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1  | INTRODUC TION

A central goal of ecology is to understand how processes acting 
at the individual‐level scale up to structure species‐rich communi‐
ties (Chave, 2013; Levin, 1992). Once assumed to be unimportant 
for explaining community‐level patterns (Mcgill, Enquist, Weiher, & 

Westoby, 2006), intraspecific variation is now appreciated as a key 
component of functional trait diversity (Siefert et al., 2015), with ef‐
fects on ecological communities often rivalling that of interspecific 
variation (Des Roches et al., 2018; Koricheva & Hayes, 2018). Despite 
the likely pervasive effects of intraspecific trait variation (Bolnick et 
al., 2011; Violle et al., 2012), predicting its community‐level effects 
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Abstract
1. Intraspecific variation can be an important driver of ecological interactions in spe‐

cies‐rich communities. Predicting the effects of intraspecific variation in different 
environments, however, remains a major challenge. This is because we often do 
not quantify both the effects of functional traits on associated communities and 
the extent to which trait variation is due to genetics (genotype effects) vs. plastic‐
ity (environment effects). As a consequence, the relative importance of trait plas‐
ticity vs. genetic variation in structuring associated communities remains unclear.

2. We sought to fill this gap by conducting common garden experiments with the 
plant Salix hookeriana across biotic (ant–aphid interactions) and abiotic (wind ex‐
posure) environmental gradients in a coastal dune ecosystem. In each experiment, 
we simultaneously measured plant traits and species richness of associated 
above‐ and below‐ground communities. We then used statistical models to quan‐
tify the relative importance of trait plasticity vs. genetic variation in structuring 
communities.

3. Our major finding was that trait plasticity was more important than genetic varia‐
tion in determining the number of species in associated communities. This result 
was consistent across different environmental contexts (experimental manipula‐
tions of ant–aphid interactions and wind exposure), multiple years, and for above‐
ground arthropods and root microbes. This occurred because the traits that had 
the largest effect on species richness were also the most plastic.

4. Synthesis. These results indicate that trait plasticity can be a dominant driver of 
above‐ and below‐ground biodiversity.
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in different environments remains a major challenge. This is because 
intraspecific trait variation ultimately results from both genetic (G), 
environmental (E) and G × E processes. Thus, predicting community‐
level effects not only requires identifying important functional traits 
but also quantifying sources of intraspecific variation.

In plants, genetic variation can be a key driver of intraspecific 
trait variation, which in turn can structure species‐rich communities 
of dependent organisms (Crutsinger et al., 2006; Fritz & Price, 1988; 
Lamit et al., 2015; Maddox & Root, 1990). For example, genetic vari‐
ation in the leaf chemistry of cottonwoods (Whitham et al., 2006) 
and in the plant architecture of coyote bush (Crutsinger et al., 2014) 
have been shown to structure diverse communities of foliar arthro‐
pods and soil microbes. While community‐level effects of genetic 
variation have been documented in a variety of plant taxa (Whitham 
et al., 2012), evidence comes primarily from experiments done in a 
single common environment. These controlled environments limit 
the effects of environmental variation on the expression of plant 
traits (trait plasticity: Gratani, 2014), and thus the effects of trait 
plasticity on associated communities.

Trait plasticity is a major mechanism by which plants cope with 
changes in the biotic and abiotic environment (Gratani, 2014), and 
thus can also be an important driver of community structure (Miner, 
Sultan, Morgan, Padilla, & Relyea, 2005; Ohgushi, 2016). For exam‐
ple, herbivory can induce changes in plant traits related to growth 
and defence with diverse effects on above‐ (Utsumi & Ohgushi, 
2009; Van Zandt & Agrawal, 2004) and below‐ground communities 
(Johnson et al., 2012). Similarly, changes in abiotic factors (e.g. light, 
nutrients) can alter above‐ and below‐ground plant traits, thereby 
altering resource availability for associated consumers (Erb & Lu, 
2013; Legay et al., 2014; Wardle et al., 2004). Few studies though 
have tested whether a plant’s genetic background modifies linkages 
between environmental variation, traits, and community structure. 
The rare examples of this have been limited to manipulations of soil 
nutrients and responses of above‐ground growth traits and arthro‐
pod communities (Abdala‐Roberts & Mooney, 2013; Barrios‐Garcia, 
Rodriguez‐Cabal, Rudgers, & Crutsinger, 2017; Burkle, Souza, 
Genung, & Crutsinger, 2013; Orians & Fritz, 1996; Rossi & Stiling, 
1998). In general though, the relative importance of trait plasticity 
vs. genetic variation in structuring the diverse communities associ‐
ated with plants remains unclear.

