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Abstract

Although populations are phenotypically diverse, the majority of trait-based studies have
focused on examining differences among species. The justification for this broadly applied
approach is based on the assumption that differences among species are always greater than
within species. This is likely true for local communities, but species are often broadly
distributed aeresssa wide range of environments and patterns of intraspecific variation might
surpass differences among species. Therefore, an appropriate interpretation of the functional
diversity requir€s an assessment of patterns of trait variation across different ecological
scales. In thisistudy, we examine and characterize patterns of leaf trait variation for species
that are broadly distributed along an elevational gradient. We focus on seven leaf traits that

represent a main axis of functional differentiation in plants reflecting the balance between
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photosynthetic efficiency, display, and stomatal conductance. We evaluated patterns of trait
variance across ecological scales (elevation, species, populations, and individuals) and
examined trait covariance at both within species and across species levels, along the elevation
gradient. Our results show three key patterns: (1) intraspecific leaf trait variation for broadly
distributed speecies is comparable to the inter-specific trait variation, (2) the trait variance
structure isthighly variable across species and (3) trait coordination between pairs of leaf
traits is evident across-species along the gradient, but not always within species. Combined,
our results show that trait coordination and covariance are highly idiosyncratic across broadly
distributed and co-occurring species, indicating that species may achieve similar functional
roles even when exhibiting different phenotypes. This result challenges the traditional
paradigm of functional ecology that assumes single trait values as optimal solutions for
environments. In conclusion, patterns of trait variation both across and within species should
be considered in future studies that assess trade-offs among traits over environmental
gradients.
Key words: Intraspecific trait variation, leaf area, leaf carbon content, leaf thickness, plant
functional traitsssVariance components, specific leaf area, trait covariance.
Introduction
A conspicuous characteristic of life is the enormous amount of variation in form and
function. Organisms exhibit complex arrangements of morphological and physiological traits
that do not appear to be the result of pure chance. Instead, this phenotypic variation is likely
the result of ecological factors such as biotic and abiotic interactions, as well as genetic and
evolutionary constraints that operate within and across species. Although many ecological
studies focus on local and relatively homogeneous environments where inter-specific trait
variation typically exceeds intra-species variation, these homogeneous conditions usually do
not represent the entire distribution of a species and might not reflect its actual trait
distribution (Hulshof and Swenson 2010, Messier et al. 2010). Recent literature on
intraspecifie*traitvariation (ITV) suggests that species have the potential to exhibit extensive
intraspecifiestrait'variation (Albert et al. 2011, Siefert et al. 2015, Umafia et al. 2018).
Therefore,anderstanding how phenotypes vary, not only across species, but also within
broadly distributed species, is fundamental for fostering insights into the potential
mechanisms driving community structure and for determining future species responses under
ongoing climate change.

Ecological forces exert a sustained influence on natural communities by selecting

species with particular traits that fit the local abiotic demands (Keddy 1992). For example,

This article is protected by copyright. All rights reserved



67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100

previous studies have shown that leaf traits exhibit strong variation across plant communities
distributed along environmental gradients (Reich et al. 1999, Wright et al. 2004, Messier et
al. 2010, Swenson et al. 2011). This observed variation in community-level traits across
resource gradients results from variation across species as well as within species (Albert et al.
2010, Messieretal. 2010, Kichenin et al. 2013). In particular, for broadly distributed species,
trait varian¢e across populations or ecotypes (conspecific organisms located at different
portions of environmental gradients) could be comparable in magnitude to the trait variance
across species 1if differences in biotic and abiotic conditions result in a great phenotypic
variation to cope.the local demands (Fajardo and Siefert 2019). Alternatively, if strong
constraints operate at the species level maintaining species identities over their entire range,
trait variation within species should not exceed the variance across species.

Trait responses to local conditions might or might not be consistent across species.
The magnitude of trait variation should be related to the strength of trade-offs that operate
among traits (Armbruster and Schwaegerle 1996, Armbruster 2016). For example, if few
fundamental trade-offs operate consistently across species (e.g. biophysical constraints to
achieve a givensphysiological function), then trait variance at the level of individuals and
populations (actoss ecological scales) should be consistent across species. However,
alternative explanations propose that co-occurring species might achieve functional
equivalence through different combination of traits resulting in different patterns of variance
structure across species (Marks and Lechowicz 2006, Marks 2007). In this case, traits will be
connected through complex networks of trade-offs that do not necessary result in the same
(obligate) trait combinations across species. In fact, past studies have suggested that variance
structure is highly idiosyncratic for species in temperate forests (Albert et al. 2010, Kumordzi
et al. 2015).

Given that the phenotype of an individual is an assemblage of traits that together
achieve the'vital fnctions of organisms (Lewontin 1978), and as a whole, organisms respond
to local envifenments, it is necessary to understand the multidimensional integration of the
phenotype torpredict species responses to climatic changes (Laughlin and Messier 2015).
Covarianceqn'traits has been widely studied in the past (Grime 1979, 1997, Felsenstein 1988,
Armbruster andsSchwaegerle 1996, Reich et al. 1998, 1999, Ackerly and Reich 1999,
Santiago et al. 2004b, 2004a, Wright et al. 2004), and, in the case of plants, main trait spectra
have been identified (Westoby 1998, Wright et al. 2004, Chave et al. 2009, Diaz et al. 2015).
For example, the leaf economic spectrum describes a range of strategies that go from

acquisitive to conservative in carbon investment and return and has shown strong correlations
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at worldwide scale across species (Wright et al. 2004) and within species (Martin et al. 2007,
Vasseur et al. 2012, Fajardo and Siefert 2018). However, the generality of this pattern across
spatial scales has been questioned by studies that have found weak or non-existent trait
correlations at local scales (Cornwell and Ackerly 2009, Wright and Sutton-Grier 2012,
Grubb 2016, Messier et al. 2017). These contradictory results suggest that filtering forces
leading to trait correlations along environmental gradients might not determine trait
correlations at other ecological scales. Whether the patterns of trait covariation found along
environmental gradients across species are equally strong within broadly distributed species,
remains understudied (but see, Anderegg et al. 2018).

