade) canopy positions, excluding

the leaf type (i.e. simple or compound-leaved)

Levels Leaf area Dry mass SLA LWC

All high Species 0Æ59 0Æ55 0Æ49 0Æ38
Individuals 0Æ24 0Æ32 0Æ26 0Æ35
Leaves 0Æ17 0Æ13 0Æ25 0Æ27

All low Species 0Æ65 0Æ55 0Æ51 0Æ32
Individuals 0Æ19 0Æ13 0Æ34 0Æ29
Leaves 0Æ16 0Æ32 0Æ15 0Æ39

Each field represents the proportion of variance in each level for

each functional trait measured.

(c)

(a)

(b)

Fig. 1. Two sample t-test power curves for the species pair of Capp-

aris indica andT. ochracea. In panel a, sun and shade leaves were used

to calculate the individual and species means and variances. In panel

b, only sun leaves were used to calculate the individual and species

means and variances. In panel c, only shade leaves were used to calcu-

late the individual and species means and variances. The solid black

line represents LA. The solid grey line represents MD. The dashed

black line represents SLA. The dashed grey line represents LWC.

� 2009 The Authors. Journal compilation � 2009 British Ecological Society, Functional Ecology, 24, 217–223

220 C. M. Hulshof & N. G. Swenson



The second two cases in Figs 2 and 3 are given to display

the power curves for species pairs with very similar trait

values. In Fig. 2, two simple-leaved species, C. indica and

G. ulmifolia, are used for the analysis. In Fig. 3, two com-

pound-leaved species,T. ochracea andB. simarouba, are used.

In both cases, the power analyses show that, for LA andMD,

a sample size of 10 or greater generally achieved 80% power

(Figs 2 and 3). The LWC and SLA results suggest that a sam-

ple size of 20 or greater is generally needed to achieve 80%

power (Figs 2 and 3). All of the trait mean and standard devi-

ation data used to generate the power curves reported

and not reported are available in Table S1 in Supporting

information.

Discussion

Recently, plant community ecologists have become increas-

ingly interested in incorporating functional trait data into

their research in order to more rigorously test mechanistic

hypotheses regarding species co-existence and diversity

(Mcgill et al. 2006). Two dominant paradigms include the

distinct and shared resource preference models (Wisheu 1998)

and the neutral theory (Hubbell 2001) of species co-existence.

The majority of the research to date has utilized species-spe-

cific mean trait values and less focus has been placed on the

variation in trait values within species. In this study, we quan-

tified leaf trait variation within and across ten co-existing tree

species in a dry tropical forest in northwestern Costa Rica.

The first major question we asked was: Is the majority of trait

variation located between species, within species, within indi-

viduals or within the leaves themselves?

V A R I A N C E P A R T I T I ON I N G

In addressing the first question we found that simple-leaved

species followed a general trend across all leaf traits sampled

with variation between species being greatest, followed by

between individuals and lastly, between leaves of separate

individuals. Similarly, compound-leaved species followed this

trend when individual leaflet trait values were not considered.

When including leaflet trait values for compound-leaved spe-

cies, variation was found to be highest between species and

(c)

(a)

(b)

Fig. 2. Two sample t-test power curves for the species pair of Capp-

aris indica and Guazuma ulmifolia. In panel a, sun and shade leaves

were used to calculate the individual and speciesmeans and variances.

In panel b, only sun leaves were used to calculate the individual and

species means and variances. In panel c, only shade leaves were used

to calculate the individual and species means and variances. The solid

black line represents LA. The solid grey line represents MD. The

dashed black line represents SLA. The dashed grey line represents

LWC.

(c)

(a)

(b)

Fig. 3. Two sample t-test power curves for the species pair of

T. ochracea and Bursera simaruba. In panel a, sun and shade leaves

were used to calculate the individual and speciesmeans and variances.

In panel b, only sun leaves were used to calculate the individual and

species means and variances. In panel c, only shade leaves were used

to calculate the individual and species means and variances. The solid

black line represents LA. The solid grey line represents MD. The

dashed black line represents SLA. The dashed grey line represents

LWC.
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between leaflets. The above findings suggest the importance

of leaflet level trait variation and suggest that quantifying leaf

functional traits on these ‘minimum photosynthetic units’ (se-

nus Kraft, Valencia, & Ackerly 2008) may not be a reliable

method for determining whole-leaf trait values. Thus, for

compound-leaved species it will be necessary to quantify

whole leaf trait values using multiple or all leaflets. The find-

ing that, at least for the 10 species in this study, the majority

of the trait variation was among species and not within spe-

cies suggests that species may be able to be differentiated on

the basis of their trait values.