Here we sought to answer the question: what is the relative im‐
portance of trait plasticity vs. genetic variation in structuring plant‐
associated communities? To do this, we conducted common garden 
experiments with the plant Salix hookeriana across different envi‐
ronmental contexts of a coastal dune ecosystem. Prior work in this 
system has shown that willow genotypes host distinct arthropod 
communities and that multiple plant traits determine community 
structure (Barbour et al., 2015, 2016). Importantly, plant traits var‐
ied substantially in their degree of genetic variation, suggesting that 
the environment may influence them in different ways. Preliminary 
surveys identified two important sources of environmental variation 
for S.  hookeriana at our coastal dune site. The first was the mutualis‐
tic interaction between the sallow aphid (Aphis farinosa) and western 

thatching ant (Formica obscuripes). Sallow aphids were abundant and 
they excrete carbohydrate‐rich honeydew while feeding, which com‐
monly attracted the western thatching ant, a generalist consumer 
that feeds on the honeydew. Such mutualisms can have strong di‐
rect effects on arthropod communities (Abdala‐Roberts, Agrawal, & 
Mooney, 2012; Johnson, 2008; Mooney & Agrawal, 2008); however, 
we focused on quantifying the indirect effects of this mutualism due 
to induced changes in plant traits. We hypothesized that this mutu‐
alism would have its largest effect when aphids were present and 
in close proximity to ant colonies, since we expected these condi‐
tions to favour high aphid densities and thus a greater impact on 
willows. The second environmental factor we identified was wind 
exposure. We noticed that willows growing in wind‐exposed habi‐
tats exhibited reduced growth, especially at their leading edge, ap‐
pearing to be “swept back” by the wind. We hypothesized that wind 
exposure would be an important source of intraspecific variation in 
willow growth and leaf quality traits, with strong indirect effects 
on associated communities. We conducted separate experiments 
across each of these environmental gradients. We simultaneously 
measured intraspecific variation in above‐ and below‐ground plant 
traits as well as the species richness of foliar arthropods, root fungi, 
and root bacteria. This enabled us to first identify the key functional 
traits affecting community structure. We then used our experimen‐
tal manipulations to quantify sources of intraspecific variation and, 
in turn, the relative importance of trait plasticity vs. genetic variation 
in structuring communities in each experiment.

2  | MATERIAL S AND METHODS

2.1 | Study site

We conducted this research at Lanphere Dunes (40°53′29.85″N, 
124°8′49.06″W), a restored coastal dune ecosystem managed by US 
Fish and Wildlife service in Humboldt County, California, USA. While 
most dunes on the Pacific coast of North America have become de‐
graded due to a combination of development, use of off‐road vehi‐
cles and the invasion of nonnative plant species, Lanphere Dunes 
has been restored and managed to be one of the last remaining 
areas of native dune left in California (Pickart, 2013). Coastal willow 
(S.  hookeriana ex Barratt ex Hooker) naturally occurs in nearshore 
dune swales—seasonal freshwater wetlands that form in depressions 
between dune ridges (Pickart & Barbour, 2007). Apart from coastal 
willow (hereafter willow), the dominant vegetation in these swales 
consists of beach pine (Pinus contorta ssp. contorta) and slough sedge 
(Carex obnupta).

2.2 | Experimental design

Prior to bud break in February 2012, we took shoot cuttings (40 cm 
length and ~0.5 cm diameter) from one to two replicates of 10 dif‐
ferent willow genotypes from a pool of 26 locally collected willow 
genotypes planted in a large common garden experiment in the same 
region as the current study site (~24 km down the coastline). Details 
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about the establishment of this common garden and genotyping are 
given in Barbour et al. (2015). These 10 genotypes displayed sub‐
stantial variation in both plant growth and leaf quality traits (Barbour 
et al., 2015). Shoot cuttings were soaked in water overnight and then 
planted in a mixture of 80% perlite and 20% peat moss (dolomite 
lime added to balance pH) inside “Cone‐tainers” (Stuewe & Sons, 
Inc.). We grew cuttings under ambient weather conditions outside 
the greenhouse at Humboldt State University until we transplanted 
willows to our experimental sites at Lanphere Dunes.

