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Ecologists are increasingly developing trait-based models to mech-
anistically project how plant communities and ecosystem functions 
and services will respond to environmental change (Lavorel and 
Garnier, 2002; Laughlin et al., 2011; Madani et al., 2018). Given the 
diversity of traits that can potentially influence plant performance, 
a primary challenge lies in identifying traits that best represent the 
strategies of species in the community (Weiher et al., 1999; Shipley 
et al., 2016; Funk et al., 2017). Evolutionary and biophysical con-
straints can result in trait correlations, such as the worldwide leaf 
economics spectrum (LES) and analogous stem and root spectra 
(Eissenstat and Yanai, 1997; Wright et al., 2004; Chave et al., 2009; 
Ma et al., 2018). These dimensions may be further integrated in a 
single “fast–slow” plant economics spectrum reflecting a coordi-
nated strategy for dealing with multiple forms of stress and resource 
limitation (Grace, 1990; Grime, 2001; Reich, 2014). Alternatively, 

strategies may be high-dimensional as a result of interactions 
among multiple resource limitations (Tilman, 1982; Westoby et al., 
2002; Kraft et al., 2015). However, global-scale relationships may not 
be evident in local communities (Funk and Cornwell, 2013; Kraft 
et  al., 2015; Messier et  al., 2017). Moreover, measuring multiple 
correlated traits and/or traits that do not function to differentiate 
species locally can lead to diminishing returns (Laughlin, 2014). 
Therefore, an understanding of the relationship of trait integration 
and functional differentiation among species within local commu-
nities is required to determine which traits are necessary to repre-
sent ecological strategies in trait-based models.

Integration of traits and trait spectra across resources (i.e., 
light, water, carbon, and nutrients) and organs suggest that strat-
egies of plants can be quantified using a relatively small num-
ber of traits (Reich et  al., 2014). Global dimensions of trait 
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PREMISE: Determining which traits characterize strategies of coexisting species is important 
to developing trait-based models of plant communities. First, global dimensions may not 
exist locally. Second, the degree to which traits and trait spectra constitute independent 
dimensions of functional variation at various scales continues to be refined. Finally, traits 
may be associated with existing categorical groupings.

METHODS: We assessed trait integration and differentiation across 57 forest understory 
plant species in Douglas-fir forests of western Oregon, United States. We combined 
measurements for a range of traits with literature-based estimates of seed mass and 
species groupings. We used network analysis and nonmetric multidimensional scaling 
ordination (NMS) to determine the degree of integration.

RESULTS: We observed a strong leaf economics spectrum (LES) integrated with stem but 
not root traits. However, stem traits and intrinsic water-use efficiency integrated LES and 
root traits. Network analyses indicated a modest grouping of a priori trait dimensions. NMS 
indicated that multivariate differences among species were related primarily to (1) rooting 
depth and plant height vs. specific root length, (2) the LES, and (3) leaf size vs. seed mass. 
These differences were related to species groupings associated with growth and life form, 
leaf lifespan and seed dispersal mechanisms.

CONCLUSIONS: The strategies of coexisting understory plant species could not be reduced 
to a single dimension. Yet, species can be characterized efficiently and effectively for 
trait-based studies of plant communities by measuring four common traits: plant height, 
specific leaf area, leaf size, and seed mass.
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differentiation include the LES (Wright et al., 2004), wood/stem 
(Chave et  al., 2009), and root (Eissenstat and Yanai, 1997; Ma 
et al., 2018) economics spectra, “size-dimension”-associated ar-
chitectural constraints (Corner’s rule, Corner, 1949; White, 1983; 
Díaz et al., 2016; Messier et al., 2017), and seed size–seed number 
trade-off (Moles and Westoby, 2004; Shipley and Dion, 1992). In 
addition to organ-based trait spectra, characterization of whole-
plant traits with stable isotopes (i.e., intrinsic water-use efficiency 
[iWUE] and δ15N) is increasingly contributing to our under-
standing of ecological strategies of plants (Evans, 2001; Dawson 
et al., 2002; Cornwell et al., 2018). Wright et al. (2004) noted that 
the LES represented in local communities generally mirrors that 
represented worldwide, but global scale trait relationships may 
not be present if community-level analyses are completed along 
short gradients or in taxonomically or functionally restricted 
study systems (Funk and Cornwell, 2013; Messier et  al., 2017; 
Anderegg et al., 2018). Therefore, determining how traits and trait 
spectra differentiate species locally is key to selecting which traits 
to measure.

Recent studies have improved our understanding of relation-
ships among a broad range of traits, organs, and trait spectra. Díaz 
et  al. (2016) recently identified two principal independent global 
dimensions of trait variation related to plant size and construction 
costs for photosynthetic leaf area (i.e., the LES), suggesting high lev-
els of integration among traits and a relatively small trait hypervol-
ume. However, it is unclear whether and how these traits and trait 
spectra are integrated with other functionally important aspects 
of trait variation such as root traits (Tjoelker et al., 2005; Liu et al., 
2010; Kramer-Walter et al., 2016), iWUE (Bonal et al., 2007; Li et al., 
2015), and nitrogen discrimination (Laliberté, 2017). More studies 
are required to determine the degree to which these traits and trait 
spectra are integrated or constitute independent dimensions of 
functional variation among species.