Altheughdtrait variation within species is recognized, there is controversy regarding
over whether tfaitivariation within species is comparable in magnitude to that of the species
level, and whether this variation mirrors that found at the community level. Here, we were
interested in characterizing variation in leaf traits for species that are broadly distributed
along an elevation gradient in Puerto Rico. The elevation gradient studied exhibits a
variation in\annual rainfall of 1300 mm from the lowest to the highest sampled sites and a
difference insmean annual temperature of 4°C. We examined four ecological scales:
elevation, species, population (group of individuals of the same species at each sampled
elevation).and individuals, and we focused on leaf traits that represent a significant portion
of functional differentiation in plants that reflect resource acquisition strategies, plant
structure and design as well as water transport (Tilman et al. 1997, Westoby et al. 2002,
Wright et al. 2004, Poorter and Rozendaal 2008). The resource acquisition traits are mainly
defined by the leaf economic spectrum (LES) and the N stable isotope ratio (8'° N). The LES
is described as the range of strategies from low carbon rate acquisition and release to high
carbon rates, The N isotope relates to N availability in soil and is affected by climate and
mycorrhizal fungi (Martinelli et al. 1999, Dawson et al. 2002, Santiago et al. 2004b, Craine et
al. 2009),The,architectural design trait is related to leaf display for carbon gain and is
represented'byleart area (Poorter and Rozendaal 2008). The third dimension is related to
water use effieiency and water availability represented by C Isotope (8'3 C). Based on this
varied arrangément of leaf traits, we asked the following questions: (1) is the magnitude of
trait variation‘aeross species comparable to that occurring within species broadly
distributed across environmental gradients (i.e. across populations located in different sites
along the gradient or across individuals within the same site)? We predict that if species
adjust to local conditions, then the variance structure at the population- and species-levels

should be comparable. Alternatively, if species traits confer high tolerances to stressful
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conditions along the entire gradient or these traits are not strongly selected across the
elevation, then species would have lower trait variation at the population-level than at the
species-level. (2) Do species have similar trait variance structure? We expect that if species
use similar pathways to adjust to local conditions, we should find similar trait variance
structure @cross'species indicating that fundamental trade-offs operate strongly across
ecological scales. If species achieve functional adjustments through independent
arrangements of traits, then, trait variance structure should be different across species. (3)
How do theistrengths of the correlations between pairs of traits vary across and within
broadly distributed species? We propose four different scenarios that describe sets of traits
correlations\at gradient- and within-species-levels (Fig. 1). At the gradient level,
differences/@cross species are ignored and we focus on differences across elevation zones.
If environmental factors select similar traits along the gradient of elevation and species are
also coordinated in their responses (either through plastic, genetic or biophysical reasons),
then we should expect to find strong correlations between traits at the gradient and within-
species level (Fig. 1A). If there are biophysical constraints that govern trait correlations, but
the environmentydoes not act as a strong selective force on the traits, then we should expect
a strong correlation between traits at the within-species level, but not at the gradient level
(Fig. 1B). If'the environment is a main selective force shaping the functional structure of
communities,.but species achieve their functional requirements through alternative
combinations of traits (Marks and Lechowicz 2006), then the correlation between traits
should be significant at the gradient level but not at the within-species level (Fig. C). This
result would indicate that abiotic factors act as a strong filter on the phenotype, but that
species responses to the environment are highly idiosyncratic by modifying a different
combination of traits (Fig. 1C). If the traits are not strongly linked, we should not see

strong correlations at any level (Fig. 1D).

Methods

The study areasis'located in North Eastern Puerto Rico, in El Yunque National Forest
(18°19.60°.N; 65°49.40° W). This is a subtropical wet forest that ranges from 250 to 1075
m in elevation.”At the lowest elevation, the annual rainfall is 2300 mm, the mean annual
temperature is 24.5°C and the forest is characterized by a premontane rainforest tropical
vegetation dominated by a palm (Prestoea acuminata (Willd.) H.E. Moore) and the tabonuco
tree (Dacryodes excelsa Vahl) (Thompson et al. 2002). At the highest elevation, the annual

precipitation is 3600 mm, the mean annual temperature is 20.0°C and the vegetation is typical
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of a tropical cloud forest. During 2001 and 2002, 16 0.1-ha permanent plots were established
along the elevation gradient from 250 to 1000 m and were separated by 50 m in elevation.
Within each plot, all individuals with a diameter at breast height (DBH) greater than 1 cm
where tagged and 99% of individuals could be identified to species. Despite the short
elevation'range;the gradient presents a conspicuous community turnover in traits and species

(Swenson et al. 2011).

Species selection

Based on the,abundance distribution of species found across the 16 permanent plots 0.1-ha in
area, we selectedall tree species that were present in at least eight plots and that were
abundant where they appear (more than 10 individuals per 0.1 ha with DBH > than 7cm). A
total of six species met the criteria: Cecropia schreberiana Miq subspecies schreberiana
(Urticaceae) (hereafter referred to as CECSCH), Cordia borinquensis Urb. (Boraginaceae)
(hereafter referred to as CORBOR), Dacryodes excelsa Vahl (Burseraceae) (hereafter
referred to as DACEXC), Henriettea squamulosa (Cogn.) Judd (Melastomataceae) (hereafter
referred to assCALSQU), Micropholis garciniifolia Pierre (Sapotaceae) (hereafter referred to
as MIRGAR) and Sloanea berteroana Choisy ex DC (Elaeocarpaceae) (hereafter referred to
as SLOBER).

Trait collection

For adult individuals of each species at each elevation, we collected branches from the top-
half section of the crown. The total number of individuals by species and ranges of elevation
used for this study are shown in Table 1. Most of the individuals collected were present in
the permanent 0.1-ha plots, but some of them were collected from nearby individuals that
were at the'same elevation. We measured seven leaf traits on fully expanded and non-
senescentléaves,fat the distal portion of all branches because these had the greatest
exposure to'sunlight. The traits measured were: leaf nitrogen content (LNC, reported on
mass basis)sseorrelated photosynthetic capacity because nitrogen forms part of the rubisco
enzyme thatis involved in the carbon fixation (Schulze et al. 1994). Leaf carbon content
(LCC, reportedwon mass basis) reflects the investment in leaves’ structure and defense
against herbivory (Bryant et al. 1983, Niinemets 2007). Foliar carbon stable isotope content
(813 C, reported relative to V-PDB, %o) represents the balance between CO, diffusion
(stomatal conductance) and atmospheric CO, uptake and is related to water use efficiency