To examine how the presence of aphids, proximity to ant mounds 
and willow genotype affected associated communities, we estab‐
lished common gardens around five different ant mounds (treated 
as blocks) distributed across a 300 m by 50 m area in late May 2012. 
Within each block, we randomly planted 20 cuttings (two replicates 
of each of 10 genotypes) with 0.5 m spacing in plots that were at 
a distance of 1, 6, and 12 m from the edge of the ant mound, for a 
total of 60 cuttings per ant mound (300 cuttings for entire experi‐
ment). Within each plot, we randomly assigned the aphid treatment 
(aphid presence vs. absence) to one of the two replicates for each 
genotype. On 22 May, we collected aphids (A.  farinosa) from a sin‐
gle willow patch at Lanphere Dunes and placed five adult apterate 
aphids on the tips of willow cuttings in the aphid treatment using a 
moist paintbrush. We bagged aphids onto the apical shoots of cut‐
tings using organza bags to promote aphid establishment on plants. 
Similarly, we placed organza bags on all control plants. On 27 May, 
we checked aphid treatments to ensure there were five adult aphids 
and removed bags from all cuttings. If necessary, we added aphids 
to these treatments until there were five adults and we removed 
any aphid nymphs that were produced since initial establishment. 
We checked plants for aphids on 6 June, 13 June, 24 June, 4 July, 
14 July and 20 July 2012. If plants in the aphid treatment had less 
than five aphids, we noted their abundance and added aphids until 
there were at least five individuals. If plants in the control treatment 
had any aphids, we also noted their abundance, but removed these 
aphids from the plant. The ant–aphid experiment was restricted to 
the summer of 2012, because in the summer of 2013 there was high 
willow mortality induced by drought and A.  farinosa was too low in 
abundance on naturally occurring willows to allow us to repeat the 
experiment. For 2012 though, our experimental design proved ef‐
fective at creating variation in ant–aphid interactions among willows 
(Supporting Information Figure S1).

To examine how wind exposure and willow genotype affected 
associated communities, we planted 200 willow cuttings across 10 
different naturally occurring willow stands (treated as blocks) dis‐
tributed across a 400 m by 40 m area in late May of 2012. At each 
willow stand, we established an “exposed” and an “unexposed” 
common garden with exposed gardens on the windward side of 
natural willow stands and unexposed plots on the leeward side. 
Each garden consisted of one replicate cutting of each of 10 gen‐
otypes randomly planted in 2 m by 0.5 m grid with 0.5 m spacing 
between plants. The centre of exposed and unexposed gardens 
within each block were the same distance (2 m) from the edge of 
the willow stand to control for insect accessibility. To estimate 

the difference in wind conditions experienced by exposed vs. 
unexposed plants, we went out on a representative windy after‐
noon in September 2012. A nearby weather station (Arcata, CA) 
estimated wind speeds of 22 km/hr during this period. We used 
a hand‐held anemometer (Kestrel 1000) to measure wind speed 
at a height of 37 cm above‐ground (approximate height of tallest 
plants in the garden in 2012) in each plot of our experiment. For 
each block, we randomly selected the order in which exposed and 
unexposed plots were measured and took maximum wind speed 
measurements over a 30‐s period. We found that willows grow‐
ing in wind‐exposed plots experienced up to 3.7‐fold higher wind 
speeds compared to unexposed plots (paired t test, t9 = 187.32, 
p < 0.001), suggesting that the location of our plots were effective 
manipulations of wind exposure.

2.3 | Measuring plant traits

Prior work in this study system demonstrated that variation in both 
plant growth and leaf quality traits affect the diverse community 
of herbivorous insects on S.  hookeriana (Barbour et al., 2015). To 
quantify plant growth traits, we measured plant height, the number 
of shoots produced, and average shoot length in late July of each 
year (end of growing season) for both experiments. We quantified 
plant height as the distance (mm) from the ground to the tip of the 
tallest shoot. We quantified average shoot length by measuring 
every shoot on each plant to the nearest millimetre and calculating 
the average shoot length for each plant. We also measured several 
traits that could affect leaf quality for herbivores, including trichome 
density (2012 only), water content (2012 & 2013), specific leaf area 
(SLA, 2013 only), per cent carbon (C) and nitrogen (N), and C:N (2013 
only). To measure these traits, we excised fully expanded and un‐
damaged leaves from plants in late July of each year, stored leaf sam‐
ples with a moist paper towel in separate plastic bags within a cooler 
and immediately brought them back to the laboratory. We then 
weighed leaves to obtain fresh mass (g), digitally scanned them to 
measure leaf area (mm2) using ImageJ (Abràmoff, Magalhães, & Ram, 
2004), and oven‐dried them at 60°C for 72 hr to obtain dry mass (g) 
(Cornelissen et al., 2003). We calculated SLA as leaf area divided by 
dry mass (Cornelissen et al., 2003). We calculated leaf water con‐
tent as (fresh mass − dry mass)/(dry mass) (Munns & Contributors, 
2010). To measure trichome density, we counted the number of tri‐
chomes along an 11 mm by 1 mm transect in the centre of the leaf, 
halfway between the leaf edge and the mid‐vein, under a dissecting 
scope. To measure per cent C and N, we ground oven‐dried leaves to 
a fine powder using a ball mill (Mixer/Mill 8000D; SPEX SamplePrep, 
Metuchen, NJ, USA). Subsamples of each material were then ana‐
lysed for per cent C and N on an elemental analyser (ECS 4010; 
Costech Analytical Technologies, Valencia, CA, USA) using atropine 
(4.84% N and 70.56% C) as a reference standard. For root‐associated 
communities, we hypothesized that variation in root C:N may affect 
interactions with root microbes. We measured root C and N (2013 
only) by crushing a subsample of oven‐dried roots with a razor blade 
and then analysing for per cent C and N on an elemental analyser 
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(Carlo‐Erba NA 1500) using atropine (4.84% N and 70.56% C) as a 
reference standard.