There is a plethora of traits that may be important to com-
munity assembly, but continuous trait data are expensive to col-
lect and/or time consuming (e.g., gas exchange). Indeed, project 
constraints frequently limit investigators to the use of functional 
groupings and literature-based traits (Aubin et al., 2009; Neill and 
Puettmann, 2013; Kern et  al., 2014). Therefore, understanding 
how trait syndromes vary among species groupings can inform 
not only trait selection for a given community, but also interpre-
tations of species groupings for studies lacking continuous trait 
data.

Here we assess trait integration and multivariate strategies of 
coexisting forest understory plant species. Understory species 
vary in growth and life form, leaf lifespan, clonality, successional 
status, and seed dispersal, and therefore represent a range of eco-
logical strategies. Our first objective was to determine whether 
or not species were differentiated along a leaf economics spec-
trum. Then we quantified the degree to which LES traits were 
integrated with analogous stem and root economics traits, and 
stable isotope-based whole plant traits. Finally, we determined 
which continuous and categorical traits best distinguish spe-
cies at the multivariate level. We hypothesized that (1) leaf traits 
differentiating species with acquisitive rather than conserva-
tive strategies are linked to analogous stem and root traits (e.g., 
Reich et al., 2014), and as a result, (2) species differentiate in low- 
dimensional space relative to the number of quantitative traits 
assessed (n = 12), and (3) quantitative trait dimensions are related 
to categorical species groupings.

MATERIALS AND METHODS

Study system

We collected trait data from seven sites composed of 60- to 80-yr-
old Douglas-fir [Pseudotsuga menziesii (Mirbel) Franco, Pinaceae] 
stands with varying abundances of western hemlock [Tsuga hetero-
phylla (Rafinesque) Sargent, Pinaceae; 0.4–53.3% basal area, Dodson 
et al., 2014] that have been commercially thinned twice. Sites are dis-
tributed across the western hemlock zone in Oregon, United States 
(Franklin and Dyrness, 1988), spanning a broad geographic (sites 
range between 10 and 245 km apart) and climatic gradient (across 
sites average 2001–2010 mean annual temperatures range from 8.6 
to 11.7°C, mean annual precipitation ranges from 1274 to 2080 mm; 
Wang et al., 2016). The climate is Mediterranean with mild, wet win-
ters and warm, dry summers (Franklin and Dyrness, 1988). Soils 
are well to poorly drained (highly weathered) Ultisols and (younger, 
less structured) Inceptisols and vary widely among sites in nitro-
gen availability (soil mineralization rates range from 80 to 207 mg 
N m−2·30 d−1; Thiel and Perakis, 2009). Thinning treatments were 
applied in a randomized complete block design with one replicate  
of four density treatments at each of seven 94–131-ha sites (Cissel  
et al., 2006). However, this experimental structure did not factor ex-
plicitly into the sampling design or analysis, except for the fact that 
treatments resulted in heterogeneous overstory conditions. Instead, 
we stratified our sampling not across treatments but across a range 
of overstory tree density (measured as basal area) and associated re-
sources and environmental conditions. We used data collected from 
permanent plots (Ares et al., 2009) to select dominant understory 
species and characterize local overstory conditions. More detailed 
information about the experiment, history, soils, and climate has 
been described by Cissel et al. (2006) and Puettmann et al. (2016).

Field data collection

We focused on 12 whole-plant, leaf, stem, and root traits commonly 
used to infer ecological strategies of plants (Table 1). Plant traits were 
sampled in 2015, 3 years following that most recent experimental 
thinning treatment. The mass ratio hypothesis predicts that the con-
tribution of species to ecosystem functions is proportional to their 
relative abundances (Grime, 1998). Therefore, we measured traits of 
species contributing to ≥80% of the cumulative importance (the av-
erage of the relative frequency and relative abundance, measured here 
as percent cover, Curtis and McIntosh, 1951). Plants were sampled in 
plots characterized by high (60+ m2/ha), intermediate (20–60 m2/ha) 
and low (0–20 m2/ha) levels of overstory basal area (a measure of 
overstory cover) at each site. We followed standard protocols (Pérez-
Harguindeguy et al., 2013). Rooting depth was estimated as the verti-
cal distance between the surface of the forest floor and the bottom of 
the excavation hole. For specimens with straight, robust roots, root-
ing depth was measured as the shortest distance between caudex and 
the deepest root segment. All depths were measured to the nearest 
1 cm using a measuring tape. Rooting depth was estimated as 25+ 
cm for specimens with rooting depths >25 cm (e.g., most shrubs). 
Seed mass data were obtained from the Seed Information Database 
(Kew Royal Botanic Gardens, 2018). For more details on trait data 
collection procedures, see Appendix S1.

From foliar δ13C values, we calculated iWUE, accounting for ef-
fects of vertical variation in the atmospheric CO2 isotopic compo-
sition (Buchmann et al., 2002; Burton et al., 2017). Soil δ15N values 
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in forests vary widely in response to local topography, N fixation, 
and disturbance history, which can contribute to variation in plant 
tissue δ15N among sites (Perakis et al., 2011, 2015). To control for 
background soil variation and enable comparisons of δ15N as a trait-
based measure of plant N use, we calculated Δ15N as δ15Nsoil sub-
tracted from leaf δ15N before statistical analysis (e.g., Gubsch et al., 
2011).

