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An experimental test of fitness variation across a hydrologic 
gradient predicts willow and poplar species distributions
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Abstract.   Environmental filtering is an important community assembly process influencing 
species distributions. Contrasting species abundance patterns along environmental gradients are 
commonly used to provide evidence for environmental filtering. However, the same abundance 
patterns may result from alternative or concurrent assembly processes. Experimental tests are an 
important means to decipher whether species fitness varies with environment, in the absence of 
dispersal constraints and biotic interactions, and to draw conclusions about the importance of 
environmental filtering in community assembly. We performed an experimental test of environ-
mental filtering in 14 closely related willow and poplar species (family Salicaceae) by transplant-
ing cuttings of each species into 40 common gardens established along a natural hydrologic 
gradient in the field, where competition was minimized and herbivory was controlled. We analyz-
ed species fitness responses to the hydrologic environment based on cumulative growth and sur-
vival over two years using aster fitness models. We also examined variation in nine drought and 
flooding tolerance traits expected to contribute to performance based on a priori understanding 
of plant function in relation to water availability and stress. We found substantial evidence that 
environmental filtering along the hydrologic gradient played a critical role in determining species 
distributions. Fitness variation of each species in the field experiment was used to model their 
water table depth optima. These optima predicted 68% of the variation in species realized hydro-
logic niches based on peak abundance in naturally assembled communities in the surrounding 
region. Multiple traits associated with water transport efficiency and water stress tolerance were 
correlated with species hydrologic niches, but they did not necessarily covary with each other. As 
a consequence, species occupying similar hydrologic niches had different combinations of trait 
values. Moreover, individual traits were less phylogenetically conserved than species hydrologic 
niches and integrated water stress tolerance as determined by multiple traits. We conclude that 
differential fitness among species along the hydrologic gradient was the consequence of multiple 
traits associated with water transport and water stress tolerance, expressed in different combina-
tions by different species. Varying environmental tolerance, in turn, played a critical role in driv-
ing niche segregation among close relatives along the hydrologic gradient.

Key words:   aster fitness models; environmental filtering; field experiment; functional traits; hydrologic 
niche segregation; phylogenetic signal; Salicaceae.

Introduction

Understanding mechanisms of community assembly 
and the maintenance of biodiversity are central concerns 
in community ecology. Environmental filtering has long 
been recognized as an important assembly process driving 
shifts in species composition (e.g., Whittaker 1960) and 
functional attributes (Diaz et  al. 1998, Cavender-Bares 
et  al. 2004, Cornwell and Ackerly 2009) along environ-
mental gradients. The term “environmental filtering” has 
been broadly used to refer to the phenomenon in which not 
all species that arrive in a given location from the regional 
pool become members of the local community; rather, 
only those with appropriate characteristics establish and 

persist in the habitat, given the environment (Van der Valk 
1981, Bazzaz 1991, Woodward and Diament 1991, Weiher 
and Keddy 1995, reviewed in Kraft et al. 2015a). One chal-
lenge in studying environmental filtering is the separation 
of the effects of multiple community assembly processes 
on the observed species distribution patterns. Besides 
abiotic stresses, biotic interactions and dispersal can also 
act as environmental filters because they can change along 
environmental gradients and exclude species from 
unsuitable habitats. For instance, Fine et al. (2004, 2006) 
found that the damaging effect of herbivory became more 
severe on species native to nutrient-rich soils when they 
were transplanted into nutrient-poor soils, restricting these 
species to their native habitats. Beyond herbivory, interac-
tions among neighboring plants, which can significantly 
affect plant survival and reproduction, have been shown to 
shift from competition to facilitation along stress 
gradients  (Callaway et  al. 2002). Finally, differential 
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dispersal (Ehrlén and Eriksson 2000, Tuomisto et al. 2003) 
and pollination constraints (Sargent and Ackerly 2008, 
Chalcoff et al. 2012) have also been found to drive con-
trasting distribution patterns among species across envi-
ronmental gradients.

To differentiate the effects of these related but different 
processes on community assembly, Kraft et al. (2015a) 
recommended that the use of the term “environmental 
filtering” be restricted to filtering processes caused by 
abiotic factors (hereafter we will use “environmental fil-
tering” in this narrow sense) and that stringent criteria be 
used to test for environmental filtering. Observations of 
shifts in species abundances along environmental gra-
dients are the most common evidence used for inferring 
environmental filtering (Kraft et al. 2015a). Such obser-
vational patterns, when used alone, cannot differentiate 
shifts in species abundance caused by abiotic factors from 
alternative community assembly processes that vary 
along environmental gradients.

Distributions of functional traits within and among 
communities along environmental gradients have also 
been used as corroborating evidence supporting conclu-
sions about environmental filtering (Diaz et  al. 1998, 
Weiher et  al. 1998, Cavender-Bares et  al. 2004, Kraft 
et  al. 2008, Cornwell and Ackerly 2009, Swenson and 
Enquist 2009). Trait-based approaches can target the 
mechanisms of environmental filtering more specifically, 
but only if critical traits that contribute to fitness, given 
the abiotic environment, can be identified (Violle et al. 
2007, Funk et al. 2016, Shipley et al. 2016).

One potential challenge of using trait-based approaches 
is that multiple traits may be involved in abiotic stress tol-
erance (Ackerly et al. 2000, Reich et al. 2003, Violle et al. 
2007, Cavender-Bares et  al. 2009, Losos 2011). In some 
cases, multiple traits underlying species performance along 
abiotic gradients covary with each other in a coordinated 
manner such that the variation in a single trait could well 
predict differences in stress tolerance among species (e.g., 
Wright et al. 2004, Chave et al. 2009, Freschet et al. 2010). 
On the other hand, traits underlying abiotic stress tolerance 
could also vary among species in a decoupled or antago-
nistic manner. Consequently, there could be different trait 
combinations conferring the same level of stress tolerance, 
and the variation in a single trait might not accurately 
predict the variation in stress tolerance among species. Two 
mechanisms could lead to non-coordinated relationships 
among traits. First, different species could use different 
strategies to tolerate the same stress factors (e.g., Huner 
et al. 1993, Schwilk and Ackerly 2001, Chaves et al. 2002, 
Bailey-Serres and Voesenek 2008). Second, stress tolerance 
at the organismal level often depends on the performance of 
multiple organs (Craine et al. 2012); and traits in different 
organs may not covary with each other in a consistent 
manner. For instance, although traits associated with the 
leaf economic spectrum are known to correlate with each 
other in leaves, stems, and roots separately, there is mixed 
evidence about whether or not these traits are integrated 
across different organs (Chave et al. 2009, Reich 2014).

Whether or not traits underlying stress tolerance 
covary in a coordinated manner with each other also 
influences patterns of phylogenetic signal in traits as com-
pared to phylogenetic signal in species niches along envi-
ronmental gradients. If traits underlying species 
performance along environmental gradients covary in a 
consistent manner, individual traits should show the 
same phylogenetic signal as the niches. Alternatively, if 
variations in traits among species are decoupled from 
each other, species occupying the same niche could have 
different trait combinations, causing phylogenetic signals 
in individual traits to be different from the phylogenetic 
signal of the niche (Cavender-Bares et al. 2009, Gerhold 
et al. 2015).

Another challenge of using trait-based approaches to 
test for environmental filtering is that linking functional 
traits to fitness in a given environment is not possible 
without experiments. Experiments designed to test for 
species fitness responses along environmental gradients, 
with appropriate control of factors beyond the abiotic 
environment that influence community assembly, provide 
more direct evidence for environmental filtering than 
observational approaches based on species abundance or 
functional traits (Kraft et  al. 2015a). Although field 
experimental approaches have long been used to examine 
community assembly processes (e.g., Connell 1961, Paine 
1974, Keddy 1981, Bertness and Ellison 1987), in more 
recent literature, only a few studies have taken an exper-
imental approach to test environmental filtering (but see 
De Steven 1991, Kobe 1999, Emery et al. 2009, Fraaije 
et al. 2015).

