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Abstract

Questions: Are patterns of intra- and inter-specific functional trait variation
consistent with greater abiotic filtering on community assembly at high latitudes
and elevations, and greater biotic filtering at low latitudes and elevations?

Locations: Arca de Conservacion Guanacaste, Costa Rica; Santa Catalina
Mountains, Arizona; Siskiyou Mountains, Oregon.

Methods: We measured woody plant species abundance and a key functional
trait associated with competition for resources and environmental tolerance
(specific leaf area, SLA) along elevational gradients in low-latitude tropical
(Costa Rica), mid-latitude desert (Arizona) and high latitude mediterranean
(southern Oregon) biomes. We explored patterns of abiotic and biotic filtering
by comparing observed patterns of community-weighted means and variances
along elevational and latitudinal gradients to those expected under random
assembly. In addition, we related trait variability to niches and explored how
total trait space and breadth vary across broad spatial gradients by quantifying
the ratio of intra- to inter-specific variation.

Results: Both the community-wide mean and variance of SLA decreased with
increasing latitude, consistent with greater abiotic filtering at higher latitudes.
Further, low-elevation communities had higher trait variation than expected by
chance, consistent with greater biotic filtering at low elevations. Finally, in the
tropics and across latitude the ratio of intra- to inter-specific variation was nega-
tively correlated to species richness, which further suggests that biotic interac-
tions influence plant assembly at low latitudes.

Conclusions: Intra- and inter-specific patterns of SLA variation appeared
broadly consistent with the idea that the relative strength of biotic and abiotic
drivers on community assembly changes along elevational and latitudinal gradi-
ents; evidence for biotic drivers appeared more prominent at low latitudes and
elevations and evidence for abiotic drivers appeared more prominent at high lat-
itudes and elevations.
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Introduction

Understanding how local processes influence diversity
patterns across environmental gradients has been central
to the study of plant community ecology (von Humboldt
1849; Kraft et al. 2011). Studies across latitude (e.g. Willig
et al. 2003; Schemske et al. 2009; Stegen et al. 2009) and
elevation (e.g. Koérner 2007; Bryant et al. 2008; McCain &
Grytnes 2010) have highlighted both biotic and abiotic
mechanisms to explain diversity patterns across these gra-
dients (Dobzhansky 1950; Pianka 1966; MacArthur 1972;
Schemske et al. 2009). However, connecting local ecologi-
cal processes to broad latitudinal and elevational gradients
has been challenging. For example, elevational gradients
differ from latitudinal gradients in several key ways includ-
ing smaller species pools and land area and increased isola-
tion (Lomolino 2001). Further, while many of the
potential processes invoked to explain latitudinal diversity
patterns co-vary along latitudinal gradients (i.e. area, his-
tory, climate), they generally do not co-vary across eleva-
tion (Korner 2007).

Recently, trait based approaches have been used to
understand how multiple mechanisms influence commu-
nity assembly across environmental gradients (McGill
et al. 2006; Weiher et al. 2011), including elevational
(Kluge & Kessler 2011; Hoiss et al. 2012; Spasojevic & Sud-
ing 2012) and latitudinal (Swenson & Enquist 2007; Swen-
son & Weiser 2010; Kooyman et al. 2011; Swenson et al.
2012) gradients. These studies often focus on two assembly
mechanisms thought to influence diversity patterns along
environmental gradients: environmental filtering, which
can increase species trait similarity through abiotic con-
straints (Weiher & Keddy 1995), and competitive interac-
tions (i.e. niche partitioning, limiting similarity) that
prevent co-existing species from being too similar (MacAr-
thur & Levins 1967; Chesson 2000). However, these two
hypotheses have been difficult to reconcile in species-rich
communities in environments that seem to be severe (i.e.
the Sonoran desert; Whittaker & Niering 1964; Huston
1979). Thus, making generalizations about how abiotic fil-
tering should influence communities across latitude or ele-
vation has been challenging (Swenson & Enquist 2007).
Furthermore, while evidence for greater competitive inter-
actions at lower elevations is more strongly supported
(Callaway 1998; Wang et al. 2008; Spasojevic & Suding
2012), the idea of greater competitive interactions at low
latitudes is equivocal at best (Vazquez & Stevens 2004;
Ricklefs 2009; but see Schemske 2009; Schemske et al.
2009). It has thus been difficult to link the mechanisms
that underlie diversity patterns across both elevational and
latitudinal gradients (Swenson & Enquist 2007).