Data analyses

Integration of traits and trait spectra—All analyses were based 
on model-estimated species trait values for a common set of re-
sources and environmental conditions (Appendix  S2; Burton 
et  al., 2017). First, we examined bivariate correlations among 
individual whole-plant, architectural, leaf, stem, and root traits 
(Table 1). Relationships among variables were nonlinear, even after 
log-transformation. Therefore, relationship strength was quanti-
fied using Spearman’s rank correlation coefficients (ρ) and associ-
ated p-values. We used network analyses to visualize and quantify 
trait integration by constructing and analyzing our network graph 
using correlations with ρ ≥ 0.5 (Appendix 1; Wright et al., 2006; 
Poorter et al., 2014; Messier et al., 2017). We excluded statistically 
significant correlations with ρ < 0.5 from our network because they 
are generally not expected to have a strong mechanistic basis (e.g., 
Poorter et  al., 2014). Next, we used the Fruchterman–Reingold 
layout algorithm to determine the locations of nodes and edges 
(Fruchterman and Reingold, 1991). We tested whether predefined 
groups of traits (i.e., Table 1) formed distinct modules in the graph 
using the modularity function (Clauset et  al., 2004). Modularity 

(Q) is estimated as the fraction of edges within the defined mod-
ules minus the expected fraction if edges were random. Edges were 
weighted by their correlations (ρ). Q values can range from −1 to 
1 and are positive when the observed number or weights of edges 
within groups exceeds a value expected by chance. We compared 
Q values assessing modulation among a priori trait groupings for 
the observed network (QA) to three alternative models. First, we 
calculated Q for a fully modulated network with perfect correla-
tions (ρ = 1) among traits within each trait group (QM, Fig. 1B). 
Similarly, we compared QA to a completely integrated network 
(QI) with equal, but relatively weak, correlations among all traits 
(ρ = 0.5, Fig.  1A). To examine whether or not the a priori trait 
groupings (i.e., modules) were consistent with the observed trait 
groupings, we calculated QP for a network with modules identified 
post hoc using the cluster walktrap function. This function uses 
random walks to find densely connected subgraphs; short random 
walks between traits with shorter and thicker edges that are lo-
cated near one another tend to stay in the same group or module. 
Finally, we quantified network centrality for traits using the degree 
and betweenness functions. The degree function yields a count of 
the number of edges connected to each node; in other words, how 
many other traits are connected to a given trait. Betweenness mea-
sures the position of a trait between several modules as the number 
of times a node acts as a bridge along the shortest path between two 
other nodes (Brandes, 2001). For example, a trait such as SLA can 
act as a bridge if it connects two other traits that are not directly 
connected (e.g., leaf dry matter content and stem specific density 
[SSD]). Hub traits with high centrality scores can be interpreted to 
have strong effects on plant strategies. All network analyses were 

TABLE 1.  Quantitative whole-plant, leaf, stem, root and seed traits assessed in this study, abbreviation, units, ecological strategy, key resources/environmental 
conditions and references for theory and significance. The ratio of the maximum to minimum observed values indicates the range variation in our data.

Trait Abbreviation Units Max/Min Function(s)

Key resources/ 
environmental 

conditions References

Whole plant            
N discrimination Δ15N ‰ 1.9†  N-use strategy Soil N 1–3
Intrinsic water-use 

efficiency
iWUE μmol CO

2
 /mol H

2
O 2.4 Resource acquisition vs. 

conservation, energy 
balance

Water 4

Leaf            
Specific leaf area SLA   9.9 Leaf economics Soil nutrients, light, water 5, 6
Leaf N content LNC mg/g 2.8 Leaf economics Soil nutrients, light, water 5, 6
Leaf N per unit area N

area
g/m3 8.8 Leaf economics Soil nutrients, light, water 5, 6

Leaf dry matter 
content

LDMC mg dry wt/g fresh wt 5.4 Leaf economics Soil nutrients, light, water 5, 6

Leaf size None cm2 445.0 Architectural constraints, 
energy balance

Soil nutrients, light, water, 
temperature

7–9

Stem            
Stem specific density SSD mg/mm3 10.0 Stem economics Water 10
Height Ht cm 38.1 Architectural constraints Light 11, 17

Root            
Specific root length SRL m/g 33.5 Root economics Soil nutrients, water 12, 13
Root depth Depth cm 3.5 Root economics Water 14, 15

Seed            
Seed mass None g 340,000 Architectural constraints 

seed size vs. seed number
N/A 7, 16, 17

References:
(1) Evans, 2001; (2) Nadelhoffer et al., 1996; (3) Gubsch et al., 2011; (4) Farquhar et al., 1989; (5) Díaz et al., 2004; (6) Wright et al., 2004; (7) Corner, 1949; (8) Ackerly et al., 2002; (9) Wright et al., 

2017; (10) Chave et al., 2009; (11) Givnish, 1982; (12) Eissenstat and Yanai, 1997; (13) Eissenstat, 2000; (14) Antos and Halpern, 1997; (15) Casper and Jackson, 1997; (16) Moles and Westoby, 
2004; (17) Westoby et al., 2002.

