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Trait-based analyses provide powerful tools for developing a generalizable,

physiologically grounded understanding of how forest communities are responding

to ongoing environmental changes. Key challenges lie in (1) selecting traits that

best characterize the ecological performance of species in the community and (2)

determining the degree and importance of intraspecific variability in those traits. Recent

studies suggest that globally evident trait correlations (trait dimensions), such as the

leaf economic spectrum, may be weak or absent at local scales. Moreover, trait-based

analyses that utilize a mean value to represent a species may be misleading. Mean

trait values are particularly problematic if species trait value rankings change along

environmental gradients, resulting in species trait crossover. To assess how plant traits

(1) covary at local spatial scales, (2) vary across the dominant environmental gradients,

and (3) can be partitioned within and across taxa, we collected data on 9 traits for 13

tree species spanning the montane temperate—boreal forest ecotones of New York

and northern New England. The primary dimension of the trait ordination was the leaf

economic spectrum, with trait variability among species largely driven by differences

between deciduous angiosperms and evergreen gymnosperms. A second dimension

was related to variability in nitrogen to phosphorous levels and stem specific density.

Levels of intraspecific trait variability differed considerably among traits, and was related

to variation in light, climate, and tree developmental stage. However, trait rankings

across species were generally conserved across these gradients and there was little

evidence of species crossover. The persistence of the leaf economics spectrum in both

temperate and high-elevation conifer forests suggests that ecological strategies of tree

species are associated with trade-offs between resource acquisition and tolerance, and

may be quantified with relatively few traits. Furthermore, the assumption that species

may be represented with a single trait value may be warranted for some trait-based

analyses provided traits were measured under similar light levels and climate conditions.

Keywords: climate change, environmental gradients, leaf economic spectrum, functional traits, trait dimensions,

intraspecific trait variability (ITV)
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INTRODUCTION

One of the major challenges facing ecologists today is how to
accurately model forest community dynamics, which respond to
and affect ongoing, intensifying changes in the global climate
system (Parmesan and Yohe, 2003; Chen et al., 2011; Gottfried
et al., 2012). Trait-based ecological methods have the potential
to link plant functional traits with generalizable metrics of
community structure and ecosystem services (McGill et al., 2006;
Suding et al., 2008; Shipley et al., 2016). A small number of
plant traits have been identified as consistently correlated with
ecological variation in plant physiology and performance; these
traits also allow for efficient characterization of community
function (Reich et al., 1997; Reich, 2014; Díaz et al., 2016).
Whether and how interspecific trait covariation manifests itself
locally is context-dependent and still not fully understood for
many plant communities (Funk and Cornwell, 2013). Moreover,
a current challenge in functional ecology is accounting for
variation within species, which can reflect local adaptation
and/or plastic responses to changing conditions that dictate
plant performance and ecosystem function (Nicotra et al., 2010;
Valladares et al., 2014). Thus, identifying locally relevant trait
correlations that lead to trait dimensions and quantifying the
importance and drivers of intraspecific vs. interspecific trait
variability locally are two key steps to developing trait-based
models of plant community response to change.

Global trait dimensions generally characterize differences
in plant diversity based on different sets of correlated traits.
For example, the leaf economics spectrum (LES) characterizes
differences in leaves (specific leaf area, leaf lifespan, leaf
nitrogen/phosphorous concentration, photosynthetic capacity,
and dark respiration rate) along a trait continuum reflects a
fundamental tradeoff between resource acquisition (i.e., fast
growth) and conservation (i.e., slow growth) (Wright et al.,
2004). A similar trait dimension for wood traits (e.g., wood
density, etc.) has been suggested (i.e., the wood economic
spectrum), which also balances growth against conservative
attributes such as stress resistance and mechanical strength
(Chave et al., 2009). Other established trait dimensions include
plant size (Díaz et al., 2016) and plant branching architecture
(i.e., Corner’s Rules), which weights wood growth against
photosynthetic area (White, 1983; Westoby et al., 2002;
Messier et al., 2017a). While empirical support for such trait
dimensions is strong at the global scale, recent studies have
suggested trait covariation seen globally may weaken at smaller
spatiotemporal scales (Wright and Sutton-Grier, 2012; Messier
et al., 2017a; Derroire et al., 2018). For example, Messier
et al. (2017b) concluded that the strength of trait relationships
underlying the leaf economics spectrum weaken in temperate
deciduous forests due do the importance of variation in the
local environment. Other studies found fine-scale covariation
among plant functional traits (leaf nitrogen concentration,
photosynthetic rate, and water-use efficiency) along distinct
local environmental gradients (Álvarez-Yépiz et al., 2017). Thus,
to properly utilize trait dimensions in future studies, their
existence and strength at local scales must be investigated
in greater detail.

Most trait-based models of ecological communities have also
usedmean trait values for each species, under the assumption that
interspecific trait variation outweighs intraspecific trait variation
(ITV, McGill et al., 2006; Shipley et al., 2016). However, the
importance of ITV has been increasingly documented (Luo et al.,
2016; Roos et al., 2019), and the degree of ITV varies considerably
between functional traits (Jung et al., 2014; Burton et al., 2017).
ITV may arise from a plant’s plasticity to its environment
over its lifetime, or through local adaptation through successive
generations, although the specific responses of plant functional
traits will vary based on the relative impact of acclimation
vs. adaptation (Siefert et al., 2015). For example, traits for
which developmental stage is a major source of ITV may vary
dramatically over the individual’s lifespan, responding in part
to changing environmental variables such as light, temperature,
precipitation, and wind (Lusk, 2004; Körner, 2007; Fajardo and
Piper, 2011; Spasojevic et al., 2014). If different species have
contrasting responses to environmental gradients or life stages,
this could lead to species crossover (Figure 1); i.e., shifts in trait
value rankings between species along an environmental gradient.
Species crossover in turn could affect the utility of generalizing
plant trait responses, and subsequently community assembly in
distinct or changing environments. Despite the fact that such
trait shifts may have consequences for community composition,
functional diversity and ecosystem processes (Violle et al., 2012),
ITV is rarely considered and often explicity removed from studies
(Pérez-Harguindeguy et al., 2013).