One prominent, and seemingly simplistic, hypothesis
relating assembly across broad gradients is that abiotic fac-
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tors should limit diversity at high latitudes and elevations
while biotic factors should underlie diversity patterns at
low latitudes and elevations (Pianka 1966). In order to link
abiotic and biotic mechanisms to diversity patterns across
elevation and latitude, we can begin by assuming that trait
variability reflects variation in resource use within a popu-
lation, thereby reflecting niche space and breadth (Rough-
garden 1972; Violle & Jiang 2009; Violle et al. 2012).
Recent insights from trait-based ecology, building on clas-
sical niche theory, have outlined the use of intra- and
inter-specific trait variation for understanding diversity
patterns across local to broad spatial scales (Jung et al.
2010; Violle et al. 2012). First, abiotic factors are known to
shape the diversity of traits within a community; specifi-
cally, a change in the mean (either higher or lower mean
values, depending on the trait and environmental gradient
considered) and lower variance of trait values across an
environmental gradient can indicate whether abiotic filter-
ing is occurring (Weiher & Keddy 1995). In addition, over
evolutionary time scales, stronger stabilizing selection in
increasingly harsh environments should further filter or
reduce the total amount of phenotypic variation within a
community (Fischer 1960; Violle et al. 2012). Second, bio-
tic interactions can also shape the diversity of traits within
a community. For example, on the one hand, competitive
exclusion will eliminate extreme phenotypes so that intra-
and inter-specific trait variance is reduced (Grime 1973).
On the other hand, if competition imposes limiting similar-
ity with resource partitioning, the diversity of traits will
depend on the ratio between species” niche breadth (e.g.
intra-specific variation) and total niche space (e.g. inter-
specific variation; MacArthur & Levins 1967, MacArthur &
Wilson 1967). Thus, for limiting similarity and resource
partitioning to occur in a community: (1) the inter-specific
packing of traits along a niche or trait axis will tend to be
uniformly distributed (e.g. Roughgarden 1972; Brown
1975) and (2) either the ratio of intra- to inter-specific vari-
ation should decrease with increasing species richness
(MacArthur & Wilson 1967; Violle et al. 2012) and/or (3)
the total niche space (phenotypic diversity of the entire
community) must increase (Tilman et al. 1997).

Here, we focus on how patterns of one ecologically
important trait, specific leaf area (SLA), change along three
elevational gradients located in tropical (Costa Rica), desert
(Arizona) and mediterranean (southern Oregon) biomes.
By quantifying the distribution of intra- and inter-specific
trait variation in local communities across broad elevation-
al and latitudinal gradients we address two long-standing
questions in plant community ecology. Specifically, we
ask: (1) are assembly mechanisms similar across elevation-
al and latitudinal gradients, and (2) are patterns of trait
variation consistent with greater abiotic filtering on com-
munity assembly at high latitudes and elevations, and
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greater biotic pressures on assembly at low latitudes and
elevations?

To answer these questions we use three trait-based
metrics. First, we determine whether shifts in commu-
nity trait mean and variance across latitude are similar
to those across elevation. Second, we compare the simi-
larity of community trait values relative to random trait
similarity, which can further describe the nature of
assembly patterns (MacArthur & Levins 1967; Pacala &
Tilman 1994; Weiher & Keddy 1995; Grime 2006)
where high functional similarity is thought to be a
signature of abiotic filtering and low functional similar-
ity is thought to be a signature of limiting similarity
(Weiher & Keddy 1995). Third, we describe the rela-
tionship between intra- and inter-specific variation and
species richness. The ratio of intra- to inter-specific vari-
ation expresses the rate at which niche breadth (i.e.
intra-specific trait variation) changes relative to total
niche space (i.e. inter-specific variation) and can thus be
used to determine how total niche space and niche
breadth change with increasing species richness across
diversity gradients.