Reflects absolute range in values spanning positive and negative values.
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performed using the igraph package (Csardi and Nepusz, 2006) in 
R version 3.4.3 (R Core Team, 2018).

Multivariate functional differentiation among species—To as-
sess trait dimensionality and multivariate differences among spe-
cies, we used nonmetric multidimensional scaling (NMDS). Even 
after transformation, many variables showed a lack of normality 
and nonlinear relationships. Therefore, we chose NMDS because 
it does not assume linear relationships among variables (Minchin, 
1987; McCune and Grace, 2002). While principal component 
analysis (PCA) is the most common approach, NMDS is increas-
ingly applied to analyze species-trait matrices (e.g., Cadotte et al., 
2009; Apgaua et al., 2015; Miller et al., 2018). So that all traits were 
on the same scale, each trait was relativized to vary between zero 
and one. Then, values were transformed using an arcsine square-
root transformation to reduce multivariate skewness and kurtosis 
and thus any influence on outlying observations. The Bray–Curtis 
distance for continuous data was used to measure trait similarity 
among species. We determined the number of axes by comparing 
stress from multiple runs with a range of dimensions. An addi-
tional axis was considered to improve the solution if it reduced 
stress by at least 0.05 and a randomization test showed that the 
proportion of runs with stress less than or equal to the observed 
stress was less than 0.05 (McCune and Grace, 2002). The final or-
dination configuration was rotated to maximize the variability 
along axis one. We fit biplot overlays using the envfit function. We 
also used Pearson correlations between species axis scores and 
traits to assess trait relationships with ordination axes (McCune 
and Grace, 2002). To quantify the degree to which a reduced set 
of indicator traits can be used to indicate multivariate strategies, 
we used a Mantel test (McCune and Grace, 2002) to assess the 
relationship between the full trait matrix, and a reduced matrix 
containing only indicator traits, i.e., traits with the strongest cor-
relations with each axis.

We examined whether or not species groupings (i.e., 
Appendix  S1a) reflected multivariate variation in quantitative 
traits using permutational, distance-based multivariate analysis 
of variance (PERMANOVA; Anderson, 2001; McCune and Grace, 
2002). First, we used a simple separate 1-way test to examine 

simple relationships between individ-
ual groupings and multivariate differ-
ences among species. Then, we used 
a multifactor analysis to assess how all 
species groupings collectively relate 
to multivariate differences in continu-
ous traits. Post hoc pairwise compari-
sons were assessed in the event the null 
hypothesis of no differences among 
groups was rejected (p < 0.05). In that 
case, we corrected p-values for multi-
ple comparisons using the sequential 
Bonferroni procedure (Holm, 1979). 
The relationship between species group-
ings and multivariate differences among 
species traits was visualized using or-
dination ellipses. Ordination, Mantel 
tests and PerMANOVA analyses were 
performed using the vegan package ver-
sion 2.5-3 (Oksanen et  al., 2018) in R 
version 3.5.1 (R Core Team, 2018). The 

randomization test on the ordination was performed in PC-ORD 
(McCune and Mefford, 2018).

RESULTS

Global LES generalization to the temperate forest understory 
plant community

The most interrelated traits were those associated with the LES. 
Relationships among SLA, LDMC, and LNC were consistent 
with those observed in the worldwide leaf economics spectrum 
(Appendix 3a). Leaf size was not related to traits in the leaf econom-
ics spectrum. Traits such as N discrimination (Δ15N) and seed mass 
generally varied independently from the other traits at this local 
scale (Fig. S1). Stem traits were correlated with each other and 
with many LES traits (SLA, LDMC, and Narea). Plant height and SSD 
were correlated because a greater investment in mechanical stability 
is required to support taller plants (Appendix 3a). However, this cor-
relation does not hold true when considering woody species alone 
(ρ = 0.40, p = 0.10). Within the root traits, rooting depth was more 
highly correlated with LES traits (LDMC and Narea) and stem eco-
nomics (SSD) than was root economics (SRL; Appendix 3a). For the 
whole-plant isotopic traits, intrinsic water-use efficiency (iWUE) 
decreased with SLA and LNC, but increased with LDMC, Narea, leaf 
size, height, SSD, and root depth. Nitrogen discrimination (Δ15N) 
was not related to any other continuous trait.

Integration of LES with root, stem, and whole-plant traits

Our network analyses revealed a high level of integration among 
traits (Fig. 2). Modulation of our a priori trait groupings (QA = 0.01) 
was lower than modulation of groupings identified post hoc us-
ing random walks (QP = 0.11), suggesting these post hoc group-
ings were superior to our a priori groupings. Four groupings were 
identified, the first included leaf economics traits, stem specific 
density, plant height, and iWUE. The second group included root 
traits and leaf size. Seed mass and Δ15N were sole indicators of their 
groups. Results from the modularity test on the observed network 

FIGURE 1.  Hypothetical fully integrated (A) and completely modulated (B) trait networks for traits 
measured in this study. Modularity statistics (QI and QM, respectively) from these models were com-
pared to the observed network in Fig. 3 (QA). Note that distances between nodes in fully integrated 
network (A) are meaningless in circular layout. Traits are color-coded according to a priori groupings 
and defined in Table 1.
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(QA = 0.01) showed that modulation, i.e., clustering of groups of 
traits, was weak but greater than expected by chance. In contrast, Q 
statistics for a fully modulated network (QM) with perfect correla-
tions within groups and no correlations among traits in differing 
groups (Fig. 1B) and completely integrated networks (i.e., all traits 
are correlated equally, QI) with equal correlations among all traits 
(Fig. 1A) were 0.61 and −0.07, respectively. Thus, modularity of the 
observed network with the a priori groupings was only 1.6% of its 
potential.