Here we present an experimental test of environmental 
filtering combined with functional trait analyses. Our study 
system was a group of closely related willow and poplar 
species (family Salicaceae) native to Minnesotan wetlands. 
Previous studies (Savage and Cavender-Bares 2011, 2012) 
found Salicaceae species in this region differed in their 
distributions across a water table depth gradient and in 
drought tolerance traits. These studies provide circum-
stantial evidence for environmental filtering, mediated by 
water stresses, along a hydrologic gradient in the 
Salicaceae  species. These studies also found that species 
natural distributions across the hydrologic gradient were 
phylogenetically conserved but individual drought tol-
erance traits were not. These results could be explained if 
species occupying similar habitats had different combina-
tions of traits that confer the same level of environmental 
tolerance. However, the previous studies were not designed 
to determine how species fitness varied with environment, 
nor how the constellation of species-level traits varied with 
their optimal environment determined by fitness.

The first goal of this study was to test for environmental 
filtering and its importance in community assembly of the 
Salicaceae species using a field experimental approach 
designed to examine species fitness variation across envi-
ronment (Appendix S2: Fig. S1). To address this goal, we 
transplanted cuttings of 14 species into a series of common 
gardens established along a natural hydrologic gradient, 
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where competition was minimized and herbivory was con-
trolled. We modeled the optimal water table depth for 
each species based on their fitness in the field experiment, 
then compared the water table depth optima to species 
distributions across a hydrologic gradient in naturally 
assembled communities in this region.

The second goal of the study was to examine the rela-
tionships among traits underlying species tolerance to 
environmental stress factors. To address the second goal, 
we analyzed a suite of functional traits associated with 
water transport and water stress tolerance. We compared 
the phylogenetic signal of each trait with the phylogenetic 
signal of species natural distributions along a water table 
depth gradient and species integrated stress tolerance 
(assessed using species fitness variation across the hydro-
logic gradient). We addressed three specific questions: 
(1) Do traits of species vary with their hydrologic envi-
ronment as expected based on a priori understanding of 
the physiological functions of those traits? (2) Do species 
occupying similar hydrologic environments have similar 
combinations of traits? (3) How does phylogenetic signal 
of individual traits compare to phylogenetic signal of 
species’ natural distributions along the hydrologic 
gradient and their integrated tolerance to drought and 
flooding stress?

Materials and Methods

Study site

The study was conducted at Cedar Creek Ecosystem 
Science Reserve (CCESR) in central Minnesota, USA 
(45°24′0″ N, 93°12′0″ W). The local climate is conti-
nental, with a mean annual average daily temperature of 
6.3°C and a mean annual total precipitation of 776 mm 
based on records from 1963 to 2012 (CCESR weather 
database, available online).4 The soils are sandy and poor 
in nutrients (Grigal and Homann 1994). The reserve has 
a mosaic landscape consisting of numerous patches of 
prairie, wooded uplands, and wetlands (Appendix S2: 
Fig. S2). With the exception of several bogs, the majority 
of wetlands at CCESR share the same regional water 
table. Due to this feature of hydrology, most wetlands at 
CCESR have synchronized seasonal variation of water 
table depth, which peaks in early spring due to snowmelts 
then gradually declines as the growing season proceeds.

Species distributions across a hydrologic gradient in 
naturally assembled communities

Fourteen native Salicaceae species, including 13 
willows (genus Salix) and one poplar (genus Populus), 
naturally occur within CCESR (Appendix S1: Table S1). 
Savage and Cavender-Bares (2012) found in a field survey 
that these species had differential distributions along a 
water table depth gradient. Briefly, they established 50 

10  × 30  m plots at randomly chosen locations within 
CCESR and three preserves nearby (Helen Allison 
Savanna Scientific and Natural Area, 45°22′48″ N, 
93°10′48″ W; Boot Lake Scientific and Natural Area, 
45°20′24″ N, 93°7′12″ W; and Carlos Avery Wildlife 
Management Area, 45°20′42″ N, 93°01′12″ W), and 
measured the total basal area of the species and monthly 
water table depth in these plots from 2008 to 2009. Two 
metrics were calculated based on species abundance and 
water table depth in the plots, which were mean water 
table depth averaged across all plots weighted by species 
abundance in each plot during the wettest month (May, 
WTwet) and the driest month (August, WTdry) of the 
growing seasons (Appendix S1: Table S1). WTwet ranged 
from −102 to 7  cm across species; WTdry ranged from 
−110 to 0  cm (negative values indicate that the water 
table was below the ground level; positive values indicate 
that the water table was above the ground level). Due to 
the synchronization of water table fluctuation among the 
wetlands at the study area, the two distribution metrics 
were highly correlated among species, with a Pearson 
correlation coefficient of 0.94.

Field experiment

The experiment included 40 common gardens located 
at 10 different sites at CCESR (Appendix S2: Fig. S2). 
Each site had a natural wetland, around which four 
common gardens, separated into two pairs, were built. 
The two gardens in each pair were located at the two ends 
of a transitional zone connecting the wetland to its 
adjacent upland (Appendix S2: Fig. S2). All common 
gardens had a 17 × 5 m rectangular shape. To minimize 
the amount of water table depth variation within the 
gardens, garden locations were chosen such that vege-
tation within the gardens was mostly homogenous, and 
the gardens were orientated in a way such that their short 
sides were parallel to the directions of the upland–wetland 
gradient.

Twenty-eight cuttings, two from each species, were 
planted in each garden. The two conspecific individuals 
were always planted next to each other; and the locations 
of the conspecific pairs were randomly arranged within 
the gardens. One advantage of using cuttings instead of 
seeds was that it allowed us to obtain genetically identical 
individuals. Whenever enough plant materials were 
available, we planted four conspecific cuttings propa-
gated from the same maternal plant into the same 
upland–wetland common garden pair. As a consequence, 
variation in performance among plants grown in paired 
upland and wetland gardens should not be caused by dif-
ferences in their genotypes. We were able to control for 
genotype in this manner in 87% of the experimental 
plants. To reduce competition between experimental 
plants, as well as between experimental plants and natu-
rally occurring vegetation, adjacent cuttings were planted 
1.4 m away from each other; and a piece of 1 × 1 m land-
scape fabric was installed beneath each plant to inhibit 4 https://www.cedarcreek.umn.edu/research/weather
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the growth of native vegetation. To exclude large mam-
malian herbivores (e.g., deer) the gardens were sur-
rounded by metal fences 2.5 m in height.

The experimental design also included a cage treatment 
nested within gardens as a part of a separate study on 
insect herbivory (Appendix S2: Fig. S2). During growing 
seasons, one individual of each conspecific pair was 
enclosed in a sham cage, and the other individual was 
enclosed in a real cage. The cages were made from fine 
white polyester mesh and had a cuboid shape of 0.5 × 
0.5  × 1.2  m. Some cages were extended to 2.4  m tall 
during the second year to accommodate two fast-growing 
species (S. eriocephala and S. lucida). The designs of real 
and sham cages were the same, except that sham cages 
had openings on their walls that allowed insects to access 
the experimental plants.

Experimental plants were propagated from branch 
cuttings collected from natural populations of the 
Salicaceae species at CCESR and three preserves nearby 
(described previously). In 2009 and 2010, 13–31 maternal 
plants per species were sampled to capture a wide range 
of genotypic variation within species. Cuttings were 
soaked in tap water for a few days to root. Rooted plants 
were then grown in individual pots in a greenhouse room 
at the University of Minnesota, St. Paul. In fall 2010, 
these plants were transplanted into common gardens 
after a several-day-long adjustment period in the field 
during which they were kept in pots.