Methods
Study sites

We conducted our study in three locations that span a 30°
latitudinal gradient and an average elevational range of
2000 m a.s.l. (Table 1). Area de Conservacion Guanacaste
(ACG) in northwestern Costa Rica is characterized by a 6-
mo dry season in low-elevation (0-300 m a.s.l.) dry tropi-
cal forests with a mean annual temperature of 25 °C. How-
ever, the length of the dry season decreases, and mean
annual precipitation increases with elevation; mean
annual precipitation in a rain forest site at 700 m a.s.l. is
ca. 3500 mm in comparison with 1500 mm in a lowland
dry tropical forest site at 300 m a.s.l. The Santa Catalina
Mountains in southern Arizona are characterized by sum-
mer and winter monsoons, which together can bring about
330 mm of precipitation annually to lower elevations and
750 mm at the highest elevations (Whittaker & Niering
1964). Finally, the Siskiyou Mountains in southern
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Oregon (part of the California Floristic Province) are char-
acterized by mediterranean-type climate with warm, dry
summers (mean max. July temperature 27 °C) and cool,
wet winters (mean min. January temperature 2 °C); mean
annual precipitation ranging from 1400 to 5000 mm, with
<15% occurring during May through September (Daly
et al. 2002).

Floristic surveys and plant trait collection

Plant abundance (number of woody individuals) was mea-
sured in 20 x 50 m (0.1 ha) plots arrayed across the three
elevational gradients in which all stem diameters more
than 2.5 cm DBH were measured and species identified.
Only woody trees and shrubs were included, as woody
plants consistently dominate the total abundance and bio-
mass in each sampled community relative to non-woody
species. A total of 25 plots were surveyed in Costa Rica, 22
plots in Arizona and 12 plots were surveyed in Oregon. In
Costa Rica, the plots spanned an elevational range of 9
—1111 m, 740-2502 m in Arizona and 438-1255 m in
Oregon. The location of plots were determined using a
stratified sampling regime (Gauch 1982). Using vegetation
maps for each site (Oregon: Whittaker 1960; Arizona:
Whittaker & Niering 1964; Costa Rica: Holdridge et al.
1971), at least one plot was included in each plant zone
across elevation. Locations that had evidence of recent dis-
turbance (e.g. fire, logging) were avoided. Where habitats
were more heterogeneous, additional plots per habitat type
were included (Gauch 1982). In topographically complex
habitats, for example, plots were placed in various slope
directions and inclinations in order to represent the contin-
uum of soil moisture availability within a particular habitat
type (Whittaker 1960; Whittaker & Niering 1964). This
was particularly true in the lowland dry tropical forests of
Costa Rica where plant communities differ in deciduous-
ness, ranging from about 20% evergreen hillsides to almost
completely evergreen lowlands (Janzen 1986; Powers
et al. 2009). After surveying the obvious extreme habitats
(e.g. ridge, valley, slope), plots were continually added
until the number of new species encountered with increas-
ing area neared zero.

Table 1. Site characteristics including latitude (Lat), longitude (Lon), elevational range (m a.s.l.), major vegetation zones and relevant previous studies along

each elevational gradient.

Site Lat/Lon Elevation (m)  Major vegetation zones Previous studies

Area de Conservacion Guanacaste, Costa Rica  10°51" N 0-1500 Lowland dry tropical forest; transitional ~ Lowlands: Janzen (1986),
85°37" W moist forest, rain forest, cloud forest Powers et al. (2009)

Santa Catalina Mountains, Arizona 32°26' N 740-2790 Sonoran desert scrub; oak woodlands;  Shreve (1915), Whittaker &
110°47' W coniferous forest; sub-alpine forest Niering (1964)