E ST I M A T I N G S U N L E AF T R AI T V A LU E S W I T H S H AD E

L EA F T R A I T V AL U E S

The second major question we asked in this study was: How

well do trait values collected using standardized methods cor-

relate with those collected using unstandardized methods? To

answer this question we regressed sun leaf data onto shade

leaf data (Table 4). In all cases the slopes of the regressions

were significantly different from one suggesting that shade

and sun leaves do indeed have different trait values. The find-

ing that sun and shade leaves have different trait values is not

particularly surprising. What is perhaps more surprising is

the finding that the R2-values never exceed 0Æ60. We argue

that these values are quite low if one is attempting to estimate

the trait value of sun leaves from shade leaves (e.g. Kraft,

Valencia, & Ackerly 2008). A similar, but more prevalent,

issue includes the exclusive use of sun leaves (Cornelissen

et al. 2003) to describe species’ mean trait values. While it is

evident that intracanopy plasticity is often driven by variabil-

ity in levels of irradiance and plays an important role in whole

plant function (Rozendaal, Hurtado, & Poorter 2006; Sack

et al. 2006), few studies incorporate trait collections from all

canopy positions to account for this degree of plasticity in

trait values. In particular, because plant ecologists are inter-

ested in utilizing functional traits to gauge whole-plant per-

formance and ecological strategies, a valid question is

whether it is more appropriate to quantify trait values from

all canopy positions rather than just the sun-exposed leaves

(Lake & Ostling 2009)? Ultimately, we suggest that similar

RMA regressions of sun-exposed leaf trait values onto shade

leaf trait values in other forests and communities should be

performed to test if the predicted correlation between sun and

shade leaves holds true across multiple communities (but see

Sack et al. 2006; Rozendaal, Hurtado, & Poorter 2006).

S P E C I E S D I F F E R E N T I AT I O N O N T H E B A S I S O F F U N C -

T I O N A L T R A I T S

The third question we asked in this study was: how much

power do we have to differentiate plant species on the basis of

their traits when the number of individuals sampled is small?

We have presented a series of power analyses between three

different species pairs to show the breadth of the power curves

we generated when doing all pair-wise species comparisons.

Unsurprisingly, in some cases, the two species are so different

in their trait means that they can be differentiated at very low

sample sizes (Fig. 1). More interesting were the power curves

generated when comparing species pairs that had very similar

mean trait values (Figs 2 and 3). In these cases, we found that

a sample size of greater than 10, and often greater than 20,

was needed to achieve a statistical power of 80%. For the

functional trait LWC, there were such high levels of variance

in the data that extremely high sample sizes would be needed

to differentiate similar species and maybe even dissimilar spe-

cies. Ultimately, the power analysis results suggest that if

plant community ecologists want to reliably distinguish the

species in their systems on the basis of leaf functional traits,

sample sizes of 10 or greater are likely needed. In species rich

communities this sample size may need to be even larger,

unfortunately making the challenge of generating func-

tional trait data sets for tropical communities ever more

challenging.

Finally, if we are to fully adopt a functional trait approach

to studying species co-existence and community ecology,mul-

tiple, orthogonal trait axes may be necessary to differentiate

species across local and broad geographic ranges on the basis

of functional traits. Even at large sample sizes, it remains

unclear if community level trait values will allow comparisons

on a larger geographic scale, or if species traits are generally

similar across scales. It will thus be important to compare spe-

cies mean trait values across space in multiple microclimatic

environments within the same community and throughout

the entire species range. This will determine whether or not

species have similar values across their range or if the inter-

play between plasticity and local adaptation is an important

driver of community level trait values. Finally, further quanti-

fying trait variability due to plasticity and inheritance across

multiple scales will allow for a better understanding of the

underlying patterns and drivers of trait variation as well as

the application of functional traits in outlining mechanisms

of species co-existence.
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