The observed trait correlation network showed integration 
of iWUE with leaf economics traits (SLA and LDMC), height, 
and rooting depth (Fig. 2). In contrast, LNC, specific root length, 
seed mass, leaf size, and Δ15N were weakly linked, if at all, to other 
traits in this network (Fig. 2). As the most central trait with the 
largest centrality statistics, rooting depth integrated SRL and leaf 
size with the rest of the traits in the network (Appendix S3b). SLA 
connected LNC to Narea and LDMC within the leaf economics 
spectrum. As a result, it had the second largest betweenness value. 
With the exception of LNC, leaf economics traits were highly in-
tegrated with each other (Fig. 2), resulting in high-degree mea-
sures (Appendix S3b).

Differentiation among species

Our results suggested that three dimensions were required to ad-
equately capture multivariate differences among species (final 
stress = 0.10; Appendix S3c). Biplot overlays fit with the envfit func-
tion showed that with the exception of Δ15N, all traits were correlated 
with the ordination (Fig. 3). The majority of variation was captured 
by axis 1, which characterized a trade-off between large size (height, 

r = −0.79; rooting depth, r = −0.88; high LDMC, r = −0.66; iWUE, 
r = −0.64; SSD, r = −0.59; seed mass, r = −0.48; leaf size, r = −0.41) 
vs. high specific root length (r = 0.61). The second dimension dif-
ferentiated species by leaf economics traits and seed mass. On the 
acquisitive end of the LES, species with higher SLA (r = 0.75) and 
LNC (r = 0.55) tended to have larger seeds (r = 0.41) and relatively 
low Narea (r = −0.76) and LDMC (r = −0.47). The third dimension 
characterizes a multivariate trade-off between leaf size (r = −0.66) 
and seed mass (r = −0.61). Our Mantel test revealed that four “in-
dicator” traits from these three dimensions—plant height (axis 1), 
SLA (axis 2), leaf size (axis 3) and seed mass (axis 3)—explained 
a large percentage of variability in the full trait matrix (r2 = 0.82, 
p = 0.001).

Results from our simple, single-factor PerMANOVA analysis 
showed that at the multivariate level, trait differences among spe-
cies were related to selected species groups, including growth form 
(F4, 51 = 6.06, p = 0.001, r2 = 0.32), Raunkiær’s life forms (F5, 50 =  
3.68, p = 0.001, r2 = 0.27), seed dispersal mechanism (F5, 50 =  
3.25,   p < 0.001, r2 = 0.25), and leaf lifespan (i.e., evergreen vs. de-
ciduous; F1, 54 = 3.47, p = 0.004, r2 = 0.07). Our multifactor model 
including all categorical traits, explained 62% of the variation in 
the distance matrix (Table 2). Reductions in R2 between the single 
and multifactor models for life form and seed dispersal mecha-
nism suggest that much of the variation explained by these traits 
was related to covariation with growth form (F4, 37 = 7.86, p = 0.001, 
r2 = 0.32). Growth forms, life forms, and dispersal mechanisms 
were distinguished primarily along axis 1 reflecting differences in 
plant height and rooting depth (Fig.  4). Post hoc pairwise com-
parisons showed strong evidence traits of tall shrubs differed 
from low shrubs, forbs and graminoids, but not ferns (p < 0.05). 
Forbs also differed from ferns, graminoids, and low clonal shrubs 
(p < 0.05). Ferns did not differ from graminoids or low clonal 
shrubs, and graminoids did not differ from low clonal shrubs, but 
the number of species representing these groups was admittedly 
small (Appendix  S1a). Differences among Raunkiær’s life forms 
were related primarily to differences between phanerophytes and 
geophytes, rosettes and hemicryptophytes (p < 0.05). Differences 
among species with different seed dispersal mechanisms were re-
lated to differences between ingested and all other mechanisms of 
dispersal (i.e., wind, ant-dispersed, adhesive, ballistic, and gravity; 
p < 0.05). In contrast, evergreen and deciduous species were dis-
tinguished along axis 2, in association with leaf traits characteristic 
of slow (high LDMC and Narea) vs. fast (high SLA and LNC) re-
turns on investments along the leaf economics spectrum (Fig. 4C, 
D). Interspecific trait variation among species was not related to 
clonality (F1, 54 = 0.33, p = 0.878) or seral stage (F2, 53 = 1.60, df = 1, 
p = 0.120).

FIGURE 2.  Observed correlation network showing interspecific correla-
tions among whole-plant, leaf economics, stem, root and architectural 
traits (ρ > 0.5). The locations of traits were optimized using network anal-
ysis tools (igraph package, R), and reflect correlation strength. Nodes 
(white circles) are scaled to betweenness statistics, where larger nodes 
indicate greater centrality. Correlation strength is indicated by the thick-
ness of edge lines. Positive correlations are shown as dark, and negative 
light, gray lines. Trait abbreviations are defined in Table 1.
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TABLE 2.  Multifactor PERMANOVA results relating species groupings to 
multivariate variation in continuous leaf, stem, and root traits.