Siskiyou Mountains, Oregon 41°49" N 0-2100 Coniferous forest; montane forest; Whittaker (1960), Damschen
123°40' W alpine and sub-alpine forests et al. (2010) Harrison et al. 2011
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For all woody species within each plot we measured spe-
cific leaf area (SLA), a key functional trait associated with
competition for resources and environmental tolerance
(Poorter et al. 2009). SLA (cm?.g ') is defined as the light
capturing surface area per unit of dry biomass and corre-
lates with differences in life-history strategies (e.g. net pho-
tosynthetic capacity, leaf longevity, relative growth rate
and competitive ability; Reich et al. 1997). For example,
SLA is known to reflect a trade-off in plant resource-use
strategy from rapid biomass production (high SLA) to effi-
cient nutrient conservation (low SLA; Wright et al. 2004).
Further, variation in SLA is tightly coupled with variation
in resource gradients such as light and productivity (Grime
1998). For the collection of plant traits, five mature,
healthy, sun leaves were collected from five ditferent indi-
viduals for each species within a plot (Cornelissen et al.
2003). Once leaves were collected, the fresh area of each
leaf was measured within a few hours of collection. Fresh
leaf area (cm?) was measured using a Canon CanoScan
LiDE 110 portable electronic scanner (Canon Inc., Lake
Success, NY, USA), and leaf area was calculated using the
ImageJ imaging software (Abramoff et al. 2004). All leaves
were then placed in a drying oven for a minimum of 72 h
at 70 °C until a constant mass was reached, and the final
dry mass was recorded.

If there were not sufficient individuals within the plot to
meet the minimum criteria of five individuals, then leaves
were collected from nearby individuals located outside of,
but never more than 500 m away from, a plot. Rare species
with <5 sampled individuals were not included in the anal-
yses but did not total more than 8% of the total relative
abundance in any plot. All individuals in Arizona were
sampled during March and April 2010; in Oregon during
early May 2010; and in Costa Rica in mid-May through
June 2010. These times correspond with the early growing
season in each location.

Statistical analyses

To explore patterns of abiotic filtering across elevation and
latitude, we first compared how community-wide trait
means and variances change with elevation and latitude.
To do this, the abundance-weighted plot mean and vari-
ance (community-weighted mean and variance, CWM
and CWYV, respectively; Violle et al. 2007) of SLA values
were calculated for each plot k as:

CWMy = Zagtix (1)
CWV, = Zaik(tik — CWI\/[k)2 (2)

where a; is the relative abundance of species 7 in plot &,
and fy is the trait mean of species i in plot k. To explore
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whether the observed trait patterns differ from random, a
null modelling approach is necessary (Gotelli & Graves
1996). A null model compares whether the observed varia-
tion in CWM or CWV across elevation is greater than or
less than expected given the observed species richness. To
create a null community, trait data for each sampling
region (i.e. Costa Rica, Arizona or Oregon) were pooled
into a regional trait community. For each plot, we calcu-
lated the null trait mean and variance value and the 95%
confidence interval (CI) based on 999 iterations by shuf-
fling the species-by-plot trait values and thus conserving
species richness and abundance within each plot (Gotelli &
Graves 1996). This approach avoids averaging the mean
and variance of species’” SLA values across all plots, which
ultimately reduces the observed trait variation both
between and within species. Shuffling trait values, as
opposed to species’ abundances, can also indicate which
assembly processes, including abiotic filtering and limiting
similarity, structure communities.