We measured survival and basal area of experimental 
plants at the end of the second growing season. The water 
table depth in each garden was measured once every other 
week during the 2012 growing season from a well installed 
at the center of the garden, using a steel tape measure. The 
wells were made by attaching a PVC well point (Campbell 
Manufacturing, Betchelsville, Pennsylvania, USA) to a 
section of PVC pipe of the same inner diameter (5 cm), 
and were installed 0.6  m and 1.5  m belowground in 
wetland and upland gardens, respectively. The well points 
had a closed bottom and fine slots on their walls that 
allowed water to move in and out of the wells. Besides 
drought and flooding, nutrient availability could also vary 
along hydrologic gradients (Silvertown et  al. 2015) and 
influence plants fitness; therefore we measured nitrogen 
availability in the common gardens as a covariate of plant 
fitness. Specifically, plant-available soil nitrogen was 
measured using ion exchange resin bags at one randomly 
chosen pair of gardens per site during July–August in 
2011. The bags were placed 10 cm below the soil surface, 
extracted with 2 mol/L KCl, and analyzed for inorganic 
nitrogen using a colorimetric method (Riggs et al. 2015).

Collection of functional traits data

We measured three traits (lenticel density on a first year 
branch, lenticel density on the main stem, and stem spe-
cific hydraulic conductivity) and compiled data on six 
other traits from previous studies on a larger set of 
Salicaceae species (Savage and Cavender-Bares 2012). 

The traits were chosen for their known importance for 
water transport and/or tolerating drought or flooding 
stress (Appendix S1: Table S2). Below, we describe 
methods used for collecting the three traits novel to this 
study and provide references for the published trait data.

Lenticel densities.—Lenticels are the entry points of 
atmospheric oxygen into plants. Oxygen moves within 
plants primarily by diffusion (Armstrong and Armstrong 
2014); therefore, lenticels on the stem or trunk near the 
water table are particularly important for flooding tol-
erance (Armstrong 1968), as oxygen that enters through 
these lenticels travels less distance to waterlogged tissues. 
Besides diffusion, in some wetland species, oxygen could 
also move within plants via convective flows. In these 
plants, lenticels on young branches may also be relevant 
for flooding tolerance.

In fall 2014, we measured lenticel densities on the lower 
part of the main stem and on a first-year branch of each 
experimental plant. We counted the number of lenticels 
on a 3 cm long section of the main stem and a randomly 
selected first year branch. Lenticel densities were calcu-
lated as the number of lenticels per square centimeter of 
surface area of the stem or of the branch, assuming the 
stem had a cylinder shape and the branch a frustum 
shape. The sampled main stem sections were right above 
the water table (if the plant was in standing water) or the 
highest adventitious roots (if the plant had been flooded 
earlier in the growing season, which would induce the 
production of adventitious root) or the ground level.

Stem specific conductivity.—We measured stem specific 
conductivity based on vessel distributions in five to six two-
year-old cuttings from each species. These cuttings were 
grown in a greenhouse room in Franklinville, New York, 
USA (42°20′24″ N, 78°27′36″ W) and experienced local 
climate conditions (Savage and Cavender-Bares 2013). 
Cross sections were made from one first-year branch per 
plant. Vessel diameters and sapwood areas were measured 
by taking micrographs, which were then analyzed using 
Image J (Schneider et al. 2012). Stem specific conductivity 
was calculated from vessel diameters following Tyree and 
Ewers (1991). Average vessel diameters of the species were 
reported in Savage and Cavender-Bares (2013).

Trait data compiled from previous studies.—Turgor loss 
point, stomatal pore index, root elongation rate, wood 
density, maximum photosynthetic rate, and stomatal 
conductance were collected from natural populations of 
Salicaceae species in CCESR and were reported in Sav-
age (2010) and Savage and Cavender-Bares (2012). Brief-
ly, all of these traits except for root elongation rate were 
collected from five to six individuals per species in the dri-
est and the wettest communities within the range of the 
species’ natural distribution (i.e., 10–12 individuals total 
per species). Sampling individuals across a wide range of 
the hydrologic gradient allowed us to take into account 
the plasticity of the traits in response to environmental 
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variation. Root elongation rate was measured in 40 new-
ly germinated seedlings per species that were grown un-
der favorable conditions in the greenhouse.

Data analysis

All analyses were done using R (R Core Team 2016).

Aster fitness models.—Species fitness responses along the 
water table depth gradient were analyzed using aster fit-
ness models (Geyer et al. 2007, Shaw et al. 2008) based 
on survival and basal area growth over two growing 
seasons. Previous studies in Salicaceae species find that 
performance during early life history stages plays a crit-
ical role in determining individuals’ lifetime fitness, be-
cause young plants are much more sensitive to drought 
and flooding than adult plants (Karrenberg et al. 2002, 
Stokes 2008). Therefore, short-term measurements of 
survival and growth in young Salicaceae plants should 
provide a valid proxy for their lifetime fitness across hy-
drologic gradients.

Different fitness components, such as survival and 
growth, are usually analyzed separately because they do 
not follow the same probability distributions. Such sep-
arate analyses may yield contrary results, making it dif-
ficult to draw conclusions about the overall response of 
species fitness to environmental gradients. Aster fitness 
models are designed to analyze multiple fitness compo-
nents following different statistical distributions jointly. In 
an aster model, the “response variable” is a vector of 
random variables; each random variable is a fitness com-
ponent modeled by its appropriate statistical distribution. 
As fitness components expressed later in life history depend 
on those expressed earlier (e.g., a plant will have a biomass 
of zero if it is dead), the sample size of a fitness component 
in an aster model is determined by the value of the fitness 
component expressed previously in the individual’s life 
history. Parameters associated with all fitness components 
are estimated jointly using the maximum likelihood 
method. All aster model analyses in this study were per-
formed using the aster package (Geyer et al. 2007).

To test the effect of water table depth in the common 
gardens and its interaction with species on fitness, we 
constructed four nested aster models (Appendix S2: Fig. 
S3) and compared these models using likelihood ratio 
tests. The four models differed from each other by (1) the 
shape of fitness response to water table depth, and (2) 
whether a species by water table depth interaction was 
included or not. Species fitness was modeled either as a 
linear or a quadratic function of water table depth. Along 
the water table depth gradient, intensities of two different 
stresses (drought and flooding) changed in opposite 
directions. If species were sensitive to only one type of 
stress, their fitness would change monotonically across 
the water table depth gradient, which was modeled by 
linear functions of water table depth. If species were sen-
sitive to both stresses, their fitness would show hump-
shaped responses, which was modeled by quadratic 

functions of water table depth. The predictors of fitness 
in each of the four aster models were (1) a species effect 
and a linear water table depth effect; (2) a species effect 
and a quadratic function of water table depth; (3) a 
species effect, a linear water table depth effect, and the 
interaction between the two; (4) a species effect, a quad-
ratic function of water table depth, and the interaction 
between the two. Besides these effects related to species 
and water table depth, we also included three covariates 
in all models, which were common garden site, species by 
cage treatment interaction, and residual of soil nitrogen 
availability after regressing it on water table depth (we 
used residuals instead of the original values of soil 
nitrogen availability because it was correlated with water 
table depth). To account for the seasonal variation in 
water table depth, we constructed two sets of aster models 
using growing season maximum and minimum water 
table depth in common gardens, respectively (i.e., eight 
models total).