Major sources of ITV include environmental gradients such as
temperature and light (Lusk, 2004; Albert et al., 2010; Jung et al.,
2014; Burton et al., 2017), however, its impact across moderate
environmental gradients has been shown to be insufficient to
cause species crossover, suggesting that using a single mean
value for a specific trait may be valid. Specific leaf area (SLA)
and stem specific density (SSD) have previously shown lower
ITV across environmental gradients of temperature and light,
while leaf nitrogen and phosphorous content (LNC, LPC) have
been shown to be more variable across environmental gradients
(Siefert et al., 2015; Luo et al., 2016; Burton et al., 2017; Roos
et al., 2019; Umaña and Swenson, 2019; Dong et al., 2020).
Globally, the influence of light on leaf trait plasticity has also been
understudied (Keenan and Niinemets, 2016), and within species
trait-trait relationships may run counter to the LES in response
to light (e.g., lower SLA with increasing light, Burton et al.,
2017). For example, Anderegg et al. (2018) concluded that LES
leaf trait covariation is scale dependent and supported by weak
physiological tradeoffs that may be overwhelmed by intraspecific
trait plasticity. Understanding how ITV of important functional
traits is organized by major sources of trait variation across
environmental gradients is thus vital for understanding its
relevance in structuring current and future plant communities.

In this study, we measured the degree of trait covariation
and the importance of intraspecific trait variation in overstory
and understory communities across environmental gradients (in
climate and canopy openness) spanning five mountains and
four states in the northeast United States. We examined nine
functional traits associated with leaf, stem, and structural trait
dimensions (Table 1; Weiher et al., 1999; Wright et al., 2004;
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FIGURE 1 | Hypothetical responses of specific leaf area (SLA) across an environmental gradient. In communities where species traits respond equivalently to a

climate variable across species and their developmental stages, (A) mean trait values (shown as full or dashed lines) will parallel one another across the environmental

gradient. (B) Species with differing responses to a climate variable (equally across life stages) may show shifts in trait rankings along an environmental gradient, or

over time in a changing environment, resulting in species crossover. (C) Species whose responses are based on developmental stage may show contrasting

patterns of species crossover. (D) Species may show more complex trait rank shifts if developmental stages have differing responses to a climate variable.

TABLE 1 | Hypothesized trait value responses of specific plant traits to gradients in elevation, canopy openness, and developmental stage1.

Plant trait Trait dimension Increasing

elevation

Increasing

canopy openness

Advancing

developmental stage

References

Specific leaf area (mm2 g−1) Leaf economics (LES) – – + Poorter and Nagel, 2000;

Wright et al., 2004; Keenan

and Niinemets, 2016;

Midolo et al., 2019

Leaf dry matter content (mg g−1) Leaf economics (LES) + + + Poorter and Nagel, 2000;

Niinemets, 2001; Wright

et al., 2004

Leaf nitrogen concentration (%) Leaf economics (LES) – – ? Wright et al., 2004; van de

Weg et al., 2009; Midolo

et al., 2019

Leaf phosphorous concentration (%) Leaf economics (LES) 0 – ? Wright et al., 2004; van de

Weg et al., 2009; Midolo

et al., 2019

Leaf area (cm2) Plant size, energy

balance

– – + Poorter and Nagel, 2000;

Keenan and Niinemets,

2016; Midolo et al., 2019

Stem specific density (g cm−3) Wood economics + – + Poorter and Nagel, 2000;

Chave et al., 2009

Leaf nitrogen per unit area (mg cm−2) Leaf economics – + – Niinemets et al., 2015;

Keenan and Niinemets,

2016

Leaf N:P ratios (N:P) Leaf economics ? ? + Niklas et al., 2005; van de

Weg et al., 2009; Reich

et al., 2010

Branch diameter (cm) Architectural

constraints

– + + White, 1983; Messier et al.,

2017a,b

Branch angle (degrees) Architectural

constraints

– + + White, 1983; Messier et al.,

2017a,b

1Plus signs denote an expected increase in trait value, minus signs denote an expected decrease in trait value. zeros denote trait value shifts not expected to be significant,

and question marks denote responses with conflicting or insufficient literature support. Units of plant traits are shown in parentheses.
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Pérez-Harguindeguy et al., 2013) and how they respond to
environmental variability across a topo-climatic gradient to
address the following questions: (1) Which trait dimensions
are present at local scales in montane forests? (2) How is
trait variation partitioned within and among tree taxa? (3)
How do traits vary across large environmental gradients of
temperature and canopy openness vs. growth stage (overstory
trees compared to seedlings and saplings)? We then tested the
following hypotheses:

H1: Three recognized trait dimensions (i.e., LES, wood
economic spectrum, and architectural restraints) will be
weakly represented and driven by differences between
temperate and montane boreal communities.

H2: Trait variance partitioned to a taxon is negatively
proportional to its scale (i.e., finer taxonomic classifications
are responsible for less variation), and with the exception
of leaf chemical traits, relatively little variance would be
proportioned as ITV.

H3: Environmental variables will impact trait values uniformly
by species, resulting in distinct shift in trait values over the
measured gradients but no species crossover (i.e., changes in
trait rankings across the environmental gradient).