(Farquhar et al. 1989). Foliar nitrogen stable isotope content (5!° N, reported relative to AIR,
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%o0) 1s related to high nitrogen availability in the soil and low precipitation (Dawson et al.
2002, Amundson et al. 2003, Santiago et al. 2004b, Ma et al. 2012) . In addition, recent
studies have shown that !> N varies with mycorrhizal fungi composition and is an indicator
of nitrogen cycling (Amundson et al. 2003, Craine et al. 2009). Although the mechanisms
underlying these'shifts in 8'°> N are not well understood, previous literature indicates
significant fesponses to environmental gradients in tropical systems (Santiago et al. 2004b)
making it of interest to those studying patterns of trait variation within and across species.
Specific leaf area (SLA, cm? g!), calculated as the ratio between leaf area and dry mass is
one of the leaf economic traits (Wright et al. 2004). Leaf thickness (ium) reflects mechanical
resistance and isdinked to leaf life-span (Onoda et al. 2011). Leaf area (LA, cm?) is
considered @n architectural trait and although it is not directly related to physiological
functions, it reflects leaf light capture strategies and light competition (Poorter and Rozendaal
2008). The measurements of these traits followed standardized methodology (Cornelissen et
al. 2003, Onoda et al. 2011) and for chemical traits, all leaves were analyzed at the Cornell
University Stable Isotope Lab. We log-transformed LA, SLA, and leaf thickness to correct

for skewness:

Analyses

To compare thespatterns of variation in traits across ecological levels (question 1) we
calculated how variance was partitioned across 4 nested levels (elevation, species,
population,.and tree) for each trait by fitting linear mixed-effects models following the
same procedure described by Messier et al. (2010). The population scale refers to
individuals of the same species within the same elevation. We performed random
resampling of the individuals in the data matrix (700 permutations) and performed the same
analyses to estimate 95% credible intervals. In addition, to address the second question and
to examine whether species exhibit similar variance structure, we calculated variance
partitioning"a€ross populations and individuals for each species independently. Next, we
conducted Pearson correlation tests between variances at the population- and individual-
level for allsspecies pairs.

To evaluate trait covariance and potential mechanisms constraining trait variation
and to test predictions presented in Fig. 1 (question 3), we performed Pearson correlations
across all pairs of traits at two different levels: across-species along the gradient and
within-species along the gradient (hereafter referred to as the gradient and the within-

species levels respectively). For the trait correlations at the gradient-level, we calculated the
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mean trait values per elevation (averaging trait values of all co-occurring individuals of
different species) and then performed Pearson correlations among all pairs of traits. For the
correlations within species, we performed Pearson correlations across all pair of traits for
each species separately (we used individual-level information). Further, we compared the
significanee"ofthe correlations and the sign of Pearson’s r across the six species and the

correlation/at the gradient level to examine predictions presented in Fig. 1.

Results

In terms of the variance partitioning analyses across the four ecological levels (elevation,
species, population, and individual), we found that elevation explained little variance for
three traits (feaf thickness, 8! C and only 1% for SLA); that the population- and the species-
level variance were comparable for all traits; and for 6'° C, !N and LNC, variance at the
individual-level was similar or higher than at the population-level (Fig. 2, Appendix S1:
Table S1). In addition, LNC, LCC, and 8'3 N had trait variation evenly distributed at the
individual-,‘population- and species-level (Fig.2, Appendix S1: Table S1). Variance
explained at;the-elevation- and population-level was similar for leaf thickness and 6'3 C, but
at the individual-level, the variance explained was higher for 63 C than the variance
explained for leaf thickness (Fig. 2, Appendix S1: Table S1). Leaf area had a large
percentage of.its'variance at the population- and species-level (47%) and a small percentage
at the individual-level (Fig. 2, Appendix S1: Table S1). SLA had the same amount of
explained variance at the species- and population-level (40%), less so at individual-level
(19%) and none due to elevation-level (Fig. 2, Appendix S1: Table S1).

When examining differences in trait variance structure across species by performing
correlations between pairs of species at the population- and individual-level, we found only
one significant correlation (between DACEXC and SLOBER). This indicates that species
show highlyindependent patterns in trait variation (Fig. 3, Appendix S1: Fig. S1).

For'trait'eovariance, we found that eight out of 20 correlations were significant at the
gradient levelrand three were significant within-species along the gradient (where all the
species consistently showed significant correlations) (Fig. 4, Appendix S1: Tables S2-S3).
The correlationibetween SLA and LNC was marginal (P = 0.05) and positive at the gradient
level, and only significant for DACEXC and SLOBER (Fig. 4A, Appendix S1: Tables S2-
S3). SLA was negatively correlated with leaf thickness and '3 C at within-species and
gradient levels (Fig. 4B and C, Appendix S1: Tables S2- S3). The correlation between SLA
and 8'> N was negative at the gradient level and at the within-species level, DACEXC,
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MIRGAR, and SLOBER showed positive correlations (Fig. 4D, Appendix S1: Tables S2-S3).
Log-transformed leaf thickness and 6'3 C were positively correlated at both levels (Fig. 4E,
Appendix S1: Tables S2-S3). At the gradient level, log-transformed leaf thickness and 6> N
were positively correlated and at the within-species level, DACEXC, and SLOBER showed
negative correlations (Fig. 4F, Appendix S1: Tables S2-S3). The correlation between log-
transformed leaf thickness and LNC was negative at the gradient level and at the within-
species level, CORBOR, DACEXC, and SLOBER showed negative correlations (Fig. 4G,
Appendix Si: Tables S2-S3). The correlation between 3'° N and 6!3 C was positive at the
gradient level and at within-species level, DACEXC, and MIRGAR showed negative
correlations (Fig<4H, Appendix S1: Tables S2-S3). The correlation between log-transformed
LA and LNC was positive at the gradient level and at within-species level CECSCH and
SLOBER showed positive correlations, while MIRGAR showed a negative correlation (Fig.
41, Appendix S1: Tables S2-S3). In summary, our results show that for traits that were
significantly correlated, the most common scenario depicting trait relationships matches Fig.

I1C.

Discussion

In this study, we were interested in characterizing intra- and inter-specific variation in leaf
traits for six breadly distributed tree species within a subtropical wet forest. Overall, our
results make evident that patterns of trait variation within species do not necessarily reflect
inter-specific patterns and their interpretations are highly context-dependent. These results
suggest that organisms distributed along different environments have great potential for
adjustment. However, these adjustments are idiosyncratic between species, which results in
the high diversity of forms and functions at local scales, often observed in tropical
communities, Our results question traditional functional approaches that assume a single
optimal phénotypé matches a given environment and instead, suggest that multiple
phenotypes'mayisuccessfully meet the requirements imposed by the environment potentially

due to traitstraitsinteractions.