We used principal components analysis (PCA) to condense 
above‐ground willow traits into a small number of uncorrelated 
variables. This step was necessary to eliminate collinearity among 
traits, which could make it difficult to interpret subsequent analyses 
of intraspecific effects on associated communities. We conducted 
PCA for each experiment and year separately, meaning that prin‐
cipal component (PC) axes have different interpretations. At times, 
we lacked data for every trait on a plant. Therefore, we used a reg‐
ularized iterative PCA algorithm to impute missing values (Josse 
& Husson, 2012). For each PCA, we retained PC with eigenvalues 
greater than 1.

2.4 | Measuring arthropod communities

We visually surveyed plants for arthropods to determine the abun‐
dances of different morphospecies. For the ant–aphid experiment, 
we surveyed arthropods on five different occasions between early 
June and late July 2012. For the wind experiment, we surveyed ar‐
thropods once at the end of July 2012 and then once a month in 
May, June and July 2013. So that individuals were not counted twice 
between sampling dates, we took the maximum abundance for each 
arthropod morphospecies from each plant across all sampling dates 
within each year. This approach provides a conservative estimate of 
the total number of individuals of each morphospecies that occurred 
on individual plants through the summer. We used these data to cal‐
culate arthropod richness on individual plants for each year of the 
experiments.

2.5 | Measuring root microbial communities

We dug up the willows from the wind experiment to sample fungi 
and bacteria communities associated with willow roots in late July 
of 2013. We were unable to sample below‐ground communities 
of plants in the ant–aphid experiment due to the high mortality of 
plants in 2013. To sample these below‐ground communities, we re‐
moved willows with the surrounding soil intact to preserve root sys‐
tems, separated shoots and roots, then brushed soil off root systems 
and stored roots in separate plastic bags. Within 6 hr of excavation, 
root systems were stored at 4°C. To process roots, we gently rinsed 
them in tap water until free of visible soil. In order to randomly se‐
lect roots for molecular analysis, second‐order roots were cut into 
2 cm lengths, spread out on a grid, and then, using a random number 
generator, a total of 30 cm of root length was picked from numbered 
grid cells. These random root subsamples were flash frozen in liquid 
N and kept at −80°C until DNA extraction. To increase efficiency of 
DNA extraction, roots were physically disrupted with 2 beads per 
2 ml tube (3.0 mm Yttria stabilized Zirconia Grinding Media) for 30 s 
at 1,500 strokes per minute (SPEX SamplePrep 200 geno/grinder). 
Total DNA was extracted from the root samples using MoBio 
PowerSoil 96 sample DNA extraction kits following the manufac‐
turer’s instructions.

To identify fungal and bacterial operational taxonomic units 
(OTUs), we used custom Illumina‐compatible barcode primer sets 
ITS1F/ITS2 (Smith & Peay, 2014; White, Bruns, Lee, & Taylor, 
1990) and 515f/806r (Gregory Caporaso et al., 2012) to amplify 
via PCR the first internal transcribed spacer (ITS1) of the fungal 
nuclear ribosomal RNA operon and the V4 region of bacterial 16S 
ribosomal DNA from total root DNA extractions. Product quality 
was assessed by gel electrophoresis. PCR products were cleaned 
with house‐made magnetic bead solution, quantified with a Qubit 
fluorometric kit, then sample libraries were pooled at a fungi:bac‐
teria concentration ratio of 2:1. Pooled amplicon libraries were 
sequenced as single‐index (the reverse barcode was uniquely 
indexed) 300 base pair reads at Stanford Functional Genomics 
Facility on one lane of an Illumina MiSeq. Quality control of reads 
consisted of these steps: trimming bases with quality score less 
than 20 phred; trimming sequenced adaptors and removing reads 
with average error rates greater than 0.25 using UPARSE (Edgar, 
2013). Only high‐quality, paired forward and reverse reads were 
used for OTU clustering at 97% identity, then OTUs were checked 
for chimeras against the GOLD 16s rRNA database (Reddy et al., 
2014) and UNITE fungal ITS database ver6_97_13.05.2014 (Kõljalg 
et al., 2005) with UPARSE. Taxonomy was assigned in QIIME 
(Gregory Caporaso et al., 2010) using the RDP Classifier for bac‐
teria (Wang, Garrity, Tiedje, & Cole, 2007) and BLAST for fungi. 
To account for differences in each sample’s library size (number 
of reads obtained for each sample), we normalized datasets and 
calculated rarefied richness (Gotelli & Colwell, 2001) for root fungi 
and bacteria separately. We discarded some OTUs and samples 
based on the following conditions: OTUs with no known taxon‐
omy (any OTU that was not assigned to at least Kingdom Fungi, 
Bacteria or Archaea); root samples with fewer than 6,000 fungal 
reads and 9,000 bacterial reads; and mitochondrial and chloroplast 
OTUs.