First, to understand how plant function varies with ele-
vation and whether abiotic filtering drives assembly at
high elevations and latitudes, we performed simple linear
regressions of CWM and CWV of SLA against elevation for
each community. Second, to determine whether the
observed trait values were clustered or over-dispersed
compared to random assemblages (and thus the influence
of abiotic or biotic drivers), we compared the observed
CWM and CWV to random communities. Finally, we
explored the central ideas of limiting similarity and niche
packing by comparing how the ratio of intra- and inter-
specific trait variation changed with increasing species
richness. For each plot, we calculated the ratio of intra-
specific to inter-specific variation. Plot inter-specific varia-
tion was calculated as the variance of all species” mean trait
values (i.e. variance of species” means). Plot intra-specific
variation was calculated as the mean of all species’
intra-specific variances for each trait (i.e. mean of species’
variances). We also included a null model to resample trait
variation with increasing sample size (i.e. increasing
species richness) without replacement using the sample
package in R (R Foundation for Statistical Computing,
Vienna, AT). For example, for a sample size of 45 species,
we randomly drew 45 values of trait mean and 45 values
of intra-specific trait variance. We then calculated the null
inter-specific variation as the variance of 45 mean values
and the null intra-specific variation as the mean of 45
variance values and calculated the ratio between intra-
and inter-specific variance. This was done for each of 999
iterations for each increase in sample size. Finally, we
compared the observed and randomized slopes and inter-
cept coefficients from linear regressions between variance
(intra-specific, inter-specific and intra:inter) and species
richness using the smatr package in R.
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Although variance is often correlated with mean
values (Taylor 1961), this ratio is informative for three
reasons. First, intra-specific variance includes standard-
ized measurements from a set number of leaves and
individuals (five) from each species found within each
plot and is thus measured systematically across all plots.
Second, calculating the average of intra-specific vari-
ances in each plot partially accounts for differences in
species richness between plots. Third, by including a
resampling model, we can compare the observed pat-
terns of trait variation to those expected under random
sampling of trait variation. We used this ratio to explore
the biological patterns of variance with increasing spe-
cies richness (Violle et al. 2012). We regressed intra-spe-
cific variation, inter-specific variation and the ratio of
intra- to inter-specific variation against species richness.
If abiotic and biotic drivers are truly asymmetric across
environmental gradients, then a decrease in the ratio of
variation with increasing species richness should be evi-
dent at low latitudes, suggesting greater limiting similar-
ity in tropical latitudes. All statistical analyses were
conducted in R (v. 2.15.1).

Results

There were a total of 275 woody plant species in our plots
in Costa Rica, 65 in Arizona and 18 in Oregon. Species
richness decreased with latitude and was not correlated to

Functional variation across environmental gradients

elevation in Costa Rica (r* = 0.089, P = 0.14), decreased
with increasing elevation in Arizona (r* = 0.71, P < 0.001)
and was not correlated to elevation in Oregon (r* = 0.16,
P =0.20; Fig. S1). With increasing latitude, both CWM
and CWV of SLA decreased (Fig. 1d,h) and the ratio of
intra- to inter-specific variation decreased (Fig. 2d) with
increasing species richness. Decomposing this ratio into
individual components, both intra- and inter-specific vari-
ations increased with increasing species richness at differ-
ent rates (i.e. slopes; Fig. 2h).

At the lowest latitude (Costa Rica) CWM (Fig. 1a) and
CWV (Fig. le) of SLA were not correlated to elevation.
Compared to a random model of assembly, SLA was more
variable than expected at low elevations (Fig. le), and the
ratio of intra- to inter-specific variation was negatively cor-
related to species richness (* = 0.27, P = 0.0083; Fig. 2a)
even though the individual components of this ratio were
not correlated to species richness (Fig. 2e). At the mid-lati-
tude site (Arizona) CWM (r* = 0.60, P < 0.0001; Fig. 1b)
and CWV (r* = 0.26, P = 0.016; Fig. 1f) of SLA decreased
with increasing elevation. In comparison with a random
model of assembly, community mean SLA was also higher
than expected in the low-elevation communities and
lower than expected in high-elevation communities (open
data points; Fig 1b). Similarly, CWV SLA was more vari-
able than expected at low elevations (Fig. 1f) compared to
a random model of assembly. The ratio of intra- to inter-
specific variation of SLA was not significantly correlated to
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25010 % o (a) (b) (c) 20 (d)
w0fe & *°  F=0006 #=0.60 = 0.006 200
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Fig. 1. Community-weighted mean (CWM) and variance (CWV) of specific leaf area (SLA, cm2-g’1) against elevation (m a.s.l.) for Costa Rica (CR; a, e),
Arizona (AZ; b, f) and Oregon (OR; ¢, g) and across latitude (d, h). Solid black lines indicate a significant (P < 0.05) relationship; dashed black lines indicate a
non-significant relationship. Each data point represents a single community (plot). Solid data points indicate communities that are not statistically
distinguishable from random communities; open data points indicate communities that are distinguishable from random communities. For latitudinal
comparisons, sites separated by letters are statistically distinguishable in a one-way ANOVA. For each site, the lower-elevation communities tend to have
increased trait diversity or variance than expected by chance.
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Fig. 2. The ratio of intra-specific to inter-specific variance (Intra:Inter Variance, upper panel), intra-specific variation (grey lines, lower panel) and inter-
specific variation (black lines, lower panel) of specific leaf area (SLA, cm2~g’1) as a function of species richness for elevational gradients in Costa Rica (a, €),
Arizona (b, f) and Oregon (c, g) and across latitude (d, h). Each data point represents a single community (plot). Solid lines indicate a significant (P < 0.05)