MATERIALS AND METHODS

Study Areas
This study was conducted within and between transects located
along elevational gradients on each of five mountains (Mount
Bigelow, Mount Whiteface, Mount Madison, Mount Abraham,
and Killington Peak) located in four northeastern United States
states (Maine, New York, New Hampshire, and Vermont),
at elevations ranging from 400 to 1,150 m above sea level
(masl). Northern hardwood forests generally occur at lower
elevations and primarily consist of shade tolerant species
like sugar maple (Acer saccharum), American beech (Fagus
grandifolia), and eastern hemlock (Tsuga canadensis), with
occasional inclusions of red maple (Acer rubrum) and striped
maple (Acer pensylvanicum). These temperate forests transition
to Appalachian spruce-fir forests dominated by shade tolerant
boreal species such as red spruce (Picea rubens), balsam fir
(Abies balsamea). Species found in association with northern
hardwood and high elevation conifer forest communities include
shade intolerant species such as paper birch (Betula papyrifera),
mountain paper birch (Betula cordifolia), American mountain-
ash (Sorbus americana), and quaking aspen (Populus tremuloides)
and mid-tolerants such as yellow birch (Betula alleghaniensis)
and black cherry (Prunus serotina). The elevation of the ecotone
depends on latitude, and it decreases on average 100 masl for
every 1◦ increase in latitude (Cogbill and White, 1991). Here, the
elevation of the ecotone ranged between 690 to 910 masl (Wason
and Dovciak, 2017), depending on the mountain sampled,
with an average ecotone elevation around 785 masl. Average
annual temperatures across all sites ranged from 2 to 5.8◦C
(based on 1961–1990 climate normals, ClimateNA), however,

the region has experienced an average climate warming of
0.25◦C per decade since 1970, with climate projections predicting
sustained warming (Hayhoe et al., 2007; Huntington et al.,
2009). Soils generally consisted of spodosols of pH 5–6 at
lower elevations, which became more acidic and shallower with
increasing elevation; soil organic matter also increased with
increasing elevation (Siccama, 1974).

Study Design and Field Sampling
To determine patterns of trait variability, we collected leaf
and stem samples of each species present within previously
established transects (Wason and Dovciak, 2017), and in forest
gaps adjacent to these transects (Beeles et al., 2021), at three
distinct stages of plant development (i.e., seedlings, saplings,
and mature trees). Transects were previously established running
along a contour line of constant elevation; six transects ranging in
elevation from 500 to 1,000 masl were located on each mountain
(or 600–1,000 masl on Killington Peak and Mount Abraham,
where suitable stands were not present at 500 masl). All transects
at Mount Bigelow, Mount Abraham, and Killington Peak were
sampled, however, the 1,000 masl site on Mount Whiteface, and
the 700 masl site on Mount Madison were not sampled due to
logistical constraints that limited site access. In total, 26 transects
were fully sampled. The species sampled were determined before
entering the field; for each transect, we selected the species with
the highest relative dominance (measured as relative basal area)
within a transect, then selected species with successively less
relative basal area within a transect, until 80% of the cumulative
relative species dominance for the transect was met (Pakeman
and Quested, 2007). Relative species dominances within each
transect were previously collected in subplots for mature trees
using the point centered quarter method, as described in
Wason and Dovciak (2017) (Supplementary Figure 1). This
sampling design is premised on the mass ratio hypothesis, which
predicts that a species contribution to community function is
proportional to its relative dominance (Grime, 1998); sampled
species number thus varied between transects (2–7 species) based
on their species composition. Mature trees within a transect
were sampled by selecting accessible trees > 10 cm in DBH, as
determined by a visual inspection of trees present. Additionally,
species were opportunistically sampled between transects if they
represented an individual at the climatic limit of that species’
range on a mountain to maximize the sampled climate range.
A full list of species, along with the elevation and climatic range
they were sampled within, is included in Supplementary Table 1.

We collected samples of tree seedlings and saplings from
each species within the established transects and associated gap
plots. Seedling and sapling size cutoffs were based on established
diameter at breast height (DBH)measurements used for previous
vegetation surveys (Cottam and Curtis, 1956; Holway et al.,
1969); seedlings were classified as < 2.5 cm DBH, saplings were
classified as between 2–10 cm DBH. Species relative dominances
for saplings were determined previously (Beeles et al., 2021); we
thus used the same 80% cumulative relative species dominance
method as described previously for mature trees to determine
which saplings to measure. Seedling dominances within each
transect were previously measured as frequency; we sampled
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up to the five most frequent species per transect, which in
all cases exceeded 80% of the cumulative relative frequency
for each transect. We sampled tree seedlings and saplings
within the closest associated forest gaps located adjacent to each
transect. Canopy gaps were previously identified using satellite
imagery. Climate normals (1981–2010) for each GPS location
associated with sampled individuals were generated using annual
temperature estimates for each sample point were generated
using ClimateNA (Wang et al., 2016). In total, one sample,
consisting of a branch with multiple leaves or several hundred
needles, was taken per target species, canopy condition, and life
stage for each transect. Seedling and saplings that represented
the climatic limit of that species’ range on a mountain were also
sampled, as previously described for mature trees.

Field Measurements
Fully expanded leaves still connected to their twig (to minimize
water loss) were collected from understory trees using garden
shears, while canopy leaves were collected using the shotgun
method. Most samples collected were of healthy leaves, however,
leaves were occasionally sampled that exhibited evidence of insect
damage or disease; in these cases, the healthiest leaves from the
collected sample were selected for traits analysis. Samples were
wrapped in a moist paper towel, put into a plastic bag, and stored
in a cooler with ice. Branch angle was measured in the field on
attached foliage using a protractor on the first branch that was
leafless at its base but bore secondary branches that had leaves.
Branch diameter was recorded as an average of two perpendicular
measurements to the nearest 0.1 mm, taken directly below where
branch angle was measured, using calipers in the field. Plant
height was measured as distance from the ground to the highest
live tissue using a meter stick for seedlings and saplings, and
a range finder for mature trees. GPS points were taken within
15 m of each sampled plant, and forest canopy density was
quantified using a densiometer. Densiometer readings were taken
approximately 1.4 m off the ground and above each plant,
unless several suitable plants were located within 2 m of one
another, when readings were taken at an average distance between
sampled plants. No densiometer readings were taken for canopy
trees. Densiometer measurements were generalized by separating
samples into quintiles before statistical analyses to include canopy
trees within the dataset, which were assumed to be in the highest
canopy openness quintile (80–100%). More information on leaf
and stem sampling procedures can be found within established
protocols (Pérez-Harguindeguy et al., 2013).