2.6 | Statistical analyses

To estimate the effect of intraspecific variation on species richness 
of associated communities, we used linear mixed‐effect models. We 
specified trait PC as fixed effects in models of arthropod richness, 
and root C:N as a fixed effect for models of root fungi and bacte‐
ria rarefied richness. In order to compare trait effects and commu‐
nity responses within and between experiments, we centred and 
scaled these variables (i.e. subtract mean (M) and divide by standard 
deviation (SD)) prior to analysis. To quantify the unique effects of 
intraspecific trait variation, we included the structure of our experi‐
mental design in these statistical models. Willow genotype and mi‐
crohabitat (experimental block and plot nested within block) were 
modelled as random intercepts. Experimental manipulations of wind 
exposure as well as aphid presence, distance from ant mounds and 
aphid‐by‐ant treatment interactions were modelled as fixed effects. 
Genotype‐by‐environment interactions (i.e. G × Wind, G × Aphid, 
G × Ant, G × Aphid × Ant) were modelled as random slopes. Note 
that we did not model G × Block or G × Plot effects, because we did 
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not design our experiment with adequate replication within experi‐
mental blocks and plots to test these effects.

To quantify the variance explained by different sources of ge‐
netic and environmental variation for plant traits, we again used lin‐
ear mixed‐effect models. These models had the same structure as 
described previously expect that plant traits were now the response 
variable. We converted fixed‐effect coefficients into variance com‐
ponents following the methods of Nakagawa and Schielzeth (2013). 
We then quantified variance explained by dividing the observed 
variance component by the sum of variance components for all fixed 
and random effects as well as residual variation in the model.

To compare the relative importance of trait plasticity vs. ge‐
netic variation in determining species richness, we transformed es‐
timates from the linear mixed‐effect models described previously. 
Specifically, we first converted the effect of intraspecific trait vari‐
ation on species richness into units of SD following the methods of 
Nakagawa and Schielzeth (2013). We then converted the variance 
components for each source of intraspecific variation into SD units 
by taking the square root of each variance component. To quantify 
the indirect effects of each source of trait variation on species rich‐
ness, we multiplied the SDs for each source of trait variation by the 
SD of each trait effect on species richness (Supporting Information 
Figure S2). We calculated the indirect effects of trait plasticity by 
summing the indirect effects due to each source of environmental 
variation as well as genotype‐by‐environment effects. We calcu‐
lated the indirect effect of genetic variation as simply the indirect 
effect due to plant genotype. Our standardized measure of indirect 
effects is analogous to the approach used in structural equation 
models (SEMs) to calculate the strength of indirect effects. However, 
we could not use an SEM approach for this analysis since SEMs can‐
not estimate indirect effects due to random effects. Note that our 

goal with this analysis was to scale the deterministic, or predictable, 
processes by which genetic and environmental variation affect com‐
munity structure. Therefore, we explicitly focus on estimating indi‐
rect effects due to sources of genetic and environmental variation 
that we manipulated in our study (Supporting Information Figure S2). 
Stochastic environmental variation can also indirectly affect com‐
munity structure by influencing trait variation; however, stochastic 
effects are, by definition, unpredictable, which is why we do not 
focus on these effects in this analysis.