To infer the importance of environmental filtering for 
the determination of natural distributions of the 
Salicaceae species, we performed two analyses comparing 
species natural distributions and the responses of their 
fitness in the field experiment. First, we predicted the 
water table depth at which each species reached its highest 
fitness based on the best aster model determined by the 
likelihood ratio tests. We then performed a regression of 
the water table depth at which species had peak natural 
abundance against their optimal water table depth pre-
dicted by the best aster model. A higher coefficient of 
determination (r2) would indicate a stronger effect of 
environmental filtering on species distributions. Second, 
we regressed the range of species natural distribution 
across the hydrologic gradient against the range of water 
table depth within which they had above-zero fitness pre-
dicted by the best aster fitness model. The range of species 
natural distribution was calculated using the field survey 
data of Savage and Cavender-Bares (2012), which 
included species basal area abundance in 50 30 m by 10 m 
random plots and water table depth in the plots. We cal-
culated the range of natural distribution for each species 
as the difference between the highest and lowest water 
table depth among the plots in which the species occurred.

Functional trait analyses.—To determine whether spe-
cies traits vary with hydrologic environment as expect-
ed based on a priori understanding of the physiological 
functions of the traits, we performed univariate regres-
sions of the water table depth at which the species had 
peak natural abundance and the optimal water table 
depth predicted based on the best aster model on each of 
the traits. These regression analyses tested whether traits 
were associated with drought or flooding tolerance in the 
Salicaceae species as we predicted based on the literature 
(Appendix S1: Table S2). To test whether species that 
occur in similar hydrologic environment have similar 
combinations of traits, we tested pair-wise correlations 
between the traits, and performed a principal component 
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analysis (PCA) of the traits. Additionally, to examine 
whether multi-trait phenotype could predict species nat-
ural distribution or optimal water table depth better than 
individual traits, we performed regressions of the water 
table depth at which species had peak abundance and 
optimal water table depth on principal components of 
the trait PCA.

To examine how phylogenetic signal of individual 
traits compare to phylogenetic signal of species natural 
distributions along the hydrologic gradient and their 
integrated tolerance to drought and flooding stress, we 
analyzed phylogenetic signal using the Blomberg’s K sta-
tistic (Blomberg et al. 2003) in traits, principal compo-
nents of the trait PCA, the water table depth at which the 
species had peak abundance, and water table depth 
optima predicted by the best aster model. We used a pub-
lished phylogeny constructed from five chloroplast 
barcode genes and a nuclear alcohol dehydrogenase gene 
(Savage and Cavender-Bares 2012) and compared 
observed K values against two null distributions: a 
random null distribution calculated by randomly 
swapping trait values across the tips of the phylogeny 
10 ,000 times and a Brownian Motion null distribution 
calculated by simulating trait evolution using the sim.
char function in the geiger package (Harmon et al. 2008), 
repeated 10,000 times.

To correct for non-randomness in trait data due to 
phylogenetic relatedness among the species, we re-ran the 
above-mentioned regressions using phylogenetically 
independent contrasts of the traits calculated by the pic 
function in the ape package (Paradis et al. 2004) if both 
variables in the regression showed significant phyloge-
netic signals against random the null distributions and no 
significant difference from the Brownian motion null dis-
tributions. We did not perform phylogenetically cor-
rected PCA (pPCA), because the majority of traits did 
not show significant phylogenetic signal against random 
null distributions, thus violating the assumption of pPCA 
that traits included in pPCA analysis should follow a 
multivariate Brownian motion model (Revell 2009).

Results

Aster fitness models

In 2012, growing season maximum and minimum water 
table depth in the common gardens ranged from −120.1 
to 25.4  cm and from −162.6 to 11.4  cm respectively 
(Appendix S2: Fig. S2), covering the full range of the 
water table depth at which the species had their peak 
natural abundance across the hydrologic gradient 
(Appendix S1: Table S1). The growing season maximum 
and minimum water table depths were strongly correlated 
with each other (with a Pearson correlation coefficient of 
0.92); and the likelihood ratio tests among aster models 
constructed using the two different water table depth 
showed similar results. Consequently, we only report the 
results of the models constructed using growing season 

maximum water table depth in the main text and used 
these results for subsequent analyses. The results of the 
models constructed using growing season minimum water 
table depth are reported in the Supporting Information 
(Appendix S1: Tables S3 and S4, Appendix S2: Fig. S4).

The aster fitness model that included an interaction 
between species and a quadratic function of water table 
depth fit the data significantly or marginally significantly 
better than the other three models (Fig. 1; Appendix S1: 
Table S5). We further tested the significance of each indi-
vidual effect in the best-fit model, including the covar-
iates, using likelihood ratio tests. The results (Appendix 
S1: Table S6) showed that species, water table depth, and 
site had a significant effect on fitness (P < 0.01); species by 
water table depth had a marginally significant effect on 
fitness (P = 0.07); and residual of soil N availability and 
the cage treatment by species interaction had no signif-
icant effect on fitness (P = 0.7 and P = 1.0, respectively).

Optimal water table depth of the species predicted by 
the best aster model ranged from −74.1 to −28.2 cm, and 
was significantly correlated with the water table depth at 
which species had natural peak abundance (r2  =  0.68, 
P < 0.0001; Fig. 2c). The range of species natural distri-
butions across the hydrologic gradient showed no signif-
icant correlation with the range of water table depth 
within which the species had above-zero fitness as pre-
dicted by the best aster fitness model (r2 = 0.08, P = 0.34); 
10 out of the 14 species showed a narrower natural distri-
bution range than the ranges of their hydrologic niches as 
predicted by performance in the field experiment 
(Appendix S2: Fig. S5).

Functional trait analyses

Seven out of nine traits had a significant correlation with 
the water table depth at which the species had peak abun-
dance and four had the same signs as expected (Appendix 
S1: Table S2). Specifically, turgor loss point significantly 
increased and root elongation rate, stomatal pore index, 
and stem specific conductivity significantly decreased with 
the water table depth at which species had peak abundance. 
By contrast, lenticel density on the young branch, maximum 
photosynthetic rate, and stomatal conductance significantly 
decreased with the water table depth at which species had 
peak abundance, which was the opposite of our prediction. 
Correlations between individual traits and water table depth 
optima showed a similar pattern as correlations between 
traits and the water table depth at which species had peak 
natural abundance, except that stem specific conductivity 
had a negative but insignificant correlation with water table 
depth optima (Appendix S1: Table S2). Three out of four 
published traits (turgor loss point, root elongation rate, sto-
matal pore index) showed the same correlations with hydro-
logic niche as previously found in a larger set of Salicaceae 
species (Savage and Cavender-Bares 2012).

Although seven traits had a significant correlation with 
the water table depth at which species had peak abun-
dance, each trait was only correlated with two to four 



WILLOW FIELD EXPERIMENTAL FITNESS TESTMay 2017 1317

other traits (Fig. 2a). On a biplot of the first two principal 
components of the trait PCA (Fig. 2b), traits clustered 
into two groups: traits in the first group, including sto-
matal pore index, root elongation rate, wood density, and 
lenticel density on main stems, were predominantly 
located in the lower right quadrant, except that turgor 
loss point was in the upper left quadrant. Traits from the 
second group, including photosynthetic rate, stomatal 
conductance, stem specific conductivity, and lenticel 

density on young branches, were located in the upper 
right quadrant. The vectors of two groups of traits 
pointed in perpendicular directions, indicating that traits 
within groups were more correlated with each other than 
with traits in the other group. Three upland species, 
S.  humilis (HUM), S.  interior (INT), and P.  deltoides 
(DEL), were scattered in different parts of the plot, indi-
cating they had different trait combinations. The first 
principal component, which accounted for 48% of the 