Substantial intraspecific variation and highly idiosyncratic trait variance structure across
species

The high trait variation at population level suggests that organisms have a substantial level of
adjustment to variable environmental conditions, a pattern that is consistent with previous

community-level studies (Albert et al. 2010, Messier et al. 2010, De Bello et al. 2011,
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Fajardo and Piper 2011, Siefert et al. 2015). This population-level trait variation was
equivalent to the species-level for all traits, indicating that differences in leaf traits across
species might be surpassed by differences within species when broad variation in the
environment is considered. The high intraspecific leaf trait variation is consistent with
previous findings obtained for smaller spatial scales (Hulshof and Swenson 2010, Messier et
al. 2010, 2017) and stresses the context-dependent aspect of leaf traits (see also Messier ef al.
2010; Jung'et al. 2010; Leps et al. 2011; Anderegg et al. 2018). Thus, applying averaged leaf
trait valuesgfor broadly distributed species should be carefully interpreted when inferring
ecological mechanisms leading community assembly (Ames et al. 2016).

In addition to the population-level variation, our results show a considerable amount
of individual-1¢vel variation (Fig. 2) that is likely related to micro-environmental variability
(Albert et al.2010). These traits are highly sensitive to the local scale variation and could be
important for understanding interactions among co-occurring individuals. For example, leaf
313N is believed to be highly influenced by environmental conditions such as soil and
mycorrhizal.composition that often exhibits substantial variation at local scales (Vitousek et
al. 1989, Hobbieand Hogberg 2012). However, these interpretations should be considered
carefully singe changes in 6'° N could be influenced by additional factors and our mechanistic
understanding of the drivers of 6'> N variation is still underdeveloped (Evans 2001).
Furthermore, this result indicates that local-scale (i.e. within population) environmental
gradients, that frequently go unmeasured, are very important for determining trait
distributions (Fajardo and Siefert 2018, 2019).

At the elevation-level, only leaf thickness, 6'3 C and SLA showed sensitivity to this
scale (Fig. 2), suggesting that these traits could be useful for inferring processes operating at
large scales. In agreement with this result, previous studies have found that leaf thickness and
013 C vary broadly across environmental gradients (for leaf thickness, Billings and Mooney
1968, Korner.and Diemer 1987; for 83 C, Vitousek et al. 1990, Marshall and Zhang 1994).
Although for"SEA, the elevation-level variance was minor (only 1% of the variance was
explained atelevation), previous studies have found high sensitive for large-scale variation
for LMA (inverse of SLA) (Liu et al. 2010, Messier et al. 2017).

In termsyof the trait variance structure, we found idiosyncratic patterns across traits
despite that some of these traits should be highly correlated given that participate in common
functions (i.e., LNC and SLA) (Fig. 2). A potential explanation for the lack of similarity in
variance structure across most of the leaf traits is that similarity in the variance structure

across traits might not be tightly related to the strength of the trait correlation, instead, there
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should be a minimum limit in dissimilarity in variance structure for highly correlated traits
(Messier et al. 2017). In other words, dissimilarity in trait variation for highly related traits
should be limited by a minimum but not by a maximum threshold, allowing considerable
independence among traits. In addition, we found that species showed poor consistency in
trait variance'patterns (Fig. 3), which suggest that there is a considerable level of
independence in leaf traits that allows species to individualistically fulfill ecological
requirements imposed by the environment through the differential alteration of traits (see also
Albert et als2010, Fajardo and Siefert 2018). A further consequence of this is that alternative
arrangements, of traits might be good solutions for a given environment (Marks and

Lechowicz2006;Marks 2007).

Within-species trait covariation was highly dependent on the species and generally not
consistent with gradient-level patterns

Most of the trait correlations were not consistent across species (Fig. 4). For instance, the
correlation between log-transformed SLA and 8'3 N was positive and significant only for
three speciessandithe trend at the gradient-level was negative. Similarly, the correlation
between log-transformed thickness and 3'> N was negative for two species, but the trend at
the gradient-level was positive and not significant for the other four species. This mismatch
in correlations.across ecological scales and across species suggests that species may meet the
physiological requirements imposed by the environment using variable combinations of traits
(Marks and Lechowicz 2006) and that there might be additional traits that exhibit strong
responses to environmental stresses along gradients (i.e. plant height) (Fajardo et al. 2018). In
plants, leaves represent key organs where suits of traits interact in order to satisfy plant’s
water and carbon economies. These traits may interact in different ways that not always
respond to asingle trade-off (Marks and Lechowicz 2006). In fact, previous studies have
shown that'plant,species achieve similar requirements through alternative routes, for
example, while'tall species have advantages for capturing light, understory species are more
efficient at wsing'their biomass to capture light (Hirose and Werger 1995). In the case of the
elevational.gradient, investing in thicker leaves to avoid damage for high radiation, also
increases costs of construction, therefore, plants may invest in alternative routes to mitigate
effects imposed by high elevation conditions. These results are compatible with the variance
partitioning analyses that show weak associations in trait variance structure across species,
suggesting high independence in species responses to conditions imposed by the

environment. Combined, the distinct phenotypes arrangements of species along
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environmental gradients should result in rugged landscapes instead of typically considered
unimodal landscapes (Laughlin 2018). Unfortunately, in the present study we cannot provide
evidence of demographic performance or fitness. Thus, we cannot fully test the ideas
proposed by previous authors (Marks and Lechowicz 2006, Laughlin 2018) regarding how
different trait'combinations can lead to similar performance along an environmental gradient
and we look forward to future work that can address this research gap.

A further consequence of the observed idiosyncratic trait covariance patterns across
species is that species would respond differentially to potential climatic changes. Those
species with.trait,covariance patterns that track the environmental changes would have better
chances to succeed, given that their trait variation will allow them to tolerate broader range of
conditions, While species with a trait covariance that does not follow the climatic changes
will exhibit a'more restricted capacity to tolerate climatic changes (see Fajardo and Siefert
2019). Similar ideas have been discussed previously by Laughlin and Messier (2015) as
dynamic adaptive landscapes and these could be readily applied in future studies in
combination with demographic data.