Lab Traits Measurement
All traits were measured using protocols described previously
(Pérez-Harguindeguy et al., 2013). Fresh leaves were weighed,
dried at 60◦C for a minimum of 72 h, and reweighed. Leaf
images was taken using a flatbed scanner set at 300 DPI and
were measured for leaf area using ImageJ (Schindelin et al.,
2012). A total of four leaves per plant was used as the unit
of replication for all leaf traits, except for conifer species and
broadleaved samples with excessively small leaves, where a mass-
based cutoff was used (2 g fresh-weight) to ensure adequate
sample for chemical analyses. Stem samples were collected either

by clipping an approximate 10 cm sample of branch tissue using
garden shears for stem specific density, or by using an increment
borer for trunk sapwood density. For stem specific density
samples, surface detritus (i.e., lichens, loose bark, cobwebs, etc.)
was removed, and stem volume was measured using the water-
displacement method. For trunk sapwood density samples, tree
cores had their sapwood measured for volume using the water-
displacement method. Branch and stem samples were weighed,
dried at 70◦C for a minimum of 72 h, and reweighed to calculate
stem specific density. Leaves were dried and ground with a
ball grinder, and sent to Brookside Laboratories (New Bremen,
OH, United States) for tissue chemistry analysis (specifically
nitrogen and phosphorous) using the dry-ashing method. While
leaf nitrogen per unit mass (LNC) is most commonly used metric
for examining leaf nitrogen, leaf nitrogen per unit area (Narea) is
known to demonstrate high plasticity with respect to light levels;
thus, both LNC and Narea were thus examined in all analyses due
to the wide variety of light conditions within the study (Ellsworth
and Reich, 1993; Niinemets et al., 2015; Keenan and Niinemets,
2016).

Climate Data
All climate metrics were obtained from PRISM climate data
covering the period 1961–1990 that were down-scaled using
the spatial interpolation software Climate NA, based on an
tree samples’ geographic coordinates and elevation as recorded
by handheld GPS (Wang et al., 2016; PRISM Climate Group,
Oregon State U, 2020). Potential evapotranspiration (PET) was
selected as the relevant climate metric from the available climate
variables because it incorporates temperature, humidity, and
solar radiation; PET was estimated using Hargreaves reference
evaporation metric (Hargreaves and Allen, 2003).

Statistical Analyses
Non-metric Multidimensional Scaling

We used non-metric multidimensional scaling (NMS) to
characterize inter- and intraspecific relationships among traits.
NMS is a highly flexible non-parametric ordination method
preferred for studies exploring patterns withinmultiple responses
that do not meet parametric assumptions. All multivariate
analyses were completed using software PC-ORD, version 7,
using the workflow described by Peck (McCune and Grace,
2002 p.; Peck, 2016). The main and second matrices were
first relativized by maximum to scale our responses prior
to using the autopilot function to determine the appropriate
dimensionality for the analysis. The autopilot was set to medium
and was run four times to assure consistent results. Comparisons
between the scree plots of these separate runs suggested that
a two-dimensional NMS was appropriate. We then reran the
NMS procedure four times at two dimensions and compared
ordinations and randomization tests; any runs with excessive
stress or large p-values were rejected and rerun. Stress vs. iteration
numbers were also examined between runs to ensure the number
had stabilized. Once all NMS analyses showed consistent results,
the run with the lowest stress was selected for interpretation. The
resulting ordination was plotted using PC-ORD software, with
the functional traits overlaid using the biplot option. The NMS
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itself was run on a subset of the collected data (408 samples)
excluding branch architecture traits and any samplesmissing data
for the included functional traits or explanatory variables. The
data subset excluded architectural traits as the sampling of these
traits was restricted to seedlings and saplings.

Variance Partitioning Analysis

We used linear mixed effects models to determine the taxonomic
levels responsible for functional trait variation and importance
of intraspecific variation, using the R package “lmerTest”
(Kuznetsova et al., 2017). Models were set with a fixed
intercept and nested random effects for division (angiosperm
vs. gymnosperm), order, family, genus, and species, following
established procedures (Burton et al., 2017; Messier et al.,
2017a). Residual variation from these models was interpreted as
intraspecific variation. Variance components were summed, and
each taxonomic level value was divided by the total to yield a
percent variance explained. Variance partitioning analyses were
performed in R Studio version 4.0.3 (R Core Team, 2020).

Guided Stepwise Linear Mixed Effects Model

Selection

We used a model comparison and selection process (Burnham
and Anderson, 2003) to assess the influence of light, climate
conditions, and plant development on trait variation within
species. We used a stepwise process to compare a limited number
of plausible linear mixed effects models that added terms in order
of their empirical support in previous studies (Burton et al.,
2014; Pettit et al., 2019). We compared model AICc values, a
bias corrected version of Akaike’s information criterion (AIC) for
small samples to determine best-fit models, using the R package
“AICcmodelavg” (Mazerolle, 2020). Models that did not differ
substantially (1 AICc < 2), the simpler of the two models was
selected. If adding any additional fixed effects did not improve
the model, the model from the previous step in the selection
process was used to compare subsequent models.We additionally
estimated and compared the variance explained by included fixed
effects (marginal; R2

m) and the full model (conditional; R2
c)

to determine the importance of the included fixed effects in
explaining trait variation (Nakagawa and Schielzeth, 2013). We
also calculated semi-partial R2’s (R2

β), which measure the relative
contributions of fixed effects relative to other variables within a
linear mixed effects model (Edwards et al., 2008).

To account for the study’s sampling design, models included
nested random effects for sample location (e.g., elevation contour
within mountain of origin) when the trait data supported nested
random effects. If, at the beginning of the model selection
process, a model’s random effects structure was too complex
for the trait data to support, we only included mountain as
a random effect for all successive models. The random effect’s
structure was thus held constant when comparing between the
null model and alternatives of a single plant trait. Because
of occasional inconsistencies in trait sampling, some samples
lacked information for certain traits or environmental data. Trait
models were thus selected using samples with complete trait and
environment data, causing the sample size for each species to
differ between traits. A summary of the sample number by species

and trait for each linear mixed effects model can be found in
Supplementary Table 2. All stepwise linear mixed models were
created and analyzed in R Studio version 4.0.3 (R Core Team,
2020).