Fig. 1.  Species fitness response along the experimental hydrologic gradient predicted by the best aster fitness model. Basal area 
at the end of the second growing season was used as a surrogate for fitness. A predicted basal area of zero or less indicates that the 
species could not survive at the given water table depth. Open circles are predicted fitness. Red solid lines indicate the water table 
depth at which the species had peak natural abundance. Blue dashed lines indicate the water table depth at which the species had 
the highest predicted fitness. Species names are indicated by the first three letters: AMY, Salix amydgaloides; BEB, S. bebbiana; 
CAN, S. candida; DEL, Populus deltoides; DIS, S. discolor; ERI, S. eriocephala; HUM, S. humilis; INT, S. interior; LUC, S. lucida; 
NIG,  S.  nigra; PED,  S.  pedicellaris; PET,  S.  petiolaris; PYR,  S.  pyrifolia; SER,  S.  serissima. [Colour figure can be viewed at 
wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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total variance in the data, was negatively correlated with 
both the water table depth at which species had peak 
natural abundance and optimal water table depth 
(r2 = 0.74, P < 0.0001 and r2 = 0.61, P = 0.0009, respec-
tively; Fig. 2d, e). None of the rest of the principal com-
ponents was correlated with the water table depth at 
which species had peak natural abundance or the optimal 
water table depth. Subsequently, we only tested for phy-
logenetic signal in the first principal component of the 
trait PCA.

The observed K values of the water table depth at 
which species had peak abundance, the predicted water 
table depth optima, and the first principal component of 
the trait PCA were significantly higher than the means of 

their random null distributions (Kobs = 1.18, P = 0.01; 
Kobs = 0.75, P = 0.04; Kobs = 0.65, P = 0.02, respectively) 
and were not significantly different from the means of 
their Brownian motion null distributions (P > 0.10). In 
contrast, none of the functional traits showed a signifi-
cantly higher phylogenetic signal than the means of their 
random null K distributions (Fig.  3). The observed K 
values of root elongation rate and stomatal pore index 
were marginally significantly higher than the means of 
their random null distributions (Kobs = 0.51, P = 0.06 and 
Kobs = 0.52, P = 0.09, respectively) and not significantly 
different from the means of their Brownian null distribu-
tions. The observed K values of turgor loss point, wood 
density, photosynthetic rate, and lenticel density on main 

Fig. 2.  (a) Correlations among traits. Black and gray lines connecting two traits represent positive and negative correlations, 
respectively. The intensity of the color indicates the strength of the correlations as determined by absolute values of Pearson 
correlation coefficients (numbers on lines). Only significant and marginally significant correlations (P < 0.1) are shown. Note that 
not all traits were correlated with each other. Trait names are indicated using the following abbreviations: TLP, turgor loss point; 
WD, wood density; RER, root elongation rate; SPI, stomatal pore index; LDb, lenticel density on basal stems; LDy, lenticel density 
on young branches; gs, stomatal conductance; Ks, stem specific hydraulic conductivity; Amax, maximum photosynthetic rate. (b) A 
biplot showing the scores and loadings on the first two principal components from a principal component analysis (PCA) of traits. 
Species names are indicated by the first three letters; codes are identified in the caption of Fig. 1. The traits were separated into two 
groups. The first group of traits, including Amax, gs, LDy, and Ks, are associated with gas exchange and hydraulic conductance. The 
second group of traits, including TLP, SPI, RER, WD, and LDb, are mostly morphological traits related to water stresses tolerance. 
Note that the two groups of traits point in perpendicular directions, indicating traits were more correlated with members within the 
same group than with traits in the other group. Also note that the three upland species, S. interrior (INT), S. humilis (HUM), and 
P. deltoids (DEL), are located in different places in the biplot, indicating that they had different trait combinations. (c) The water 
table depth at which species had peak abundance was significantly correlated with the water table optimum predicted by the best 
aster fitness model (P < 0.0001, r2 = 0.68). The solid line is the least square regression line; the dashed line is the 1:1 line. (d) The 
water table depth at which species had peak abundance was significantly correlated with the first principal component of the trait 
PCA (P < 0.0001, r2 = 0.74). (e) Species water table depth optimum was significantly correlated with the first principal component 
of the trait PCA (P = 0.0009, r2 = 0.61). [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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stems were significantly or marginally significantly lower 
than the means of their Brownian motion null distribu-
tions (Kobs  =  0.26, P  =  0.003; Kobs  =  0.27, P  =  0.005; 
Kobs  =  0.46, P  =  0.09; Kobs  =  0.37, P  =  0.03) and not 
significantly different from the means of their random 
null distributions. The observed K values of lenticel 
density on young branches, stomatal conductance and 
stem specific hydraulic conductivity (Kobs  =  0.50, 0.60 
and 0.59 respectively) were not significantly different 
from the means of either their random or Brownian null 
distributions.

Since the water table depth at which species had peak 
abundance, the optimal water table depth, and the first 
principal component of the trait PCA showed significant 
phylogenetic signal, we performed regression analyses of 
these traits using phylogenetically independent contrasts 
(PIC). The results were similar to that of the regular 
regressions between these traits. The PIC of the water 
table depth at which species had peak abundance was pos-
itively correlated with the PIC of the optimal water table 
depth predicted by the best aster fitness model (r2 = 0.60, 
P = 0.002); both the PIC of the water table depth at which 
the species had peak abundance and the optimal water 
table depth were negatively correlated with the PIC of the 
first principal component of the trait PCA (r2  =  0.52, 
P = 0.005 and r2 = 0.33, P = 0.04, respectively).

Discussion

We found significant fitness variation among 14 
Salicaceae species that were experimentally planted along 
a water table depth gradient in the absence of compe-
tition and herbivory. This result provides strong evidence 
that environmental filtering drove differential distribu-
tions among species along an important abiotic gradient. 
Some of the functional traits linked to water transport 
efficiency and water stress tolerance varied independently 
from each other, which we hypothesized allowed species 
occupying similar habitats to have different trait combi-
nations. As a result, individual traits were less phyloge-
netically conserved than the water table depth at which 
species had peak abundance or their integrated stress 
tolerance determined by multiple traits.

A controlled experiment revealed a critical role of 
environmental filtering in community assembly

The importance of environmental filtering in the 
community assembly of the Salicaceae species was shown 
by the high coefficient of determination (r2) in the regression 
of the water table depth at which species had peak 
natural abundance on the optimal water table depth deter-
mined by species fitness in the field experiment (Fig. 2c). 

Fig. 3.  (a) Distributions of the water table depth at which species had peak abundance (N-Dis), water table depth optimum 
predicted by the best aster fitness model (WTDo), the first principal component of the trait PCA (PC1), and functional traits across 
the Salicaceae phylogeny. Trait names are indicated using abbreviations defined in the caption of Fig. 2. Species names are indicated 
by the first three letters, defined in the caption of Fig. 1. Circles indicate normalized trait values of the species (trait values were 
normalized by subtracting the mean of the trait across the species and dividing the remainder by the standard deviation of the trait). 
Red and blue circles indicate positive and negative values, respectively; diameters of circles indicate absolute values of normalized 
traits. Black squares indicate missing data. (b) Results of Blomberg’s K statistic tests. Observed K values of the traits were compared 
to random null distributions generated by randomly swapping trait values across species and Brownian motion null distributions; 
ns, not significant. [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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Environmental filtering was caused by both drought and 
flooding stress, as species fitness showed a quadratic, 
concave response along the experimental hydrologic gra-
dient in the best aster model (Fig. 1). These results corrob-
orated conclusions of a previous study that found variation 
in species abundance and functional traits along a hydro-
logic gradient in naturally occurring Salicaceae popula-
tions (Savage and Cavender-Bares 2011, 2012).