In additien, trait covariance within species was usually weak and not significant. This
result is surprising given the known linkage between traits involved in carbon gain (Wright et
al. 2004). For example, SLA and LNC are often tightly correlated across species and
involved in phetosynthesis (Reich et al. 1998, Larcher 2003, Wright et al. 2004, Lambers et
al. 2008). However, our results show that although this correlation was significant across the
gradient, the results were not always significant within-species. A similar trend for leaf
economic traits in a soil nutrient gradient in Chile showed that trait correlations within
species tended to be weaker, but still significant, than across species (Fajardo and Siefert
2018). Our findings question the generality of previously reported leaf trait economics and
are in agreement with previous studies that also found weak correlations among LES traits at
local scales (Wright and Sutton-Grier 2012, Funk and Cornwell 2013, Messier et al. 2017,
Anderegg etal?2018). One reason for these weak correlations could be related to the range of
variation insleafilife-span (Messier et al. 2017, Osnas et al. 2018). Funk and Cornwell (2013)
suggested that the trait covariance for LES traits depends on the variation in leaf lifespan and
that the strengthyof the correlation among LES traits would be contingent on the range in leaf
life-span values. In our study, the range of variation in leaf lifespan covered by a single
species might not be large enough to make evident the trade-offs between LES traits. Thus,
our results not only emphasize the fact that traditional trait correlation patterns in community-

wide studies may not agree with species-level patterns, but that interpretations of trade-offs
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among traits should be carefully considered when evaluating intraspecific patterns.

At the gradient-level, eight trait correlations were significant. Most of these
correlations involve traits that are not tightly biophysically linked (i.e. LA and LNC or leaf
thickness and !> N). Thus, we infer from these results that the observed trait correlations may
emerge as"a result of strong selective forces exerted by the environment and suggest a key
role of environment in selecting functional composition and structure along variable
conditions (Berg 1960, Armbruster et al. 2014). At both levels, gradient- and within-species-
level, only three correlations were significant (Fig. 1A and Fig. 4B, C and E). These
correlations invelved SLA, leaf thickness, and 8'3 C, three traits that showed sensitivity to
elevation-level seale in the variance partitioning analyses. Although these traits do not
constitute the gore of the LES, they all are involved in carbon and water processing (Farquhar
et al. 1989, Reich et al. 1998, Lucas et al. 2000) that usually vary along altitudinal and aridity
gradients (Cordell et al. 1998, Hultine and Marshall 2000, Liu et al. 2010). The strong link
between traits at different ecological scales suggests that environmental and biophysical

constraints simultaneously are responsible for the patterns observed.

Conclusion

In conclusion, we show that species distributed along environmental gradients have the
potential to exhibit considerable variation in leaf traits, equivalent to variation across species.
These results challenge a functional trait paradigm were inter-specific differences should be
more pronounced than intraspecific differences and have consequences on the inferences of
ecological mechanisms and species responses to climate change. In addition, the highly
idiosyncratic trait variation and weak intraspecific trait coordination for most of the traits
implies that species may track environments using different combinations of traits that
ultimately provide equivalent performance outcomes. This result has important implications
in that predictions of species movements with changing climates cannot reliably be made
upon the basisefone, or even a few, trait values and even when multiple traits and their
combinationssean be considered, species average trait values may often be misleading
(Laughlin.and Messier 2015). In sum, functional trait-based ecology needs to more seriously
consider how'many traits interact to determine demographic outcomes on the individual-level
in varying environmental contexts and the degree to which this is achieved via plasticity

versus local adaptation.

Acknowledgments

This article is protected by copyright. All rights reserved



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

The authors thank to Gabriel Arellano and Olivia Barrera for their field assistance with the
data collection. The comments and suggestion from an expert reviewer and Nathan Kraft
greatly improved the manuscript. Seth Rifkin, Jess Zimmerman, Samuel Matta provided
technical and logistical support. An NSF Doctoral Dissertation Improvement Grant (DEB-
1501341 )yprovided the funding to carry out this study.

References:

Ackerly, DuD., and P. B. Reich. 1999. Convergence and correlations among leaf size.
American Journal of Botany 86:1272-1281.

Albert, C. H., F. Grassein, F. M. Schurr, G. Vieilledent, and C. Violle. 2011. When and how
should‘intraspecific variability be considered in trait-based plant ecology? Perspectives
in Plant Ecology, Evolution and Systematics 13:217-225.

Albert, C. H., W. Thuiller, N. G. Yaccoz, A. Soudant, F. Boucher, P. Saccone, and S.
Lavorel, 2010. Intraspecific functional variability: extent, structure and sources of
variation. Journal of Ecology 98:604—613.

Ames, G. MaSaM. Anderson, and J. P. Wright. 2016. Multiple environmental drivers
structure plant traits at the community level in a pyrogenic ecosystem. Functional
Ecology 30:789-798.

Amundson, RgA. T. Austin, E. A. G. Schuur, K. Yoo, V. Matzek, C. Kendall, A. Uebersax,
D. Brenner, and W. T. Baisden. 2003. Global patterns of the isotopic composition of soil
and plant nitrogen. Global Biogeochemical Cycles 17:31.1-31.10.

Anderegg, L. D. L., L. T. Berner, G. Badgley, M. L. Sethi, B. E. Law, and J. Hillerislambers.
2018. Within-species patterns challenge our understanding of the leaf economics
spectrum. Ecology Letters 21:734-744.

Armbruster, W. S. 2016. Multilevel analysis of morphometric data from natural plant
populdtions:Insights into ontogenetic, genetic, and selective correlations in
Dalechampia scandens. Evolution 45:1229-1244.

ArmbrustergW=S., C. Pelabon, G. H. Bolstad, and T. F. Hansen. 2014. Integrated
phenotypes: understanding trait covariation in plants and animals. Philosophical
Transactions, of the Royal Society B 369:20130245.

Armbruster, W. S., and K. E. Schwaegerle. 1996. Causes of covariation of phenotypic traits
among populations. Journal of Evolutionary Biology 9:261-276.

De Bello, F., S. Lavorel, C. H. Albert, W. Thuiller, K. Grigulis, J. Dolezal, S. Janegek, and J.

Leps. 2011. Quantifying the relevance of intraspecific trait variability for functional

This article is protected by copyright. All rights reserved



475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

diversity. Methods in Ecology and Evolution 2:163—174.

Berg, R. L. 1960. The ecological significance of correlation pleiades. Evolution 14:171-180.

Billings, W. D., and H. A. Mooney. 1968. The ecology of arctic and alpine plants. Biological
Reviews 43:481-529.