Step 1: Species—First, we compared a null, intercept only
model to a model using species as a main effect. Because the
study was designed to assess species trait variation, controlling
for species was the first and most important step in the model
selection process. The best model from this step was carried
forward to step two.

Step 2: Canopy openness—Next, we assessed alternative
models that examined different hypotheses involving the
importance of fine scale effects in light availability. We examined
the effect of light availability by adding a fixed effect representing
quintiles of canopy openness to the model and examined the two-
way interaction of canopy openness and species. Additionally,
we tested for the possibility of species cross-over by comparing
models with and without interaction terms between species and
the variable of interest. The best model (1AICc< 2, if any) from
step two was carried forward to step three.

Step 3: Climate—The effect of climate was examined using
an annual average of PET. As before, we assessed two-way
interactions between climate and other fixed effects if they were
included as main effects within the best-fit model from the
previous step. To test the hypothesis that trait relationships to
climate depend on light availability, we additionally examined
a model with two-way interactions between climate and canopy
openness. Any model including a climate and light interaction
assumed all species respond similarly to interactions between
light and climate to a model with a three-way interaction
(i.e., species × climate × light) that allows individualistic
responses among species.

Step 4: Development—Lastly, we compared alternativemodels
that added effects for plant development to the best-fit model.
The effect of plant development was assessed using a categorical
variable for life-stage based on the study’s sampling design (i.e.,
seedling, sapling, mature trees). We also compared potential
two-way interactions with life stage and any other included
fixed effects. We examined all two-way interactions between
fixed effects because they appeared to represent ecologically
valid hypotheses.

Best-fit models containing interaction terms provide potential
evidence for species crossover. To further examine such
models containing significant species interactions, we ran a
series of post hoc pairwise comparisons of the estimated
marginal means (i.e., predicted model averages within a
model’s reference grid, where all combinations of factor
levels within a model are calculated), using the R package,
“emmeans” (Lenth et al., 2021). Results from the pairwise
comparisons of these estimated marginal means were then
adjusted using the Benjamini–Hochberg false discovery rate
adjustment for multiple comparisons to minimize the possibility
of type 1 error (Benjamini and Hochberg, 1995). This
multiple correction type was an appropriate correction method
because of the high number of comparisons performed
that, given the size of the dataset, would force alternative
methods to be overly conservative and inflate type 2 error.
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All post hoc analyses were performed in R studio 4.0.3
(R Core Team, 2020).

RESULTS

Trait Dimensions
The ordination of functional traits showed a clear delineation
between gymnosperm samples with negative PC scores, and
angiosperm samples with neutral and positive PC scores, as
well as a delineation as between temperate and high-elevation
conifer forest communities (Figure 2A). The overlay of traits
in the ordination confirms the first axis was associated with
the LES; deciduous angiosperms with short leaf lifespans had
acquisitive traits including higher SLA, LNC, while evergreen
conifers with long leaf lifespans had conservative traits with
opposite trends. This axis explains most of the variation within
the ordination (r2 = 0.79, i.e., 79% of explained variance). The
second axis explained a small but significant component of
variation within the ordination (r2 = 0.13) and was primarily
associated with SSD and N:P. This second axis was related
to environmental variation and differences in traits between
life stages (Figures 2B,C, respectively). There was considerable
overlap between species within phylogenetic divisions (i.e.,
angiosperms and gymnosperms); however, there was noticeable,

systematic variation in samples due to canopy openness and life
stage. Species exhibiting similar life strategies also appeared to
cluster together; for example, shade-intolerant angiosperms such
as S. americana were more related in multivariate trait space with
each other than to shade-tolerant species such as A. saccharum
and F. grandifolia. Three traits, LDMC, LPC, and Narea, were
influenced by both axes of the ordination.

Influence of Intraspecific Trait Variation
Between Traits
The relative importance of ITV ranged from 8% for leaf area
to 68% for branch angle, with a majority of trait variation
concentrated at the division level between angiosperms and
gymnosperms (Figure 3). Analysis of trait variation across taxa
showed that with the exception of branching angle, interspecific
trait variation exceeded ITV. Most traits had less than 50%
of their variance explained by ITV; however, influence of ITV
was not consistent among traits. Traits related to LES typically
were less variable within species ITV, while traits related to
architectural constraints and stem economic spectrum were
more variable within species. Some traits showed no variation
explained by certain taxonomic levels due to the low species
diversity of the studied transitional temperate-boreal ecotone
forests, where an individual species may also be the only
representative of an entire family.

FIGURE 2 | Ordination of functional traits in relation to different taxonomic and structural groupings. (A) Ordination of individual trees by community type with

functional traits overlaid. (B) Canopy openness for individual trees is highlighted using circle size, with species identified by color. (C) Life stage of individual trees is

highlighted using circle size, with species identified by color. Sample size within the ordination is shown in the legend next the scientific name of the species. Trait

acronyms; Specific leaf area (SLA), leaf area (LA), leaf dry matter content (LDMC), leaf nitrogen concentration (LNC), leaf phosphorous concentration (LPC), leaf

nitrogen per unit area (Narea), stem specific density (SSD), leaf nitrogen to phosphorus ratio (N:P).
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FIGURE 3 | Variance decomposition of measured leaf and stem economic

traits across different taxonomic levels from communities spanning the

temperate-boreal ecotone of the northeast United States.