relationship; dashed lines indicate a non-significant relationship.

species richness (Fig. 2b) even though the individual com-
ponents of this ratio were both positively correlated to spe-
cies richness (Fig. 2f). Finally, at the highest latitude site
(Oregon), CWM and CWYV of SLA were not correlated to
elevation (Fig. 1c,g). Relative to a null model of assembly,
CWM and CWV of SLA in the Oregon plots were more
variable than expected at low elevations (open data points;
Fig. 1c,g), but neither the ratio of intra- to inter-specific
variation of SLA nor the individual components were sig-
nificantly correlated to species richness (Fig. 2¢,g). The
randomized values of intra-specific variation, inter-specific
variation and the trait variation ratio did not increase with
increasing species richness (not shown). For each regres-
sion analysis between SLA variance and species richness,
the observed communities significantly differed in slope
from the randomized communities and generally did not
differ in intercept (not shown).

Discussion

The origins of diversity gradients continue to remain a cen-
tral area of focus and debate (Wiens 2011; Stegen et al.
2012). Few studies, however, have examined whether
traits vary in similar ways across gradients of latitude and
elevation. Here, we show that at higher latitudes, but not
necessarily high elevations, the variance in SLA decreased,
consistent with increased abiotic filtering (Weiher & Keddy
1995) at higher latitudes. Further, lower-elevation plots
across sites tended to have more variance in SLA than
expected by chance, consistent with limiting similarity

926

(MacArthur & Levins 1967; Chesson 2000). In addition,
we found that both intra- and inter-specific variation
increased with species diversity but at different rates, so
that the total ratio between intra- and inter-specific varia-
tions decreased with increasing species richness. This sug-
gests that the total trait space indeed increases towards
tropical latitudes; however, because intra-specific variation
increases at a slower rate, species are more ‘tightly packed”
in tropical systems. Together, these community-level find-
ings are consistent with the often cited but rarely tested
assumption that variation in diversity across broad scale
gradients is constrained by available niche space (see Willig
et al. 2003; Wiens 2011), but that biotic pressure at lower
elevations and latitudes increases the total niche volume
and thus phenotypic diversity. These results are consistent
with previous findings that both biotic and abiotic forces
have likely been important in the evolution of plant func-
tion and diversity on contrasting ends of elevational and
latitudinal gradients (Shepherd 1998; Stevens et al. 2006;
Swenson et al. 2012). We discuss these results in light of
both the strengths and current challenges of a trait-based
approach for understanding diversity patterns across broad
environmental gradients.

Patterns of trait variation across elevation and latitude

Across latitude, CWM and CWV of SLA decreased with
increasing latitude. These patterns are similar to global
trends (Reich et al. 1997; Wright et al. 2005). Specifically,
SLA has been shown to shift across productivity gradients
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(Reich et al. 1997; Grime 2006), and increases in mean
annual precipitation and temperature are thought to be the
two best predictors of mean SLA across broad geographical
gradients (Swenson et al. 2012). Although this study uses
a single functional trait, the patterns shown here mirror
those found for other plant traits including wood density,
maximum height and seed mass (Swenson & Enquist
2007; Swenson & Weiser 2010; Swenson et al. 2012), con-
sistent with the idea that whole-plant level function
responds in concert to gradients of elevation and latitude.