Bryant, JFP.JF=S. Chapin, D. R. Klein, S. Oikos, H. Interactions, N. Latitudes, D. R. Carbon,
J. P. Bryant, F. S. Chapin, D. R. Klein, and D. R. Carbon. 1983. Carbon/Nutrient
balance of boreal plants in relation to vertebrate herbivory. Oikos 40:357-368.

Chave, J., D. Coomes, S. Jansen, S. L. Lewis, N. G. Swenson, and A. E. Zanne. 2009.
Towards a worldwide wood economics spectrum. Ecology Letters 12:351-66.

Cordell, S., G. Goldstein, D. Mueller-Dombois, D. Webb, and P. M. Vitousek. 1998.
Physiglogical and morphological variation in Metrosideros polymorpha, a dominant
Hawaiian tree species, along an altitudinal gradient: the role of phenotypic plasticity.
Oecologia 113:188-196.

Cornelissen, J. H. C., S. Lavorel, E. Garnier, S. Diaz, N. Buchmann, D. E. Gurvich, P. B.
Reich, H. Ter Steege, H. D. Morgan, M. G. a. Van Der Heijden, J. G. Pausas, and H.
Poorters2003. A handbook of protocols for standardised and easy measurement of plant
functional traits worldwide. Australian Journal of Botany 51:335-380.

Cornwell, W. K:J'and D. D. D. Ackerly. 2009. Community assembly and shifts in plant trait
distributiens across an environmental gradient in coastal California. Ecological
Monographs 79:109-126.

Craine, J. M., A. J. Elmore, M. P. M. Aidar, T. E. Dawson, E. A. Hobbie, A. Kahmen, M. C.
Mack, K. K. McLauchlan, A. Michelsen, G. B. Nardoto, L. H. Pardo, J. Penuelas, B.
Reich, E. A./G. Schuur, W. D. Stock, P. H. Templer, R. A. Virginia, J. M. Welker, and L.
J. Wright. 2009. Global patterns of foliar nitrogen isotopes and their relationships with
cliamte, mycorrhizal fungi, foliar nutrient concentrations, and nitrogen availability. The
New,Phytologist 183:980-992.

Dawson, TFER*SrMambelli, A. H. Plamboeck, P. H. Templer, and K. P. Tu. 2002. Stable
isotopessinsplant ecology. Annual Review of Ecology and Systematics 33:507-559.
Diaz, S., J.Kattge, J. H. C. Cornelissen, 1. J. Wright, S. Lavorel, S. Dray, B. Reu, M. Kleyer,

C. Wirth; E,C. Prentice, E. Garnier, G. Bonisch, M. Westoby, H. Poorter, P. B. Reich, A.

T. Moles, J. Dickie, A. N. Gillison, A. E. Zanne, J. Chave, S. J. Wright, S. N.
Sheremet’ev, H. Jactel, B. Christopher, B. Cerabolini, S. Pierce, B. Shipley, D. Kirkup,
F. Casanoves, J. S. Joswig, A. Giinther, V. Falczuk, N. Riiger, M. D. Mahecha, and L.
D. Gorné. 2015. The global spectrum of plant form and function. Nature 529:1-17.

This article is protected by copyright. All rights reserved



509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

Evans, R. D. 2001. Physiological mechanisms influencing plant nitrogen isotope
composition. Trends in Plant Science 6:121-126.

Fajardo, A., E. J. B. Mcintire, and M. E. Olson. 2018. When Short Stature Is an Asset in
Trees. Trends in Ecology and Evolution 2455:S0169-5347.

Fajardo, Av,and"F. 1. Piper. 2011. Intraspecific trait variation and covariation in a widespread
tree species (Nothofagus pumilio) in southern Chile. New Phytologist 189:259-271.
Fajardo, A.; and A. Siefert. 2018. Intraspecific trait variation and the leaf economic spectrum

acrossigresource gradients and levels of organization. Ecology 99:1024—-1030.

Fajardo, A., and,A. Siefert. 2019. The interplay among intraspecific leaf trait variation, niche
breadth,and species abundance along light and soil nutrient gradients. Oikos.

Farquhar, G Dz, J: Ehleringer, and K. T. Hubick. 1989. Carbon isotope discrimination and
photosynthesis. Annual Review of Plant Physiology and Plant Molecular Biology
40:503-537.

Felsenstein, J. 1988. Phylogenies and Quantitative Characters. Annual Review of Ecology
and Systematics 19:445-471.

Funk, J. L., andsW. K. Cornwell. 2013. Leaf traits within communities: Context may affect
the mapping of traits to function. Ecology 94:1893—-1897.

Grime, J. P. 1979. Plant strategies and vegetation processes. Wiley, Chichester, UK.

Grime, J. P. 1997. Biodiversity and Ecosystem Function: The Debate Deepens. Science
277:1260-1261.

Grubb, P. J. 2016. Trade-offs in interspecific comparisons in plant ecology and how plants
overcome proposed constraints constraints. Plant Ecology & Diversity 9:3-33.

Hirose, T.,and M. J. A. Werger. 1995. Canopy structure and photon flux partitioning among
species in a herbaceous plant community. Ecology 76:466—474.

Hobbie, E.,"and P. Hogberg. 2012. Nitrogen isotopes link mycorrhizal fungi and plants to
nitrogén.dynamics. New Phytologist 196:367-382.

Hulshof, C*Mrand N. G. Swenson. 2010. Variation in leaf functional trait values within and
acrossrindividuals and species: an example from a Costa Rican dry forest. Functional
Ecology24:217-223.

Hultine, K. R%and J. D. Marshall. 2000. Altitude trends in conifer leaf morphology and
stable carbon isotope composition. Oecologia 123:32—40.

Jung, V., C. Violle, C. Mondy, L. Hoffmann, and S. Muller. 2010. Intraspecific variability
and trait-based community assembly. Journal of Ecology 98:1134—1140.

Keddy, P. A. 1992. Assembly and response rules: two goals for predictive community

This article is protected by copyright. All rights reserved



543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

ecology. Journal of Vegetation Sciences 3:157-164.

Kichenin, E., D. A. Wardle, D. A. Peltzer, C. W. Morse, and G. T. Freschet. 2013.
Contrasting effects of plant inter- and intraspecific variation on community-level trait
measures along an environmental gradient. Functional Ecology 27:1254—-1261.

Korner, Gy and'™M. Diemer. 1987. In situ photosynthetic responses to light, temperature and
carbon dioxide in herbaceous plants from low and high altitude. Functional Ecology
1:179-194.