Trait-Environment Relationships
Leaf economics: Variation in traits associated with leaf economics
were primarily driven by differences between species based
on semi-partial coefficients (R2

β, ranged from 0.096 to 0.981),
however, all leaf traits were also related to other variables
(Figure 4 and Table 2). The selected models for SLA, LNC,
Narea and LPC indicated that variance was also related to canopy
openness (R2

β = 0.132, 0.083, 0.063, and 0.188, respectively), with
LNC additionally being influenced by climate (R2

β = 0.121), and
SLA and Narea additionally being influenced by life stage (R2

β

= 0.112 and 0.091, respectively). SLA, LNC, and LPC decreased
with increasing canopy openness, while Narea increased with
increasing canopy openness; the trends in SLA and Narea with
increasing light are noteworthy because within species trends
become more acquisitive with increasing light, running counter
to the global LES. The selected models for LDMC and N:P
were weakly related to light (R2

β = 0.055 and R2
β = 0.012,

respectively), life-stage (R2
β = 0.008 and 0.002, respectively),

and interactions between species and life-stage (R2
β = 0.107

and 0.099, respectively). Model estimates for both LDMC and
N:P increased with increasing canopy openness. Subsequent
ANOVA’s of LDMC and N:P ratio best-fit models showed
evidence for significant interactions of species with life-stage for
N:P, and LDMC (p < 0.05), suggesting the possibility of species
crossover. To examine the potential for species crossover further,
we ran a post hoc analysis of the estimated marginal means for
the interactions within these models, using a false discovery rate
adjustment for multiple comparisons. There was no evidence for
consistent species trait rank shifts for N:P; for LDMC, several
species whose trait values were equivalent as seedlings diverged
in mature trees (Table 3). However, while there may be evidence
for separate slopes models for LDMC and N:P, no changes in trait
values with life stage resulted in species crossover.

Stem economics: Variation in traits associated with stem
economics (i.e., SSD) was influenced by species (R2

β = 0.268)
and weakly influenced by life-stage (R2

β = 0.063).

Architectural constraints: Variation in traits associated with
architectural constraints were also primarily driven by differences
between species (R2

β ranged from 0.096 to 0.27), with branch
diameter exclusively being driven by differences between species;
however, branch angle was influenced by life-stage (R2

β = 0.005),
and additionally by an interaction between species and life-stage
(R2

β = 0.018).

Variation Explained by Fixed Effects
Best-fit models had fixed effects that explained between 14 and
98% of total variance (Table 2). Marginal R2 values across
all models were generally large, suggesting that only a small
proportion of variation was due to the random effects. Only
the LPC and N:P ratio models were improved by more than
20% by including random effects. Adding species as a fixed
effect resulted in the largest improvement for all models. Except
for the species and light interaction in the LDMC model, all
subsequent model terms increased the variance explained by
less than 10%. Light was the next most significant fixed effect
in most models, explaining an additional 1–7% more variance
when included. Climate and life-stage were the least important
variables included in the model, contributing relatively equal
amounts of explanatory power in models. Significant species–
variable interactions indicative of species crossover were present
in the best-fit models of three traits (LDMC, branch angle, and
N:P ratio); however, only the interaction between species and
light in the LDMC best-fit model substantially increased the
variance explained by the model.

DISCUSSION

Our results showed that despite intraspecific variation in LES
traits, tree species spanning the montane temperate-boreal
ecotone in the northeastern United States were primarily
distinguished along the leaf economics spectrum (LES). Within
species variation in LES traits along gradients of light ran
counter to the global LES (i.e., increases in resources resulted
in shifts toward the conservative rather than acquisitive end of
the LES). A second dimension reflected inter and intraspecific
variation in leaf N:P and stem SSD. Levels of intraspecific
trait variability (ITV) were generally low and related to climate
and light, and differed among seedlings, saplings and overstory
trees. Traits related to leaf chemistry, stem economics and
branching architecture had higher levels of ITV, which may
warrant consideration in future studies. Overall, there was very
little evidence of trait crossover, suggesting species maintain
competitive hierarchies across Leaf N:P and SSD gradients in
climate conditions and resources assessed here.

Our multivariate analysis provided strong evidence for a LES
despite the local spatial scale of our study. Variation in traits along
the LES contrasts acquisitive fast-growing species with relatively
short-lived leaves from slower growing species that use resources
more conservatively (Wright et al., 2004). Interestingly, both
temperate and boreal species were distributed along the LES,
suggesting in this case leaf economics traits are not associated
with temperature. Rather, acquisitive (i.e., shade intolerant)
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FIGURE 4 | Estimated relationships of measured functional traits to gradients of light. Lines show model estimates for each species from the best-fit model for (A)

specific leaf area (SLA), (B) leaf dry matter content (LDMC), (C) leaf nitrogen concentration (LNC), (D) leaf phosphorous concentration (LPC), (E) nitrogen to

phosphorous ratios (N:P ratio), and (F) leaf nitrogen per unit area (Narea).

species with low SLA, LDMC, and high LNC, may be favored
in early-seral forests, and on more nutrient rich soils while
conservative (i.e., shade tolerant) species may be outcompeted in
these circumstances (Reich et al., 1998; Weng et al., 2017). This
observation is consistent with Wright et al. (2004), who observed
that variation in leaf economics traits locally mirrored global
variation and Álvarez-Yépiz et al. (2017), who found that some

LES traits were influenced by environmental gradients. However,
our results contrast with results of some previous studies of
similar forests at local scales, which presented weak relationships
between traits associated with the global LES and also showed
architectural traits as indicators for complex physiological
tradeoffs (Messier et al., 2017a,b). The response we observed
appears to be driven primarily by the separation between resource
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TABLE 2 | Comparison of delta AICc (the difference between AICc values of an

alternate model against the best-fit model for a given trait), Akaike weights (w),

and marginal R2 (R2
m) and conditional R2 (R2

c) of best-fit trait models from each

model selection step, where models with an 1AICc of 0 are the best-fit model for

a given trait.