Besides environmental filtering, other community 
assembly processes also influenced species distributions 
across the hydrologic gradient, as shown by two lines of 
evidence. First, species fitness optima explained 68%, but 
not all of, the variation in water table depth at which 
species had peak abundance. Second, the range of species 
natural distribution across the hydrologic gradient 
tended to be narrower than the range of hydrologic niche 
determined by species performance in the field exper-
iment (Appendix S2: Fig. S5).

A comparison of this study to other experimental work 
shows that different processes may dominate community 
assembly of plant species along hydrologic gradients. For 
instance, Emery et  al. (2009) investigated annual plant 
communities in California vernal pools and found similar 
results as this study: environmental filtering caused by 
hydrologic stresses was the dominant process deter-
mining species distributions. In contrast, Fraaije et  al. 
(2015) found that among riparian species distributed 
along a stream hydrologic gradient in the Netherlands, 
dispersal constraint played a more important role than 
abiotic stresses. Although these studies found similar pat-
terns of habitat segregation along hydrologic gradients, 
experimental tests help reveal the underlying differences 
in community assembly processes.

Integrated stress tolerance of the species was  
determined by combinations of multiple traits

Several results from our trait analyses showed that not 
all of the traits associated with water stress tolerance and 
water transport capacity covary with each other in a 
coordinated manner; this allowed species occupying 
similar hydrologic environment to have different trait 
combinations. First, only 13 out of 36 pair-wise correla-
tions between traits were statistically significant (Fig. 2a). 
Second, three upland species had different trait combina-
tions, as shown in the biplot of the trait PCA (Fig. 2b). 
Finally, while the water table depth at which the species 
had peak natural abundance, water table depth optima 
predicted by the best aster model and the first principal 
component of the trait PCA were phylogenetically con-
served, individual traits were not (Fig. 3).

One pattern that emerged from the trait analyses was 
that while wetland species had similar combinations of 
trait values, upland species did not. This pattern may 
reflect differences in drought tolerance strategies among 
upland species. Traits examined in this study could be 
separated into two groups based on their correlations, so 
that traits within groups were more correlated with each 

other than with traits in the other group (Fig. 2a, b). One 
group of traits included turgor loss point, stomatal pore 
index, root elongation rate, wood density, and lenticel 
density on main stems; the other group consisted largely 
of traits related to gas exchange and hydraulic con-
ductance. One upland species, S.  humilis, had similar 
values of the second group of traits as wetland species, 
but more extreme values in the first group of traits; in 
contrast, S. interior had similar values of the first group 
of traits as wetland species, but more extreme values in 
the second group of traits (Fig. 3a). High gas exchange 
rates and hydraulic conductance allow plants to respond 
quickly to rainfall events, taking advantage of tempo-
rarily available water supply (Maherali and DeLucia 
2000, Maherali et  al. 2004). Compared to S.  humilis, 
S. interior may have a drought-avoidance rather than a 
drought-resistance strategy.

There may be a continuum in the degree of integration 
among functionally associated traits (Schlichting 1989, 
Pigliucci 2003). At one end of the continuum, traits may 
be highly correlated with each other and covary in a coor-
dinated manner, such that these traits can be treated as a 
single trait syndrome (e.g., Reich 2014). At the other end 
of the continuum, traits may be uncoupled from each 
other, which allows species with different multi-trait phe-
notypes to show the same performance response to envi-
ronmental factors. Where a given set of traits falls along 
this continuum may vary among species (e.g., Armbruster 
et al. 1999). Among the Salicaceae species examined in 
this study, wetland species showed similar traits combi-
nations while upland species did not.

The result that none of the individual traits were phy-
logenetically conserved suggested that phylogenetic con-
servatism in species hydrologic niches was unlikely to be 
caused by genetic or structural constraints in any of the 
individual traits. Otherwise, we would observe a signif-
icant phylogenetic signal in at least some of the traits. 
Instead, the phylogenetic signal in hydrologic niches was 
likely caused by conservatism in the integrated water 
stress tolerance of species determined by their trait com-
binations, as indicated by the significant phylogenetic 
signal found in the first principal component of the trait 
PCA (Fig. 3b). One caveat is that we only sampled a small 
subset of species in the Salicaceae family and may lack 
power to detect phylogenetic signal in traits. A more 
extensive sampling of species is required to confirm 
whether or not these results represent the evolution 
pattern of the traits underlying hydrologic niche and 
water stress tolerance in the Salicaceae family.

If traits associated with tolerance to the same stress 
factor do not covary with each other in a coordinated 
manner, there could be multiple traits combinations that 
confer the same level of stress tolerance, which can 
present several challenges for the use of trait-based or 
phylogenetic approaches to test community assembly 
processes. One challenge is that it requires the inclusion 
of multiple traits to predict individual performance 
(Marks and Lechowicz 2006, Sterck et  al. 2011, 2014, 
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Kraft et al. 2015b, Laughlin and Messier 2015, Schroeder-
Georgi et al. 2016). In this study, although seven out of 
nine traits showed a significant correlation with species 
natural distributions along the hydrologic gradient 
(Appendix S1: Table S2), these traits all explained less 
variation in the water table depth at which species had 
peak natural abundance than the first principal com-
ponent of trait PCA and the optimal water table depth. 
Additionally, many-to-one relationships between trait 
combinations and stress tolerance could complicate the 
interpretation of community phylogenetic patterns 
(Cavender-Bares et  al. 2009, Gerhold et  al. 2015). For 
instance, when closely related species have evolved dif-
ferent strategies to solve the same ecological problems 
(e.g., Schwilk and Ackerly 2001, Agrawal and Fishbein 
2006), they may diverge in individual traits while main-
taining similar ecological niches, which would lead to 
phylogenetic clustering without phenotypic clustering in 
individual traits. Among the Salicaceae species, the 
degree of integration among traits associated with 
drought and flooding tolerance varied among species: 
only upland species had different combinations of traits 
while wetland species did not. Furthermore, wetland 
species were more phylogenetically clustered than upland 
species (Fig. 3a). Consequently, the Salicaceae commu-
nities at the wetter end of the hydrologic gradient were 
more functionally similar and phylogenetically clustered 
than those in uplands (Savage and Cavender-Bares 2012).

Conclusions

Our experimental test of fitness differences among willow 
and poplar species across a hydrologic gradient highlights 
the importance of environmental filtering in community 
assembly. The controlled field experimental approach 
allowed us to detect fitness variation among species in 
response to the hydrologic environment in the absence of 
possible confounding effects of dispersal and biotic interac-
tions. This study also reveals that some of the species with 
contrasting trait combinations had similar hydrologic 
niches and similar integrated water stress tolerance. While 
species’ natural distributions across the hydrologic gra-
dient were phylogenetically conserved, individual traits 
associated with water transport capacity or water stress 
tolerance were not. Phylogenetic conservatism in species 
niches, in contrast to the lability we found in individual 
functional traits, suggests that the phylogenetic signal in 
hydrologic niches is not a consequence of conservatism in 
individual traits, but rather, conservatism in the integrated 
stress tolerance of species determined by the combination 
of multiple traits. By merging a field experiment with func-
tional traits and species distribution data, our study pro-
vides an example of integrating multiple approaches in the 
investigation of environmental filtering.