Kumordzi, B. B., D. A. Wardle, and G. T. Freschet. 2015. Plant assemblages do not respond
homogenously to local variation in environmental conditions: Functional responses
differ with species identity and abundance. Journal of Vegetation Science 26:32—45.

Lambers, Hi, B.'S. Chapin 111, and T. L. Pons. 2008. Plant physiological ecology. Second
edition. Springer, New York.

Larcher, W. 2003. Physiological plant ecology: ecophysiology and stress physiology of
functional groups. Springer Berlin Heidelberg, Berlin.

Laughlin, D. C. 2018. Rugged fitness landscapes and Darwinian demons in trait-based
ecologysNew Phytologist 217:501-503.

Laughlin, DaCuyand J. Messier. 2015. Fitness of multidimensional phenotypes in dynamic
adaptive landscapes. Trends in Ecology and Evolution 30:487—496.

Leps, J., F. deBello, P. Smilauer, and J. Dolezal. 2011. Community trait response to
environment: disentangling species turnover vs intraspecific trait variability effects.
Ecography 34:856-863.

Lewontin, R. C. 1978. Adaptation. Scientific American 239:212-230.

Liu, G., G.[T. Freschet, X. Pan, J. H. C. Cornelissen, Y. Li, and M. Dong. 2010. Coordinated
variation.in leaf and root traits across multiple spatial scales in Chinese semi-arid and
arid ecosystems. New Phytologist 188:543—-553.

Lucas, P.;WsleM. Turner, N. J. Dominy, and N. Yamashita. 2000. Mechanical defences to
herbivery-“Annals of Botany 86:913-920.

Ma, J.-Y., WisSun, X.-N. Liu, and F.-H. Chen. 2012. Variation in the stable carbon and
nitrogen'isotope composition of plants and soil along a precipitation gradient in northern
China. PLeS,ONE 7:e51894.

Marks, C. O. 2007. The causes of variation in tree seedling traits: the roles of environmental
selection versus chance. Evolution 61:455-4609.

Marks, C. O., and M. J. Lechowicz. 2006. Alternative designs and the evolution of functional
diversity. The American Naturalist 167:55-66.

This article is protected by copyright. All rights reserved



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610

Marshall, J. D., and J. Zhang. 1994. Carbon isotope discrimination and water-use efficiency
in native plants of the north-central Rockies. Ecology 75:1887-1895.

Martin, R. E., G. P. Asner, L. Sack, R. E. Martin, and G. P. Asner. 2007. Genetic variation in
leaf pigment, optical and photosynthetic function among diverse phenotypes of
Metrosideros polymorpha grown in a common garden. Oecologia 151:387—400.

Martinelli, L. a., M. C. Piccolo, A. R. Townsend, P. M. Vitousek, E. Cuevas, W. McDowell,
G. P. Robertson, O. C. Santos, and K. Treseder. 1999. Nitrogen stable isotopic
compaesition of leaves and soil: Tropical versus temperate forests. Biogeochemistry
46:45-65.

Messier, J., B, J.Mcgill, B. J. Enquist, and M. J. Lechowicz. 2017. Trait variation and
integration across scales: is the leaf economic spectrum present at local scales?
Ecography 40:685-697.

Messier, J., B. J. McGill, and M. J. Lechowicz. 2010. How do traits vary across ecological
scales? A case for trait-based ecology. Ecology Letters 13:838—48.

Niinemets, U. 2007. Photosynthesis and resource distribution through plant canopies. Plant
Cell and:Environment 30:1052—-1071.

Onoda, Y., M."Westoby, P. B. Adler, A. M. F. Choong, F. J. Clissold, J. H. C. Cornelissen, S.
Diaz, N."J"Dominy, A. Elgart, L. Enrico, P. V. a Fine, J. J. Howard, A. Jalili, K.
Kitajima,H. Kurokawa, C. McArthur, P. W. Lucas, L. Markesteijn, N. Pérez-
Harguindeguy, L. Poorter, L. Richards, L. S. Santiago, E. E. Sosinski, S. a Van Bael, D.
I. Warton, 1. J. Wright, S. J. Wright, and N. Yamashita. 2011. Global patterns of leaf
mechanical properties. Ecology Letters 14:301-12.

Osnas, J. L. D., M. Katabuchi, K. Kitajima, S. J. Wright, P. B. Reich, S. A. Van Bael, N. J. B.
Kraft, M. J. Samaniego, S. W. Pacala, J. W. Lichstein, W. K. Kellogg, G. D. Farquhar,
and L.‘Sack. 2018. Divergent drivers of leaf trait variation within species, among
speciesgand.among functional groups. Proceedings of the National Academy of Science
of the United States of America 115:5480-5485.

Poorter, L.jand"D. M. A. Rozendaal. 2008. Leaf size and leaf display of thirty-eight tropical
tree species. Oecologia 158:35-46.

Reich, P. B.; DaS. Ellsworth, and M. B. Walters. 1998. Leaf structure (specific leaf area)
modulates photosynthesis — nitrogen relations: evidence from within and across species
and functional groups. Functional Ecology 12:948-958.

Reich, P. B., D. S. Ellsworth, M. B. Walters, J. M. Vose, C. Gresham, C. Volin, and W. D.

Bowman. 1999. Generality of leaf trait relationships: A test across six biomes. Ecology

This article is protected by copyright. All rights reserved



611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

80:1955-1969.

Santiago, L. S., G. Goldstein, F. C. Meinzer, J. . Fisher, K. Machado, D. Woodruff, and T.
Jones. 2004a. Leaf photosynthetic traits scale with hydraulic conductivity and wood
density in Panamanian forest canopy trees. Ecophysiology 140:543-550.

Santiago,JE."SK. Kitajima, S. J. Wright, and S. S. Mulkey. 2004b. Coordinated changes in
photosynthesis, water relations and leaf nutritional traits of canopy trees along a
precipitation gradient in lowland tropical forest. Oecologia 139:495-502.

Schulze, E=D., F. M. Kelliher, C. Korner, J. Lloyd, and R. Leuning. 1994. Relationships
among maximum stomatal conductance, ecosystem surface conductance, carbon
assimilationdrate, and plant Nitrogen nutrition: A global ecology scaling exercise.
Annual Réview of Ecology and Systematics 25:629—-660.