Model selections 1AICc w R2
m R2

c

Leaf dimension

Specific leaf area (SLA)1

Null model 638.52 >1.0E-24 0 0.14

Species 240.72 >1.0E-24 0.69 0.72

Species + canopy openness 27.94 8.53E-07 0.81 0.84

Species + canopy

openness + PET

44.15 2.58E-010 0.81 0.84

Species + canopy

openness + life stage

0 0.99 0.83 0.86

Leaf area (LA)2

Null model 2049.69 >1.0E-24 0 0.03

Species 6.14 0.04 0.98 0.98

Species + canopy openness 11.35 3.26E-03 0.98 0.98

Species + PET 11.37 3.22E-03 0.98 0.98

Species + life stage 0 0.95 0.98 0.98

Leaf dry matter content

(LDMC)1

Null model 773.1 >1.0E-24 0 0.14

Species 368.79 >1.0E-24 0.54 0.61

Species + canopy openness 212.28 >1.0E-24 0.7 0.75

Species + canopy

openness + PET

217.27 >1.0E-24 0.68 0.74

Species + canopy

openness + Species * life stage

0 1 0.72 0.77

Leaf nitrogen concentration

(LNC)2

Null model 1145.78 >1.0E-24 0 0.07

Species 62.55 2.61E-14 0.77 0.78

Species + canopy openness 44.31 2.38E-10 0.79 0.8

Species + canopy

openness + PET

0 0.97 0.76 0.83

Species + canopy

openness + PET + life stage

11.66 2.93E-03 0.76 0.83

Leaf phosphorous

concentration (LPC)1

Null model 397.65 >1.0E-24 0 0.29

Species 63.67 1.24E-14 0.51 0.73

Species + canopy openness 0 8.30E-01 0.58 0.78

Species + canopy

openness + PET

11 3.39E-03 0.55 0.78

Species + canopy

openness + life stage

3.21 1.66E-01 0.58 0.78

Nitrogen to phosphorous

ratio (N:P)1

Intercept only 299.87 >1.0E-24 0 0.34

Species 60.88 6.01E-14 0.3 0.69

Species + canopy openness 30.98 1.88E-07 0.33 0.72

Species + canopy

openness + PET

40.56 1.56E-09 0.33 0.72

Species + canopy

openness + life stage

33.13 6.41E-08 0.33 0.72

Species + canopy

openness + life

stage + species*life stage

0 1 0.36 0.75

Leaf nitrogen content by leaf

area (Narea)1

Intercept only 765 >1.0E-24 0 0.13

Species 107.29 5.05E-24 0.83 0.84

(Continued)

TABLE 2 | (Continued)

Model selections 1AICc w R2
m R2

c

Species + canopy openness 24.71 4.30E-06 0.86 0.88

Species + canopy

openness + PET

37.38 7.65E-09 0.86 0.88

Species + canopy

openness + life stage

0 1 0.87 0.89

Stem economics dimension

Stem specific density (SSD)2

Intercept only 38.64 4.00E-09 0 >0.01

Species 8.7 0.013 0.26 0.28

Species + canopy openness 23.74 6.90E-06 0.26 0.29

Species + PET 26.61 1.64E-06 0.3 0.33

Species + life stage 0 0.99 0.3 0.33

Architectural constraints

dimension

Branch angle (BA)2

Intercept only 90.39 2.35E-20 0 0.03

Species 39.56 2.57E-09 0.09 0.14

Species + canopy openness 43.64 3.33E-10 0.1 0.15

Species + PET 47.22 5.57E-11 0.09 0.14

Species * life stage 0 1 0.16 0.2

Branch diameter (BD)2

Intercept only 46.11 >1.0E-24 0 >0.01

Species 0 0.51 0.36 0.4

Species + canopy openness 2.37 0.16 0.39 0.43

Species + PET 15.16 2.62E-04 0.36 0.38

Species * life stage 0.86 0.33 0.41 0.44

1Trait models had a nested random effects structure that accounted for both

mountain and transect of sample origin.
2Trait models had a random effects structure that only accounted for mountain

of sample origin. Best -fit models are shown in bold.

conservative gymnosperms and resource acquisitive angiosperms
in the multivariate space. Inclusion of temperate gymnosperm
species, such as T. canadensis, and montane boreal angiosperm
species (all deciduous), such as B. cordifolia and S. americana, also
maintain the LES within each forest community type. Funk and
Cornwell (2013) suggest that the strength of the LES depends on
the variation in community leaf lifespan; although not explicitly
quantified within this study, the difference in lifespan between
evergreen and deciduous trees provided a plausible explanation
for the observed results and supports previous literature that
found similar results in temperate understory plant communities
(Funk and Cornwell, 2013; Burton et al., 2020). Interestingly, we
also saw leaf area aligned along the same axis as the LES, despite
leaf area generally being independent of the LES and instead
representing tradeoffs between energy balance and architecture
constraints (Ackerly et al., 2002; Díaz et al., 2016; Wright et al.,
2017). The coordination of leaf area with LES traits is likely also
related to the dichotomy between angiosperm and gymnosperm
leaf anatomy.

The second axis in the ordination showed a dimension
orthogonal to the LES, which is not related to the division
between angiosperms and gymnosperms. This axis is primarily
structured by variation in leaf N:P ratios and SSD; high
levels of intraspecific variation in these traits may thus be
influencing this axis. First, N:P is also influenced strongly with
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nutrient availability (Güsewell, 2004; Reich and Oleksyn, 2004),
which is known to vary across the northeastern United States
from a combination of parent material weathering and N
deposition (Richardson, 2004; Crowley et al., 2012). Second,
SSD increases as trees transition from seedling to sapling and
overstory trees. Recent global studies of community level trait
covariation have found that at the community level, SSD and
N:P are more strongly influenced by environmental variables
than other commonly studied plant traits, with SSD increasing
with PET and N:P increasing with growing-season temperature
(Bruelheide et al., 2018).

Our variance partitioning analysis showed that most leaf traits
generally had low levels of ITV, indicating that differences in trait
values were primarily driven by taxonomic differences and not
responses to environmental conditions. These trends generally
correlate with previous research (Burton et al., 2017; Anderegg
et al., 2018). The majority of interspecific trait variation was
explained at the division level; however, there were considerable
differences among traits. Stem and architecture traits had greater
levels of intraspecific trait variation. Architectural traits are
known to be highly plastic in response to resource availability;
for example, branching angle increases with light (White, 1983;
Ackerly and Donoghue, 1998; Messier et al., 2017a). However, we
were unable to assess branching architecture traits from mature
trees because of the logistical constraints involving sampling the
forest canopy. Because these traits showed some of the highest
levels of ITV of the traits measured, and that plant architecture
traits have been previously shown to indicate tradeoffs in plant
life strategy (Messier et al., 2017a), more research is required to
determine how these traits vary over the plant’s lifespan.