Across elevation in Costa Rica, CWM and CWV of SLA
were not correlated with elevation (Fig. 1a,e). This pattern
suggests that abiotic filtering is a weak driver of trait values
across elevation in Costa Rica, the abiotic differences
between lowland dry forests and higher elevation commu-
nities are reduced during the rainy season (Gotsch et al.
2010), abiotic filtering of SLA is not relevant at this site or
spatial scale (see Swenson et al. 2006), or the high habitat
heterogeneity characteristic of dry tropical forests obscured
our ability to detect patterns in the context of broader envi-
ronmental gradients (Baraloto & Couteron 2010). For
example, the high heterogeneity found in Costa Rica may
be related to topographical differences or historical distur-
bance regimes (i.e. land use, timber extraction, fire; Powers
et al. 2009), and each can affect the structure and compo-
sition of forest communities. Although areas that had obvi-
ous evidence of disturbance were avoided, the long-term
legacies of past disturbance events (see Foster et al. 2003)
could potentially limit our ability to detect non-random
assembly patterns at larger spatial scales. That the commu-
nity means were similar to random assemblages in Costa
Rica may further indicate the opposing effects of both abi-
otic and biotic filtering at local scales (Swenson et al.
2006) due to either long-term successional processes or the
effects of local topographic differences.

In Arizona, the decrease of mean trait values with eleva-
tion mirrors the known decrease in SLA with increasing
latitude (Reich et al. 1997). This latitudinal trend is
thought to be primarily due to the increasing dominance
of gymmnosperms at high latitudes (McCarthy et al. 2007).
Similarly, the increasing dominance of gymnosperms at
high elevations in Arizona likely underlies the observed
shift in trait mean. Gymnosperms are known to have rela-
tively low values of SLA (Royer et al. 2010) as well as low
plasticity compared to angiosperms (Bond 1989). Thus,
whether the range of SLA variation is a consistent proxy of
functional strategies for gymnosperms and angiosperms
requires further exploration.

Similarly, although this study offers the first standard-
ized quantification of how trait variation differs across ele-
vation and latitude, sampling a single functional life form
(i.,e. woody species) likely underestimates the total
observed variation in SLA. Thus, a critical next step for
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trait-based ecology will be to determine whether functional
strategies of non-woody species respond similarly across
environmental gradients compared to woody species. On
the one hand, non-woody species can evade harsh abiotic
conditions by being non-persist so that patterns of trait var-
iation across environmental gradients may not reflect pat-
terns of abiotic filtering as seen in woody species. On the
other hand, competition between non-woody and woody
species may be critical for assembly (see House et al. 2003),
particularly during the seedling stage. An emerging
research question is thus how patterns of trait variation dif-
fer between co-existing life forms and how trait differences
may confer competitive and/or fitness differences.

Finally, in Oregon, a gradient dominated by gymno-
sperms, the lack of clear correspondence between trait
mean and variation with elevation may be due to either
the stabilizing maritime influence on climate across the Si-
skiyou Mountains (Whittaker 1960) or that the use of SLA
as a proxy for functional strategies is not consistent
between gymnosperms and angiosperms. We can thus
infer that, first, the processes that influence assembly
across elevation are not the same between the three
mountain gradients sampled. This is intuitive since eleva-
tional gradients reflect the combined etfect of regional
peculiarities and general altitude phenomena (Korner
2007), and the three mountain gradients sampled here dif-
fer in climate, seasonality, topography, age and isolation,
among other factors that affect biodiversity along eleva-
tional gradients (see Korner 2007). Thus, it would be
highly desirable to systematically sample many replicate
elevational gradients across a wide spectrum of climatic
zones. Although patterns of variation in SLA across envi-
ronmental gradients provide reasonable support for assem-
bly mechanisms, the use of SLA as a proxy for functional
strategies may break down when making comparisons
between distinct clades, or even life forms within the same
clade. Thus, experimental or simulation approaches may
better link differences in SLA to plant function and, ulti-
mately, fitness across environmental gradients.