We used a Bayesian approach to estimate fixed and random 
effects, combining prior information with a Gaussian likelihood to 
generate a posterior distribution for each effect. We set a generic, 
regularizing prior (Gaussian distribution: M = 0, SD = 1) for all fixed 
and random effects. Putting the majority of prior information around 
zero acts to prevent our statistical models from overfitting. We sim‐
ulated samples from the posterior using Markov chain Monte Carlo 
sampling in the probabilistic programming language Stan (Carpenter 
et al., 2017). We ran four chains with the No‐U‐Turn Sampler for 
1,000 iterations each, discarding the first 500 iterations as burn‐in 
(Hoffman & Gelman, 2014). Convergence was assessed visually and 
by verifying that all of the statistics were less than 1.1 (Brooks & 
Gelman, 1998). All analyses and visualizations were conducted in r 
(Bürkner, 2017; R Core Team, 2017; Wickham, 2009).

3  | RESULTS

We found that the most important driver of arthropod species rich‐
ness was trait PC1—the major axis of intraspecific trait variation. Trait 
PC1 had a consistent, positive effect on arthropod richness in both 
the ant–aphid and wind experiments (Figure 1). Plant height, shoot 
count and shoot length had strong, positive loadings on trait PC1 
in each experiment (hereafter “plant size PC1”; Figure 2), indicating 
that larger willows supported more arthropod species. Interestingly, 
leaf water content had a large negative loading on plant size PC1 in 
scenarios where it had the largest association (Ant‐Aphid 2012 and 
Wind 2013; Figures 1 and 2), indicating that willows with lower leaf 
water content also supported more arthropod species. Compared to 
plant size PC1, trait PC2 had a weak negative effect on arthropod 
richness in both experiments (Figure 1). Loadings on trait PC2 were 
more idiosyncratic than plant size PC1 but tended to be driven by 
traits linked to leaf quality, such as trichome density, water content 
and C:N (hereafter “leaf quality PC2”; Figure 2). Below‐ground, we 
found that root C:N was negatively associated with the rarefied rich‐
ness of root microbes, with a particularly strong effect on root fungi 
(Figure 1).

Plant genotype was consistently a more important source of 
intraspecific variation than any of the specific environmental fac‐
tors we manipulated in our experiments (i.e. ant–aphid interactions 
and wind exposure; Figure 3). Plant genotype was a particularly 
important source of variation for leaf quality PC2, indicating the 
importance of genetic variation in shaping traits such as trichome 
density, water content and C:N (Supporting Information Figure S3). 

F I G U R E  1   Standardized effect sizes of plant traits on the 
species richness of associated communities in the ant–aphid 
and wind experiments. Grey points, black bars and grey lines 
correspond to the median, 25%–75% interval and 2.5%–97.5% 
interval of posterior estimates of standardized effects respectively. 
Different shapes correspond to different community responses
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Of the environmental factors we manipulated, wind exposure was 
the most important source of trait variation. Wind had a particu‐
larly strong effect on plant size PC1 (Figure 3), indicating its neg‐
ative effect on plant height and shoot growth traits (Supporting 
Information Figure S4). Our manipulations of aphid presence and 
distance from ant mounds had generally weak effects on func‐
tional trait variation (Figure 3), with the strongest effect being the 
presence of aphids modifying the effect of willow genotype on tri‐
chome density (G × Aphid effect, Supporting Information Figure S3). 
Despite the importance of plant genotype, we found that variation 

in microhabitat (experimental plots and blocks) was often the dom‐
inant source of trait variation. This result was particularly true for 
plant size PC1 and root C:N, where environmental variation among 
plots was just as, or more important, than plant genotype (Figure 3). 
Note, however, that experimental plots and blocks capture variation 
in multiple sources of unmeasured environmental factors.

To compare the relative importance of trait plasticity vs. genetic 
variation, we multiplied the effect of each source of trait variation by 
the effect of each trait on species richness (illustration in Supporting 
Information Figure S2). The height of each coloured bar in Figure 4 

F I G U R E  2   Loadings on trait principal 
components (PC) for the ant–aphid and 
wind experiments

F I G U R E  3   Partitioning genetic and 
environmental sources of intraspecific 
trait variation in the ant–aphid and wind 
experiments. Grey points, black bars and 
grey lines correspond to the median, 25%–
75% interval and 2.5%–97.5% interval of 
posterior estimates of per cent variance 
explained, respectively
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represents the strength of the indirect effect of each source of trait 
variation on species richness. We found that the combined effects 
of trait plasticity were more important than genetic variation in de‐
termining species richness of associated communities. This result 
was consistent across experiments, years and community types 
(Figure 4). The primary sources of trait plasticity originated from the 
effects of microhabitat variation (black and grey bars in Figure 4) 
on plant size PC1. Experimentally manipulated sources of environ‐
mental variation on plant size PC1 (non‐green chromatic colour bars 
in Figure 4) were also an important source of trait plasticity, with 
combined effects that were often comparable to the effects of ge‐
netic variation (green bars in Figure 4). Overall, the combined effects 
of trait plasticity on arthropod richness were twofold greater than 
genetic variation in the ant–aphid experiment (plant size PC1 + leaf 
quality PC2, Figure 4). In the wind experiment, the relative impor‐
tance of trait plasticity on arthropod richness increased over time, 
as can be seen by the increase in effect size from 1.5‐fold in 2012 to 
3.6‐fold in 2013 (plant size PC1 + leaf quality PC2, Figure 4). Below‐
ground, we found that trait plasticity had a sevenfold larger effect 
on the rarefied richness of bacteria and fungi compared to genetic 
variation (effect on root fungi shown in Figure 4).