In contrast with expectations based on the global LES
which contrasts acquisitive species with high SLA, LNC
from conservative species with high LDMC, SLA and LNC
decreased while LDMC increased with light. These trends have

been noted previously (Burton et al., 2017), and may result
from physiological tradeoffs that lead to context dependent
relationships between traits and resource utilization (Anderegg
et al., 2018). Increased SLA in shade may result in more efficient
light harvesting per unit biomass (Lusk et al., 2008; Burton et al.,
2017) while increases in Narea and LDMC in conjunction with
lower SLA in canopy openings reflect increases in photosynthetic
capacity (and resource acquisition). As expected, trait models
were most improved by accounting for taxonomy; however,
variation within species was also related to light for many
traits assessed here. Our study thus reiterates the importance of
accounting for light in trait studies at local spatial scales within
forest ecosystems.

Within species, leaf nitrogen content (LNC) decreased with
potential evapotranspiration (PET) and associated increases in
mean annual temperature (and decreases in elevation). This trend
may reflect plant’s ability to increase photosynthetic capacity at
higher elevations whenever growing seasons are short (Körner,
2007; Reich and Oleksyn, 2004). A legacy of nitrogen deposition
at high elevation in the northeast may also lead to increases in
LNC (Aber et al., 2003). ITV due to climate was also a component
in many best-fit trait models, despite the climate gradient of
our study only spanning a portion of the species’ total realized
niches. Future trait-based studies in similar communities should
thus take ITV into account when examining patterns in LNC,
particularly where the climate gradient is comparable or exceeds
that found in our study.

Despite the LDMC, BA, and N:P best-fit models containing
interactions terms indicative of species crossover, we did not
find much evidence that such trait rank shifts were statistically
significant. Observed trait rank shifts were restricted to instances
where species trait values diverged in older developmental stages.
The most consistent trend was for quaking aspen (Populus
tremuloides) where LDMC decreased with increasing older stages

TABLE 3 | Subset of post hoc pairwise comparisons of the LDMC estimated marginal means across life stage for the selected best-fit model, where trait values

significantly diverge with age1.

Species comparison Difference in estimated marginal means

between factor levels

P value Trend of significance

A. balsamea (Seedling) | P. tremuloides (Seedling) 17.3 NS Trait values diverge with

increasing age

A. balsamea (Mature) | P. tremuloides (Mature) 320.8 0.00017

A. rubrum (Seedling) | P. tremuloides (Seedling) 24.5 NS

A. rubrum (Mature) | P. tremuloides (Mature) 275.1 0.00572

A. saccharum (Seedling) | P. tremuloides (Seedling) 6.9 NS

A. saccharum (Mature) | P. tremuloides (Mature) 248.2 0.00416

F. grandifolia (Seedling) | P. tremuloides (Seedling) 25.9 NS

F. grandifolia (Mature) | P. tremuloides (Mature) 283.5 0.00195

P. rubens (Seedling) | P. tremuloides (Seedling) 46.4 NS

P. rubens (Mature) | P. tremuloides (Mature) 284.7 0.00088

T. canadensis (Seedling) | P. tremuloides (Seedling) 9.5 NS

T. canadensis (Mature) | P. tremuloides (Mature) 322 0.004129

B. papyrifera (Seedling) | B. alleghaniensis (Seedling) 79.3 0.034626 Trait values converge

with increasing age

B. papyrifera (Mature) | B. alleghaniensis (Mature) 8.7 NS

1Species in bold represent the species with the higher trait value within the species comparison.
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relative to other species. Lower LDMC is generally associated
with reduced leaf lifespan and greater potential growth rates
(Ryser, 1996; Wilson et al., 1999) and may thus indicate a shift
in plant strategy toward resource acquisition as the individual
ages. Interpretation of P. tremuloides functional traits may be
confounded by the species’ propensity for polyploidy, which can
modify an individual tree’s structure and physiology based on
ploidy level (Greer et al., 2018). Because the shifts in LDMC
were weak and primarily restricted to a single species, our results
confirm that LDMC in the northeast may be modeled with a
single mean trait value over similar spatial scales.

CONCLUSION

We show here that trees species in northeastern montane forests
are aligned with the leaf economics spectrum (LES) despite
intraspecific variation. That is, variation in light and canopy
openness resulted in within-species variation in LES traits that
runs counter to expectations based on tradeoffs underlying
the LES. Despite this intraspecific variation, trait correlations
underlying the LES explained the majority of variation at the
multivariate level. Interestingly, the LES is not only present at
moderate spatial scales that span the TBE, but consistent within
biomes (i.e., temperate and montane boreal forests). Therefore,
the LES trait dimension may indeed be applicable to local-
scale studies of community assembly in temperate and high
elevation boreal forests. We did not find conclusive evidence
for the presence of other global trait dimensions locally (White,
1983; Westoby et al., 2002; Chave et al., 2009; Díaz et al., 2016;
Messier et al., 2017a). However, other traits not assessed here
could explain additional dimensions of functional differentiation
such as root traits (Kramer-Walter et al., 2016; Ma et al., 2018),
and plant size (e.g., plant height, seed size, Díaz et al., 2016).
The coordination of LES traits suggests that measuring a small
number of associated traits may sufficiently represent plant
performance at local scales. The relative importance of ITV was
not consistent between traits, suggesting it should be evaluated
on a trait-by-trait basis. High levels of ITV for N:P and SSD
may explain the second axis of our ordination; within species
variability in N:P and SSD may thus be more important for
explaining distributions along elevation gradients than other
commonly measured traits. Lastly, we found limited evidence
for species crossover, supporting the findings of previous studies
(Burton et al., 2017). Consequently, single trait values may be
used in future trait-based studies within a similar range of light
and climate conditions, with the exception of trait variation in

life stage for LDMC and N:P, where trait values should take into
account a individuals life stage. Accounting for ITV related to life
stage and environmental variationmay be particularly important,
even in the absence of cross-over, for modeling studies conducted
at smaller spatial scales, such as physiological and gap-based
models of tree growth and forest dynamics.
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