Despite climatic and topographic differences between
elevational gradients, low-elevation communities across
all sites had higher trait variance than expected by chance.
This finding points to the role of competitive interactions
that prevent co-existing species from being too function-
ally similar. Yet recent debate challenges whether trait var-
iation can be used to infer the relative importance of
abiotic vs biotic filters (HilleRisLambers et al. 2012), since
competitive exclusion, like abiotic filtering, can also lead to
low-trait variation within and between species. Although
clear relationships between environmental gradients and
traits provide reasonable support that an abiotic filter is
important for assembly (HilleRisLambers et al. 2012),
experimental approaches that explicitly link abiotic and
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biotic factors to the distribution of trait values within com-
munities will further shed light on trait assembly patterns
across environmental gradients.

Trait variation and species richness

In order to determine the relationship between trait varia-
tion and species richness we quantified the ratio between
intra- and inter-specific variations. By doing so, we were
able to test a specific prediction of limiting similarity,
namely that the amount of intra-specific variation (niche
breadth) compared with inter-specific variation (total
niche space) does indeed vary with community species
richness. The limiting similarity hypothesis predicts that
(1) niche breadth, or intra-specific variation in resource
use, should decrease with increased richness (MacArthur
& Wilson 1967) and/or (2) that the total amount of niche
space should increase with species richness (Tilman et al.
1997; Weiher et al. 1998). An open question for niche-
based ecological theory is whether the amount of intra-
specific variation compared with inter-specific variation
actually varies with species richness as predicted by niche
theory (Violle et al. 2012).

Consistent with niche theory, we showed that the ratio
of intra- to inter-specific variation does decrease with
increasing species richness across latitude and elevation.
Decomposing the individual components of this ratio, we
showed that inter-specific variation of SLA increased with
species richness at a faster rate compared to intra-specific
variation. This finding, while consistent with limiting simi-
larity in tropical forest communities (e.g. Pianka 1966),
may also suggest that other processes, such as develop-
mental constraints, can limit intra-specific trait expression.
Despite the use of functional traits to define species’ niches,
there is still a large gap in our understanding of how traits
relate to fitness, as well as to the evolutionary mechanisms
that drive niche differentiation (Sterck et al. 2011).

Conclusions

We provide an investigation into the predominant patterns
of trait variation across elevational gradients using moun-
tains at three widely separated latitudes in the New World.
This study combines measures of both intra- and inter-spe-
cific trait variation observed within each forest plot across
multiple elevational gradients. Although intra-specific trait
variation is thought to promote species diversity and
improve detection of abiotic filtering and limiting similarity
(Jung et al. 2010) and, as such, has appeared at the fore-
front of trait-based ecology (see Bolnick et al. 2011; Violle
et al. 2012), there is a limited understanding of how both
intra- and inter-specific variation change over latitudinal
and elevational gradients. We demonstrate that patterns of
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intra- and inter-specific trait variation at broad scales are
consistent with the idea that local abiotic and biotic interac-
tions influence diversity patterns across environmental
gradients. While our findings support the use of a trait-
based approach for understanding broad scale diversity gra-
dients (see Roughgarden 1972; Violle & Jiang 2009; Violle
et al. 2012), several key challenges remain for linking local
ecological processes to broad environmental gradients.

First, our analyses include three elevational gradients
that differ in a number of ways, including regional climate.
Future studies are needed to compare elevational gradients
with similar climatic regimes (such as in the moist tropics)
in order to disentangle the effects of potentially confound-
ing abiotic and biotic factors (Korner 2007; Malhi et al.
2010). Further, by only measuring SLA of woody species,
our conclusions are limited to a single axis of plant
variation in ecological strategies for one life form and we
cannot infer how reproductive, regenerative (Grime 2006)
or whole-plant strategies differ across broad spatial scales,
life forms or even different taxa. In addition, testing for abi-
otic and biotic filters using a trait-based approach should
be expanded to include experimental and demographic
analyses (HilleRisLambers et al. 2012) to more strongly
link traits to plant fitness. Finally, in order for intra-specific
trait variation to be integrated into functional ecology,
there is still a need to determine the magnitude and
patterns of intra-specific variation within and across
ecosystems. In summary, quantifying patterns of commu-
nity assembly and trait variation across diverse environ-
mental gradients will advance our understanding of the
mechanisms that give rise to large-scale biogeographic
gradients.
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