Acknowledgments

We thank the staff and interns at Cedar Creek Ecosystem 
Science Reserve for greatly facilitating our fieldwork. The 

common gardens were set up with the help of N. Adams, 
M. Wright, and P. Ewing. Plant material was collected at Cedar 
Creek Ecosystem Science Reserve and several Scientific and 
Natural Areas with the permission of the Minnesota Department 
of Natural Resources and the Nature Conservancy (permit 
#2009-10R). We thank R. Shaw for assistance with the aster 
model analysis, A. Eule-Nashoba, P. Wragg, and members of 
the J. Cavender-Bares lab for their feedback on the manuscript. 
We also thank Oscar Godoy and an anonymous reviewer, 
whose comments allowed us to improve the paper. All authors 
contributed intellectually to the study. J. Cavender-Bares con-
ceived of the study and designed the experiment with J. Savage. 
X. Wei and J. Savage implemented the experimental design. 
X. Wei collected the growth, survival, lenticel density, and water 
table depth data. C. Riggs collected soil nitrogen availability. 
X.  Wei conceived of and performed the data analysis with 
help  from J. Cavender-Bares. X. Wei wrote the manuscript 
with  help from J. Cavender-Bares. All authors edited and 
helped  revise the manuscript. This study was funded by NSF 
LTER DEB-060652 and DEB-1234162 and supplements to 
J. Cavender-Bares.

Literature Cited

Ackerly, D. D., S. A. Dudley, S. E. Sultan, J. Schmitt, J. S. 
Coleman, C. R. Linder, D. R. Sandquist, M. A. Geber, A. S. 
Evans, and T. E. Dawson. 2000. The evolution of plant eco-
physiological traits: recent advances and future directions. 
BioScience 50:979–995.

Agrawal, A. A., and M. Fishbein. 2006. Plant defense syn-
dromes. Ecology 87:S132–S149.

Armbruster, W., et  al. 1999. Covariance and decoupling of 
floral and vegetative traits in nine Neotropical plants: a 
re-evaluation of Berg’s correlation-pleiades concept. 
American Journal of Botany 86:39–55.

Armstrong, W. 1968. Oxygen diffusion from the roots of woody 
species. Physiologia Plantarum 21:539–543.

Armstrong, W., and J. Armstrong. 2014. Plant internal oxygen 
transport (diffusion and convection) and measuring and 
modelling oxygen gradients. Chapter 14 in J. van Dongen  
and F. Licausi, editors. Low-oxygen stress in plants. Springer, 
New York, New York, USA.

Bailey-Serres, J., and L. Voesenek. 2008. Flooding stress: 
acclimations and genetic diversity. Annual Review of Plant 
Biology 59:313–339.

Bazzaz, F. 1991. Habitat selection in plants. American 
Naturalist 137:S116–S130.

Bertness, M. D., and A. M. Ellison. 1987. Determinants of pat-
tern in a New England salt marsh plant community. 
Ecological Monographs 57:129–147.

Blomberg, S. P., T. Garland, and A. R. Ives. 2003. Testing for 
phylogenetic signal in comparative data: behavioral traits are 
more labile. Evolution 57:717–745.

Callaway, R. M., R. Brooker, P. Choler, Z. Kikvidze, C. J. 
Lortie, R. Michalet, L. Paolini, F. I. Pugnaire, B. Newingham, 
and E. T. Aschehoug. 2002. Positive interactions among 
alpine plants increase with stress. Nature 417:844–848.

Cavender-Bares, J., K. Kitajima, and F. Bazzaz. 2004. Multiple 
trait associations in relation to habitat differentiation among 
17 Floridian oak species. Ecological Monographs 74:635–662.

Cavender-Bares, J., K. H. Kozak, P. V. Fine, and S. W. Kembel. 
2009. The merging of community ecology and phylogenetic 
biology. Ecology Letters 12:693–715.

Chalcoff, V. R., M. A. Aizen, and C. Ezcurra. 2012. Erosion of 
a pollination mutualism along an environmental gradient in a 
south Andean treelet, Embothrium coccineum (Proteaceae). 
Oikos 121:471–480.



1322 Ecology, Vol. 98, No. 5XIAOJING WEI ET AL.

Chave, J., et al. 2009. Towards a worldwide wood economics 
spectrum. Ecology Letters 12:351–366.

Chaves, M. M., J. S. Pereira, J. Maroco, M. L. Rodrigues, C. P. 
Ricardo, M. L. Osorio, I. Carvalho, T. Faria, and C. Pinheiro. 
2002. How plants cope with water stress in the field. 
Photosynthesis and growth. Annals of Botany 89 Spec 
No:907–916.

Connell, J. 1961. The influence of interspecific competition and 
other factors on the distribution of the barnacle Chthamalus 
stellatus. Ecology 42:710–723.

Cornwell, W. K., and D. D. Ackerly. 2009. Community assem-
bly and shifts in plant trait distributions across an environ-
mental gradient in coastal California. Ecological Monographs 
79:109–126.

Craine, J. M., B. M. Engelbrecht, C. H. Lusk, N. G. McDowell, 
and H. Poorter. 2012. Resource limitation, tolerance, and the 
future of ecological plant classification. Frontiers in Plant 
Science 3:246.

De Steven, D. 1991. Experiments on mechanisms of tree estab-
lishment in old-field succession: seedling survival and growth. 
Ecology 72:1076–1088.

Diaz, S., M. Cabido, and F. Casanoves. 1998. Plant functional 
traits and environmental filters at a regional scale. Journal of 
Vegetation Science 9:113–122.

Ehrlén, J., and O. Eriksson. 2000. Dispersal limitation and 
patch occupancy in forest herbs. Ecology 81:1667–1674.

Emery, N. C., M. L. Stanton, and K. J. Rice. 2009. Factors driv-
ing distribution limits in an annual plant community. New 
Phytologist 181:734–747.

Fine, P. V., I. Mesones, and P. D. Coley. 2004. Herbivores pro-
mote habitat specialization by trees in Amazonian forests. 
Science 305:663–665.

Fine, P. V., Z. J. Miller, I. Mesones, S. Irazuzta, H. M. Appel, 
M. H. H. Stevens, I. Sääksjärvi, J. C. Schultz, and P. D. 
Coley. 2006. The growth-defense trade-off and habitat spe-
cialization by plants in Amazonian forests. Ecology 87: 
S150–S162.

Fraaije, R. G., C. J. Braak, B. Verduyn, L. Breeman, J. T. 
Verhoeven, and M. B. Soons. 2015. Early plant recruitment 
stages set the template for the development of vegetation 
patterns along a hydrological gradient. Functional Ecology 
29:971–980.

Freschet, G., et al. 2010. Evidence of the ‘plant economics spec-
trum’ in a subarctic flora. Journal of Ecology 98:362–373.

Funk, J., et al. 2016. Revisiting the Holy Grail: using plant func-
tional traits to understand ecological processes. Biological 
Reviews. doi:10.1111/brv.12275

Gerhold, P., J. F. Cahill, M. Winter, I. V. Bartish, and 
A.  Prinzing. 2015. Phylogenetic patterns are not proxies of 
community assembly mechanisms (they are far better). 
Functional Ecology 29:600–614.

Geyer, C. J., S. Wagenius, and R. G. Shaw. 2007. Aster models 
for life history analysis. Biometrika 94:415–426.

Grigal, D. F., and P. S. Homann. 1994. Nitrogen mineral
ization, groundwater dynamics, and forest growth on a 
Minnesota outwash landscape. Biogeochemistry 27: 
171–185.

Harmon, L. J., J. T. Weir, C. D. Brock, R. E. Glor, and 
W.  Challenger. 2008. GEIGER: investigating evolutionary 
radiations. Bioinformatics 24:129–131.

Huner, N. P., G. Öquist, V. M. Hurry, M. Krol, S. Falk, and 
M.  Griffith. 1993. Photosynthesis, photoinhibition and low 
temperature acclimation in cold tolerant plants. Photo
synthesis Research 37:19–39.

Karrenberg, S., P. J. Edwards, and J. Kollmann. 2002. The life 
history of Salicaceae living in the active zone of floodplains. 
Freshwater Biology 47:733–748.

Keddy, P. A. 1981. Experimental demography of the sand-dune 
annual, Cakile edentula, growing along an environmental 
gradient in Nova Scotia. Journal of Ecology 615–630.