Source df SS MS F R2 P

Growth form 4 0.27 0.07 7.86 0.32 0.001
Leaf lifespan 1 0.04 0.04 5.17 0.05 0.001
Life form 5 0.09 0.02 2.04 0.1 0.009
Clonality 1 0.02 0.02 1.83 0.02 0.114
Seral status 2 0.03 0.01 1.59 0.03 0.126
Primary seed 

dispersal 
mechanism

5 0.08 0.02 1.76 0.09 0.022

Residuals 37 0.32 0.01   0.38  
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DISCUSSION

Our results show forest understory plant species were differentiated 
along the leaf economics spectrum; however, the ecological strate-
gies of coexisting understory plant species cannot be reduced to a 
single integrated dimension (e.g., Reich, 2014). Intrinsic water-use 
efficiency (iWUE), stem specific density (SSD), and plant height 
integrated above- and belowground traits of temperate forest un-
derstory species. However, root traits, including rooting depth and 
specific root length (SRL) were generally independent of leaf eco-
nomics. At the multivariate level, species were differentiated by three 
key dimensions, or trait spectra: (1) plant height and rooting depth 
vs. specific root length, (2) leaf economics, and (3) seed size vs. leaf 
size. Plant growth forms and life forms were differentiated along the 
first dimension, while the second dimension contrasted evergreen 
and deciduous species. “Indicator” traits from these two dimensions 
(i.e., plant height, SLA, leaf size, and seed mass) explained 82% of the 
variability in the trait matrix. Measuring these four traits alone may 
be sufficient for characterizing the strategies of coexisting species in 
trait-based models both efficiently and accurately.

Forest understory species differentiate along leaf economics 
spectrum

Consistent with Laughlin et al. (2010), results from this study provide 
strong evidence for a leaf economics spectrum in forest understory 
plant communities. Worldwide, leaf economics variation within a 
single community is larger than across biomes (Wright et al., 2004), 
highlighting the large number of successful strategies for plant coexis-
tence in a given environment. However, Kraft et al. (2015) and Messier 
et  al. (2017) observed weak leaf economics relationships locally in 

communities of annual herbs and decid-
uous trees, respectively, suggesting the 
LES is context dependent. These context 
dependencies result from differences in 
the range of strategies in local communi-
ties, with plant communities composed of 
just herbaceous or deciduous species with 
a narrow range of leaf lifespans exhibiting 
weak or no leaf economics relationships 
(Funk and Cornwell, 2013). Inclusion of 
species with both evergreen and decid-
uous leaf lifespans (Neufeld and Young, 
2003) in temperate forest understory plant 
communities increases the likelihood of 
a local leaf economics spectrum relative 
to communities composed on deciduous 
species exclusively (e.g., Kraft et al., 2015; 
Messier et  al., 2017). With the exception 
of Laughlin et al. (2010), we are not aware 
of any other studies of quantitative trait 
syndromes in temperate forest understory 
plant communities of this scope.

Network analyses show low levels of 
modularity among traits

Traits spanning organs and global spec-
tra generally exhibited a large degree of 
integration; however, modulation of this 

network (i.e., correlations between groups of traits) was greater 
than expected by chance. The degree analysis identified a large 
number of traits with relatively high centrality scores. In contrast, 
the betweenness analysis identified two key traits that functioned 
to modulate the network: SLA and rooting depth. Thus, the degree 
analysis might be more useful for identifying traits central to mod-
ules within a more modulated network. In contrast, the between-
ness statistic may be more useful for identifying key traits within a 
relatively integrated network. Although network analysis is increas-
ing recommended and used to analyze trait networks (e.g., Poorter 
et al., 2014), it has rarely been used to assess the range of traits ex-
amined here. The centrality of SLA and rooting depth in understory 
species contrasts with results of Messier et  al. (2017), who found 
that the architectural trait leaf size was central to integrating a trait 
network in temperate deciduous tree species. Potential differences 
in overstory vs. understory communities and/or our examination 
of more species (Messier et al., 2017: N = 57 vs. N = 24) may be 
responsible for the different results. Our network analysis suggested 
a modest level of modulation of our trait network, with SLA and 
rooting depth functioning as central traits in the dominant modules.

Leaf economics spectrum is integrated with stem, but not root, 
economics

Integration of leaf and stem economics suggests trade-offs between 
hydraulic conductivity and mechanical stability are coordinated 
with trade-offs between carbon acquisition and conservation under-
lying the LES in understory plant communities (Chave, 2009; Reich, 
2014). Leaf and stem trait integration may result when high rates 
of photosynthesis in plants with high SLA are supported by greater 
rates of hydraulic conductivity in plants with low SSD at the expense 