4  | DISCUSSION

Our major finding was that trait plasticity was more important than 
genetic variation in determining species richness of both above‐ and 

below‐ground communities. This pattern was consistent across dif‐
ferent environmental gradients and over multiple years. This pattern 
was due to the fact that plant functional traits that had the largest 
effect on species richness were also the most plastic. It is worth not‐
ing that genetic variation was often more important than any single 
component of environmental variation. Still, the combined indirect 
effects of the environment resulted in plasticity being the dominant 
source of trait variation in structuring associated communities.

Intraspecific variation in plant size was the primary driver of ar‐
thropod richness in both experiments and years. We found similar 
results in our prior work with S.  hookeriana (Barbour et al., 2015), 
although the effects of plant size appeared much more important in 
the current study. This is likely because the absolute size of plants 
in this study were small (<60 cm tall); therefore, plant biomass could 
have been a limiting resource for insect herbivores, and in turn, upper 
trophic levels. Genotype‐by‐environment experiments with small‐
statured plants (forbs, herbs, etc.) have similarly found that plant size 
is a key factor in determining arthropod diversity (Crutsinger et al., 
2014; Johnson & Agrawal, 2005). We speculate that the effects of 
plant size on arthropod communities may be especially strong for 
smaller plants, with leaf quality traits becoming more important as 
plants grow and biomass is no longer a limiting resource. Below‐
ground, we observed a negative relationship between root C:N and 
microbial diversity, and this was particularly strong for root fungi. 
This negative relationship likely reflects the fact that nutrients, 
such as N, are often limited in the rhizosphere (Kuzyakov, 2002), 
thus lower root C:N could promote increased microbial growth and 

F I G U R E  4   Indirect effects of trait plasticity and genetic variation on species richness in the ant–aphid and wind experiments. Colours 
correspond to different sources of indirect effects. The height of each coloured bar corresponds to the median SD of each source of trait 
variation multiplied by the median SD of species richness response to the corresponding trait (see Supporting Information Figure S2 for 
illustration). In other words, the height of each coloured bar represents the strength of the indirect effect of each source of trait variation 
on species richness. Note that G × E (orange colour) represents the combined indirect effects of different G × E interactions for each 
experiment (Ant–Aphid Experiment G × E = G × Ant + G × Aphid + G × Aphid × Ant; Wind Experiment G × E = G × Wind). Note also that the 
effect of root C:N displayed in the graph is only for root fungi [Colour figure can be viewed at wileyonlinelibrary.com]
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diversity. While species richness of above‐ and below‐ground com‐
munities were decoupled in our study, similar studies have found ei‐
ther coupled (Crutsinger et al., 2014) or decoupled responses (Lamit 
et al., 2015; Wagner et al., 2016) to intraspecific variation. Predicting 
when above‐ and below‐ground communities will be coupled will re‐
quire studies that explicitly measure (co)variation in multiple above‐ 
and below‐ground plant traits in different environmental contexts. A 
trait‐based approach will also be necessary for exploring plant‐me‐
diated feedbacks between above‐ and below‐ground communities.

Intraspecific variation in plant growth was primarily a result of 
plastic responses to the environment, whereas leaf quality traits 
were determined primarily by genetic variation. This result corre‐
sponds with the generally high variation among genotypes in leaf 
quality compared to plant growth traits we observed in our prior 
work with S.  hookeriana (Barbour et al., 2015) and others have 
observed in other plant species (Geber & Griffen, 2003; Johnson, 
Agrawal, Maron, & Salminen, 2009). Interestingly, we found that 
root C:N, a trait linked to root quality, was more influenced by mi‐
crohabitat variation (experimental blocks and plots) than genetic 
variation. This variation in root C:N could reflect differences among 
microhabitats in available soil N. Alternatively, many fungi form mu‐
tualistic associations with plant roots (e.g. mycorrhiza) where in ex‐
change for root C exudates, they make inaccessible soil N available 
to plants. Thus, preexisting differences in fungal diversity among 
microhabitats could have altered root C:N. Either way, this suggests 
that it may be common for the chemical composition of above and 
below‐ground plant tissues to be decoupled as they are influenced 
by different processes.