Kobe, R. K. 1999. Light gradient partitioning among tropical 
tree species through differential seedling mortality and 
growth. Ecology 80:187–201.

Kraft, N. J., R. Valencia, and D. D. Ackerly. 2008. Functional 
traits and niche-based tree community assembly in an 
Amazonian forest. Science 322:580–582.

Kraft, N. J., P. B. Adler, O. Godoy, E. C. James, S. Fuller, and 
J. M. Levine. 2015a. Community assembly, coexistence and 
the environmental filtering metaphor. Functional Ecology 
29:592–599.

Kraft, N. J., O. Godoy, and J. M. Levine. 2015b. Plant 
functional traits and the multidimensional nature of species 
coexistence. Proceedings of the National Academy of Sciences 
USA 112:797–802.

Laughlin, D. C., and J. Messier. 2015. Fitness of multidimen-
sional phenotypes in dynamic adaptive landscapes. Trends in 
Ecology and Evolution 30:487–496.

Losos, J. B. 2011. Convergence, adaptation, and constraint. 
Evolution 65:1827–1840.

Maherali, H., and E. H. DeLucia. 2000. Xylem conductivity 
and vulnerability to cavitation of ponderosa pine growing in 
contrasting climates. Tree Physiology 20:859–867.

Maherali, H., W. T. Pockman, and R. B. Jackson. 2004. 
Adaptive variation in the vulnerability of woody plants to 
xylem cavitation. Ecology 85:2184–2199.

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

Paine, R. T. 1974. Intertidal community structure. Oecologia 
15:93–120.

Paradis, E., J. Claude, and K. Strimmer. 2004. APE: analyses of 
phylogenetics and evolution in R language. Bioinformatics 
20:289–290.

Pigliucci, M.. 2003. Phenotypic integration: studying the ecol-
ogy and evolution of complex phenotypes. Ecology Letters 
6:265–272.

R Core Team. 2016. R: a language and environment for statisti-
cal computing. R Core Team, Vienna, Austria. https://
www.R-project.org 

Reich, P. B. 2014. The world-wide ‘fast-slow’ plant economics 
spectrum: a traits manifesto. Journal of Ecology 102:275–301.

Reich, P., I. Wright, J. Cavender-Bares, J. Craine, J. Oleksyn, 
M. Westoby, and M. Walters. 2003. The evolution of plant 
functional variation: traits, spectra, and strategies. Inter
national Journal of Plant Sciences 164:S143–S164.

Revell, L. J. 2009. Size-correction and principal components for 
interspecific comparative studies. Evolution 63:3258–3268.

Riggs, C. E., S. E. Hobbie, J. Cavender-Bares, J. A. Savage, and 
X. Wei. 2015. Contrasting effects of plant species traits and 
moisture on the decomposition of multiple litter fractions. 
Oecologia 179:573–584.

Sargent, R. D., and D. D. Ackerly. 2008. Plant–pollinator inter-
actions and the assembly of plant communities. Trends in 
Ecology and Evolution 23:123–130.

Savage, J. A. 2010. An ecological and evolutionary perspective 
on functional diversity in the genus Salix. Thesis, University 
of Minnesota, St. Paul, Minnesota, USA.

Savage, J. A., and J. M. Cavender-Bares. 2011. Contrasting 
drought survival strategies of sympatric willows (genus: 
Salix): consequences for coexistence and habitat specializa-
tion. Tree Physiology 31:604–614.

Savage, J. A., and J. Cavender-Bares. 2012. Habitat specializa-
tion and the role of trait lability in structuring diverse willow 
(genus Salix) communities. Ecology 93:S138–S150.

https://doi.org/10.1111/brv.12275
https://www.R-project.org
https://www.R-project.org


WILLOW FIELD EXPERIMENTAL FITNESS TESTMay 2017 1323

Savage, J. A., and J. Cavender-Bares. 2013. Phenological cues 
drive an apparent trade-off between freezing tolerance and 
growth in the family Salicaceae. Ecology 94:1708–1717.

Schlichting, C. D. 1989. Phenotypic integration and environ-
mental changes. BioScience 39:460–464.

Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH 
Image to ImageJ: 25 years of image analysis. Nature Methods 
9:671–675.

Schroeder-Georgi, T., C. Wirth, K. Nadrowski, S. T. Meyer, 
L. Mommer, and A. Weigelt. 2016. From pots to plots: hier-
archical trait-based prediction of plant performance in a 
mesic grassland. Journal of Ecology 104:206–218.

Schwilk, D. W., and D. D. Ackerly. 2001. Flammability and 
serotiny as strategies: correlated evolution in pines. Oikos 
94:326–336.

Shaw, R. G., C. J. Geyer, S. Wagenius, H. H. Hangelbroek, and 
J. R. Etterson. 2008. Unifying life-history analyses for infer-
ence of fitness and population growth. American Naturalist 
172:E35–E47.

Shipley, B., et al. 2016. Reinforcing loose foundation stones in 
trait-based plant ecology. Oecologia 180:923–931.

Silvertown, J., Y. Araya, and D. Gowing. 2015. Hydrological 
niches in terrestrial plant communities: a review. Journal of 
Ecology 103:93–108.

Sterck, F., L. Markesteijn, F. Schieving, and L. Poorter. 2011. 
Functional traits determine trade-offs and niches in a tropical 
forest community. Proceedings of the National Academy of 
Sciences USA 108:20627–20632.

Sterck, F., L. Markesteijn, M. Toledo, F. Schieving, and 
L.  Poorter. 2014. Sapling performance along resource gra
dients drives tree species distributions within and across trop-
ical forests. Ecology 95:2514–2525.

Stokes, K. 2008. Exotic invasive black willow (Salix nigra) in 
Australia: influence of hydrological regimes on population 
dynamics. Plant Ecology 19:91–105.

Swenson, N. G., and B. J. Enquist. 2009. Opposing assembly 
mechanisms in a Neotropical dry forest: implications for 
phylogenetic and functional community ecology. Ecology 
90:2161–2170.

Tuomisto, H., K. Ruokolainen, and M. Yli-Halla. 2003. 
Dispersal, environment, and floristic variation of western 
Amazonian forests. Science 299:241–244.

Tyree, M. T., and F. W. Ewers. 1991. The hydraulic architecture 
of trees and other woody plants. New Phytologist 119: 
345–360.

Van der Valk, A. 1981. Succession in wetlands: a Gleasonian 
approach. Ecology 62:688–696.

Violle, C., M. Navas, D. Vile, E. Kazakou, C. Fortunel, 
I. Hummel, and E. Garnier. 2007. Let the concept of trait be 
functional!. Oikos 116:882–892.

Weiher, E., and P. A. Keddy. 1995. The assembly of experimen-
tal wetland plant communities. Oikos 73:323–335.

Weiher, E., G. P. Clarke, and P. A. Keddy. 1998. Community 
assembly rules, morphological dispersion, and the coexist-
ence of plant species. Oikos 81:309–322.

Whittaker, R. H. 1960. Vegetation of the Siskiyou Mountains, 
Oregon and California. Ecological Monographs 30:279–338.

Woodward, F., and A. Diament. 1991. Functional approaches 
to predicting the ecological effects of global change. 
Functional Ecology 5:202–212.

Wright, I. J., P. B. Reich, M. Westoby, D. D. Ackerly, 
Z. Baruch, F. Bongers, J. Cavender-Bares, T. Chapin, J. H. 
Cornelissen, and M. Diemer. 2004. The worldwide leaf eco-
nomics spectrum. Nature 428:821–827.

Supporting Information

Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/
doi/10.1002/ecy.1784/suppinfo

http://onlinelibrary.wiley.com/doi/10.1002/ecy.1784/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.1784/suppinfo