Siefert, A., C. Violle, L. Chalmandrier, C. H. Albert, A. Taudiere, A. Fajardo, L. W. Aarssen,
C. Baraloto, M. B. Carlucci, M. V. Cianciaruso, V. de L. Dantas, F. de Bello, L. D. S.
Duarte, C. R. Fonseca, G. T. Freschet, S. Gaucherand, N. Gross, K. Hikosaka, B.
Jackson, V. Jung, C. Kamiyama, M. Katabuchi, S. W. Kembel, E. Kichenin, N. J. B.
Kraft, Asuagerstrom, Y. Le Bagousse-Pinguet, Y. Li, N. Mason, J. Messier, T.
Nakashizuka, J. M. Overton, D. A. Peltzer, I. M. Pérez-Ramos, V. D. Pillar, H. C.
Prentice, S. Richardson, T. Sasaki, B. S. Schamp, C. Schéb, B. Shipley, M. Sundqvist,
M. T. Sykes, M. Vandewalle, and D. A. Wardle. 2015. A global meta-analysis of the
relative extent of intraspecific trait variation in plant communities. Ecology Letters
18:1406-1419.

Swenson, N. G., P. Anglada-Cordero, and J. A. Barone. 2011. Deterministic tropical tree
community turnover: evidence from patterns of functional beta diversity along an
elevational gradient. Proceedings of the Royal Society B: Biological Sciences 278:877—
884.

Thompson, J..N.Brokaw, J. K. Zimmerman, R. B. Waide, E. M. Everham III, D. J. Lodge,
C. M. Taylor, D. Garcia-Montiel, and M. Fluet. 2002. Land use history, environment,
and treescomposition in a tropical forest. Ecological Applications 12:1344-1363.

Tilman, Dgd#Knops, D. Wedin, P. Reich, M. Ritchie, and E. Siemann. 1997. The influence
of functional diversity and composition on ecosystem processes. Science 277:1300—
1302.

Umana, M. N., C. Zhang, M. Cao, L. Lin, and N. G. Swenson. 2018. Quantifying the role of
intra-specific trait variation for allocation and organ-level traits in tropical seedling

communities. Journal of Vegetation Science 29:276-284.

This article is protected by copyright. All rights reserved



645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677

Vasseur, F., C. Violle, C. Granier, and D. Vile. 2012. A common genetic basis to the origin
of the leaf economics spectrum and metabolic scaling allometry. Ecology Letters
15:1149-1157.

Vitousek, P. M., C. B. Field, and P. A. Matson. 1990. Variation in foliar 813C in Hawaiian
Metrosideros polymorpha: a case of internal resistance? Oecologia 84:362—-370.

Vitousek, P. M., G. Shearer, and D. H. Kohl. 1989. Foliar 15N natural abundance in
Hawaiian rainforest: patterns and possible mechanisms. Oecologia 78:383-388.

Westoby, M. 1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant and Soil
199:213-227.

Westoby, M., D.S. Falster, A. T. Moles, P. A. Vesk, and 1. J. Wright. 2002. Plant ecological
strategies; some leading dimensions of variation between species. Annual Review of
Ecology and Systematics 33:125-159.

Wright, . J., P. Bi Reich, M. Westoby, D. D. Ackerly, Z. Baruch, F. Bongers, J. Cavender-
Bares, T. Chapin, J. H. C. Cornelissen, M. Diemer, J. Flexas, E. Garnier, P. K. Groom, J.
Gulias, K. Hikosaka, B. B. Lamont, T. Lee, W. Lee, C. Lusk, J. J. Midgley, M.-L.
Navas, UaNiinemets, J. Oleksyn, N. Osada, H. Poorter, P. Poot, L. Prior, V. I. Pyankov,
C. Roumet, S. C. Thomas, M. G. Tjoelker, E. J. Veneklaas, and R. Villar. 2004. The
worldwide leaf economics spectrum. Nature 428:821-827.

Wright, J. P., and A. Sutton-Grier. 2012. Does the leaf economic spectrum hold within local
species pools across varying environmental conditions? Functional Ecology 26:1390—

1398.

DATA AVAILABILITY
Data are availablé from the Dryad Digital Repository: https://doi.org/10.5061/dryad.6505nf4

Table 1. Elevation range for six tree species included in the present study. Species names are
abbreviatedsas follows: Henriettea squamulosa (Cogn.) Judd (CALSQU), Cecropia
schreberiana™ig, subspecies schreberiana (CECSCH), Cordia borinquensis Urb.
(CORBOR), Dacryodes excelsa Vahl (DACEXC), Micropholis garciniifolia Pierre
(MIRGAR), Sloanea berteroana Choisy ex DC (SLOBER).
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Species Range of elevations (m) Total individuals

CALSQU 600-1000 66

CECSCH 600-1000 60

CORBOR 400-900 86

DACEXC 300-650 68

MIRGAR 500-1000 97

SLOBER 250-650 85
Figure legends

Fig. 1. Schematic representation of potential scenarios of trait covariation at various
ecological sealesnA) Correlations among traits at the species level mirror those across the
environmental gradient. B) No correlation across the environmental gradient but positive
correlations at theéspecies level. C) Correlations at the environmental gradient and weak and
variable correlations at the species level. D) No significant correlations at any level.

Fig. 2. Variance partitioning for seven traits across four nested ecological levels (elevation,
species, population, and individual). See methods’ section for all abbreviations. The numbers
refer to the'percentage of variance explain at a given level for each trait. 13C — foliar carbon
stable isotopercontent; 15N — foliar nitrogen stable isotope content; LCC — leaf carbon
content; LNC —leaf nitrogen content; LA — leaf area; SLA — specific leaf area.

Fig. 3. Pairwise'¢orrelations of fractions of variance explained at the population-level of leaf
traits for all species pairs. The values refer to the Pearson’s correlation coefficient. Each
square represents a correlation between values of variance explained at the population-level
of all traitsfor ong species with the values of variance explained for another species. The
significance Ievel for all correlations was 5 % (alpha =0.05), all correlations except one
(DACEXCland SLOBER, indicated with *) were non-significant. Species codes are the same
than in Table 1.

Fig. 4. Pearson’s.correlations between pairs of traits at gradient and within-species levels.
Black dots and lines show the correlations at the gradient level. Color dots and lines show
correlations for'each species. Symbols: two black asterisks in the top right corner of each plot
indicate that'eorrelations were significant for the gradient level and all species. Colored
asterisks indicate significant correlation for a given species. Species codes are the same than

in Table 1.
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