There has been a persistent call over the past decade to mea‐
sure functional traits in order to identify the mechanisms by which 
genetic variation affects associated communities (Crutsinger, 
2016; Hersch‐Green, Turley, & Johnson, 2011; Randall Hughes, 
Inouye, Johnson, Underwood, & Vellend, 2008). Measuring traits 
is especially important for identifying mechanisms in genotype‐
by‐environment studies, since environmental variation can af‐
fect communities independently of trait variation. By measuring 
plant functional traits, we showed that trait plasticity was more 
important than genetic variation in determining species richness 
of associated communities in a coastal dune ecosystem. Despite 
the increasing number of genotype‐by‐environment studies in 
the past decade (Abdala‐Roberts et al., 2012; Busby, Newcombe, 
Dirzo, & Whitham, 2014; Johnson, 2008; Johnson & Agrawal, 
2005; Mooney & Agrawal, 2008; Tack, Ovaskainen, Pulkkinen, & 
Roslin, 2010; Wagner et al., 2016), most studies neglect to mea‐
sure functional traits, precluding an understanding of the relative 
importance of trait plasticity vs. genetic variation in structuring 
communities. The few studies that can give insight to the rela‐
tive importance of trait plasticity vs. genetic variation have been 
limited to manipulations of soil nutrients within common gardens 
and focused on the response of plant growth traits and above‐
ground arthropod communities (Abdala‐Roberts & Mooney, 2013; 
Barrios‐Garcia et al., 2017; Burkle et al., 2013; Orians & Fritz, 
1996). This prior work suggests that the community‐level effects 

of trait plasticity range from being weakly independent (Abdala‐
Roberts & Mooney, 2013; Barrios‐Garcia et al., 2017; Burkle et 
al., 2013) to strongly modified by plant genotype (Orians & Fritz, 
1996). In contrast, we found strong and independent effects of 
trait plasticity on above‐ and below‐ground species richness in 
multiple environmental contexts. If we want to predict the con‐
sequences of genetic and environmental variation for species‐rich 
communities, we need further tests across natural environmental 
gradients and in environmental scenarios that we expect to see in 
the future.

One important caveat of our study is that we cannot compare 
the effects of plasticity and genetic variation in unmeasured plant 
traits. Potentially important traits that we did not measure in this 
study include phenology (Johnson & Agrawal, 2005) and the diverse 
phenolic compounds produced by S.  hookeriana (Barbour et al., 
2015). While trait measurements are necessary to disentangle direct 
effects of the environment vs. trait plasticity, we can assume that 
any effects of plant genotype can be attributed to genetic variation 
in measured and unmeasured plant traits. For example, we found 
that plant genotype was the dominant driver of arthropod richness 
in the ant–aphid experiment, indicating the importance of genetic 
variation in unmeasured plant traits for this experiment (Supporting 
Information Figure S5). This result emphasizes the importance of si‐
multaneously conducting detailed trait measurements to disentan‐
gle the effects of trait plasticity and genetic variation in structuring 
communities. This result does not alter our conclusions, however, 
about the relative importance of trait plasticity vs. genetic variation 
for the suite of plant traits we measured in this study.

5  | CONCLUSIONS

Work in willows and similar plant species have long emphasized the 
importance of genetic variation in functional traits for shaping com‐
munity structure (Barbour et al., 2015, 2016; Fritz & Price, 1988; 
Whitham et al., 2006, 2012), and thus the potential importance of 
evolutionary processes. While plasticity can have a genetic basis, 
we observed only weak genotype‐by‐environment interactions on 
associated communities. The dominant effects of trait plasticity 
that we observed suggest that plant evolution is unlikely to play a 
major role in structuring communities associated with S.  hookeriana. 
Interestingly, our study hints at the possibility of the community‐
level effects of trait plasticity increasing over time (Wind 2012 vs. 
2013 in Figure 4). This could occur if plant traits accumulate the ef‐
fects of the environment over time and would have an especially 
strong impact on perennial plants such as S.  hookeriana. Trait plas‐
ticity has been shown to play a key role in shaping the evolution‐
ary ecology of species‐rich communities associated with willows 
(Ohgushi, 2016; Utsumi, 2015; Utsumi & Ohgushi, 2009), and this is 
likely true for other perennial plants. We need to continue merging 
trait‐based approaches with genotype‐by‐environment studies if we 
want to understand how individual‐level variation scales up to struc‐
ture species‐rich communities.
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