FIGURE 3.  Nonmetric multidimensional scaling ordination of 56 species described by 11 leaf, stem, and 
whole-plant traits. Biplot overlay shows joint correlations between traits in the main matrix and ordina-
tion axis scores (p < 0.05). Colors are coded as in Figs. 1 and 2; trait abbreviations are defined in Table 1.
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of longer returns on investments in leaf mass, mechanical stability 
and resistance to moisture stress (e.g., Santiago et al., 2004; Mendez-
Alonzo et  al., 2012). In contrast, consistent with Tjoelker et  al. 
(2005) and Kramer-Walter et al. (2016), our results showed that spe-
cific root length (SRL, m mg−1) was independent from LES traits and 
stem economics (i.e., as captured by SSD). Specific root length was 
negatively correlated with rooting depth, suggesting a trade-off be-
tween constructing short-lived roots with high SRL and longer-lived 
roots with low SRL (Eissenstat and Yanai, 1997) that root deeper in 
the soil profile. Reducing SRL may allow plants growing in dry soil 
to penetrate deeper soil layers to access more consistently available 
soil water (Nicotra et al., 2002; Larson and Funk, 2016; Ma et al., 
2018). This belowground trade-off between SRL and rooting depth 
does not appear to constrain strategies associated with the LES and 
SSD aboveground. However, we only considered a limited suite of 
root traits and the particular traits underlying root economics vary 
among studies and do not always include SRL (Tjoelker et al., 2005; 
Kramer-Walter et al., 2016; Roumet et al., 2016). Studies assessing a 
broader range of functional, morphological, and architectural traits 
associated with diversity in resource uptake strategies, including my-
corrhizal associations (e.g., Weemstra et al., 2016) and the degree of 

branching order (e.g., McCormack et al., 
2015), may reveal more dimensions of 
root trait variability to compare with the 
LES.

iWUE integrates leaf economics with 
size, stem, and root traits

Relationships between LES traits and 
iWUE observed here suggest strong 
integration of water, C, and N econo-
mies. Consistent with previous studies 
(e.g., Bonal et al., 2007; Li et al., 2015; 
Messier et al., 2017), iWUE decreased 
with SLA and LNC and increased with 
LDMC and Narea. Increased Narea is as-
sociated with higher photosynthetic 
enzyme content, which increases leaf 
C demand (e.g., Cornwell et al., 2018). 
Hence, plants can increase carbon as-
similation per unit water transpired 
by adjusting leaf morphology and 
biochemistry. Intrinsic water-use ef-
ficiency was also positively related to 
height and rooting depth and nega-
tively related to SRL. These relation-
ships indicate that increases in iWUE 
owing to greater stature and access to 
light, and associated increased demand 
for water are more important than de-
creases in iWUE associated with in-
creases in stomatal conductance and 
access to available soil water in deeper 
horizons (Ehleringer and Dawson, 
1992; Schwinning and Ehleringer, 
2001; Warren et  al., 2005). Our esti-
mates of iWUE account for spatial (e.g., 
Buchmann et  al., 2002) and temporal 
variation in atmospheric δ13C, as well 

as climate and soil N (Cornwell et al., 2018). However, a relatively 
large proportion of variability in this trait occurs within species 
compared to other morphological traits (Table  1; Burton et  al., 
2017). Moreover, δ 13C and related traits (iWUE, Δ13C) may only 
differ among species in semi-arid or Mediterranean ecosystems 
where gradients in moisture deficit structure plant communities. 
Thus, the usefulness of iWUE in trait-based models of plant com-
munities may hinge not only on how well it functions to differen-
tiate coexisting species, but also on how the various mechanisms 
underlying iWUE interact to influence plant performance.

N discrimination was not related to other traits

Despite its potential to integrate across trait spectra and organs 
(e.g., especially leaf nitrogen and root traits; Laliberte, 2017), 
N discrimination (Δ15N) was not related to any other traits. Our 
results are consistent with high intraspecific variation and low 
levels of interspecific variation in Δ15N (Burton et al., 2017), as 
well as patterns of overstory δ15N in these forests (Perakis and 
Sinkhorn, 2011; Perakis et  al., 2015). The lack of a relationship 
between Δ15N and LNC may also reflect greater reliance on NH+

4
 

FIGURE 4.  Ellipses showing the distribution of species groupings in ordination space (Fig. 3) based 
on (A, B) growth form, (C, D) phenology, (E, F) Raunkiær’s life forms, and (G, H) seed dispersal. Plots of 
NMDS ordination for 57 species described by 11 leaf, stem, root, and whole-plant traits.
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uptake and/or greater mycorrhizal δ15N discrimination by species 
with low LNC (Evans, 2001; Gubsch et al., 2011). However, it also 
highlights the complex network of relationships affecting Δ15N 
in plants. This complexity can limit the utility of δ15N as a trait 
beyond specific case studies.

Multivariate differences among species suggest three principal 
ecological dimensions

Our ordination provided evidence for three independent dimen-
sions of ecological variation among species described by 11 con-
tinuous traits. The first dimension primarily contrasts taller species 
with deep rooting depths from species with high specific root length 
(SRL). Disturbance and structural development commonly result in 
heterogeneity in light and soil resources in forest understory eco-
systems. Increases in plant height reflect light competition (e.g., 
Givnish, 1982; Westoby et al., 2002). The integration of rooting depth 
and height may therefore reflect the integration of above- and be-
lowground competition (e.g., Antos and Halpern, 1997; Semchenko 
et al., 2008; Violle et al., 2009). In contrast, high SRL may benefit 
shorter forb and graminoid species with shallow roots that occupy 
the relatively shady portions of the understory. High SRL may allow 
plants to capitalize on abundant soil moisture and available nutri-
ents early in the growing season or on resource pulses in shallow soil 
layers later in the summer dry season (Eissenstat, 1991; Schwinning 
and Ehleringer, 2001). Measurements of height alone may be suffi-
cient for characterizing this size dimension for trait-based analyses 
of understory communities (Violle et al., 2009).

The second dimension contrasting species with high SLA and 
LNC from species with high Narea, LDMC, and iWUE, was con-
sistent with the global LES, which reflects an evolutionary trade-
off between fast and slow returns on investments of dry mass 
(Wright et al., 2004). The LES dimension was orthogonal to the 
first dimension, suggesting this trade-off is ubiquitous across 
growth and life forms. The relationship between our LES dimen-
sion and leaf lifespan (i.e., evergreen vs. deciduous) was rela-
tively weak, explaining only 7% of the variation among species. 
Nevertheless, leaf lifespan varies continuously and the dichotomy 
between evergreen and deciduous leaves is relatively simple. At 
the multivariate level, continuous variation in traits associated 
with the global LES is clearly important to distinguishing spe-
cies. This variation is likely associated with species distributions 
along gradients in resources associated with canopy disturbance 
and edaphic condition. Thus, measuring traits that characterize 
the LES is important for characterizing this second dimension 
of functional differentiation in temperate forest understory plant 
communities.

Finally, the third dimension separated species with large 
leaves from species with large seed masses. This third dimension 
contrasted with Corner’s rules, which predicts positive relation-
ships between leaf size, branching angle, and fruit and seed size 
(Corner, 1949) and evidence supporting this rule in neotropical 
forests (Wright et al., 2006) and eastern deciduous tree communi-
ties (White, 1983; Messier et al., 2017). The discrepancy between 
these studies and our results may suggest that Corner’s rule may 
apply to fruit, rather than seed mass. Seed mass does not nec-
essarily reflect fruit size in temperate forest understory species. 
Species with large leaves can have large aggregate fruits contain-
ing hundreds of small seeds. However, these traits are correlated 
at only the multivariate level (i.e., a relationship is only shown in 

ordination), and this relationship is not evident in our analysis 
of bivariate correlations. Therefore, the relationship between leaf 
size and seed mass here is an indirect result of correlations with 
other traits, rather than the result of architectural constraints. 
Our results suggest that variation in leaf area may reflect energy 
balance and functional differentiation along temperature gradi-
ents (Wright et al., 2017), consistent with the findings of Ackerly 
et al. (2002) that LES and leaf size dimensions in Mediterranean 
chaparral communities were independent. Therefore, rather than 
architectural constraints, this axis may reflect non-resource con-
ditions (e.g., Grace, 1990). However, including measurements of a 
larger suite of architectural traits may elucidate a stronger archi-
tectural dimension.

Multivariate dimensions were generally consistent with the re-
sults from the network analysis. Both analyses identified rooting 
depth and LES traits as differentiating different aspects of func-
tional variation among species. However, traits in the emergent 
(post hoc) modules (i.e., groups of correlated traits) identified in the 
network analysis were not consistent with trait spectra identified in 
the ordination. Differences suggest that functional differentiation at 
the multivariate level may not necessarily represent physiological 
constraints underlying species differences. Thus, multivariate differ-
ences among species may change in unpredictable ways as environ-
mental changes exert selective pressures on trait networks. Bivariate 
correlations, network analysis, and structural equation modeling 
(e.g., Grace et  al., 2012) are useful for understanding these con-
straints, whereas multivariate ordinations may prove most useful 
for differentiating species in local communities and understanding 
broader strategies.

CONCLUSIONS

This study contributes to evidence for a local leaf economics 
spectrum in temperate forest understory plant communities. 
Our results provide support for the integration of stem econom-
ics with the LES, but not root economics as represented by SRL. 
Rather, SRL was negatively related to plant height and rooting 
depth at the multivariate level and independent of the LES. In 
contrast, iWUE integrated leaf economics and stem and root 
traits likely through various mechanisms. Consistent with those 
of Laughlin et al. (2010), our results provide quantitative support 
a leaf–height–seed scheme similar to that proposed by Westoby 
et al. (2002). However, we highlight a role for root traits, which 
were correlated with plant height. Rooting depth may be rela-
tively more important than height in our study system charac-
terized by summer-dry Mediterranean climates where water and 
other belowground resources are limiting at least during part of 
the year (Franklin and Dyrness, 1988; Beedlow et al., 2013; Perakis 
et al., 2015). Height may be relatively more important than root 
traits for distinguishing species in other locations where light 
competition is relatively more severe (Givnish, 1982). Integration 
of a priori species groupings with multidimensional variation in 
continuous traits suggests the LES generalizes across growth and 
life forms and permits a functional interpretation of these group-
ings in the absence of continuous trait data. Additional studies 
are required to confirm the generality of patterns observed here 
in other communities and the function of these traits in deter-
mining community responses to variation in disturbance and en-
vironmental gradients (e.g., Laughlin et al., 2011; Shipley et al., 
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2016). While strategies are multidimensional, resulting from a 
complex network of trait–trait relationships, our results suggest 
that including traits beyond those most representative of these 
dimensions in models of understory plant communities can lead 
to inefficiencies.
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