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Abstract
Organismal phenotypes often co-vary with environmental variables across broad geographic ranges. Less is known about 
the extent to which phenotypes match local conditions when multiple biotic and abiotic stressors vary at fine spatial scales. 
Bittercress (Brassicaceae: Cardamine cordifolia), a perennial forb, grows across a microgeographic mosaic of two contrasting 
herbivory regimes: high herbivory in meadows (sun habitats) and low herbivory in deeply shaded forest understories (shade 
habitats). We tested for local phenotypic differentiation in plant size, leaf morphology, and anti-herbivore defense (realized 
resistance and defensive chemicals, i.e., glucosinolates) across this habitat mosaic through reciprocal transplant–common 
garden experiments with clonally propagated rhizomes. We found habitat-specific divergence in morphological and defen-
sive phenotypes that manifested as contrasting responses to growth in shade common gardens: weak petiole elongation and 
attenuated defenses in populations from shade habitats, and strong petiole elongation and elevated defenses in populations 
from sun habitats. These divergent phenotypes are generally consistent with reciprocal local adaptation: plants from shade 
habitats that naturally experience low herbivory show reduced investment in defense and an attenuated shade avoidance 
response, owing to its ineffectiveness within forest understories. By contrast, plants from sun habitats with high herbivory 
show shade-induced elongation, but no evidence of attenuated defenses canonically associated with elongation in shade-
intolerant plant species. Finally, we observed differences in flowering phenology between habitat types that could potentially 
contribute to inter-habitat divergence by reducing gene flow. This study illuminates how clonally heritable plant phenotypes 
track a fine-grained mosaic of herbivore pressure and light availability in a native plant.

Keywords Common garden · Microgeographic divergence · Phenotypic plasticity · Shade avoidance syndrome · 
Brassicaceae

Introduction

Phenotypes often vary clinally in species distributed across 
environmental gradients. These clines arise when natural 
selection acts divergently across habitats, but their emer-
gence and persistence are also heavily influenced by gene 
flow (Kawecki and Ebert 2004). Specifically, gene flow 
among interspersed habitat patches acts as a homogenizing 
force that opposes divergence (Haldane 1930; Lenormand 
2002). As environmental variation becomes increasingly 
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fine-grained, more opportunities exist for dispersal and/or 
gene flow across habitat types to prevent habitat-associated 
divergence and local adaptation. As result of this expec-
tation, our knowledge of how populations diverge among 
habitats has been disproportionately shaped by studies at 
coarse spatial scales, where conditions for habitat-associated 
divergence are more favorable (Richardson et al. 2014).

While the concept is not new, much less attention has 
been paid to the problem of how local adaptation proceeds 
at fine-grained spatial scales (microgeographic divergence) 
in the presence of gene flow (Epling and Dobzhansky 1942; 
Ehrlich and Raven 1969; Linhart and Baker 1973; Selander 
and Kaufman 1975). This trend is beginning to change, and 
there is growing evidence of microgeographic divergence 
in species spanning the diversity of life, from algae, fungi, 
insects, snails, frogs, fish, and flowering plants (Richardson 
et al. 2014). In many cases, the selective agents that have 
driven well-studied examples of adaptive microgeographic 
divergence are abiotic, such as seasonal water level variation 
in vernal pools (Richardson et al. 2014). But for Darwin, the 
strongest features of the tangled bank were biotic interac-
tions—competition, predation, parasitism, and mutualism. 
He hypothesized that these biotic interactions, rather than 
purely abiotic factors, acted as the prevailing selective agents 
shaping adaptive phenotypes in the “struggle for existence” 
(Reznick and Ricklefs 2009; Darwin 1859). According to 
this perspective, strong biotic agents of selection may be 
key for generating adaptive divergence at microgeographic 
scales.

Much of the early pioneering research on variation in 
species distributions (e.g., Greig-Smith 1952) and pheno-
typic and genetic differentiation across fine-grained habitat 
mosaics focused on plants. While local adaptation to abiotic 
conditions clearly shapes plant distributions and phenotypes 
in many cases (reviewed in Linhart and Grant 1996), there 
is considerable evidence that plant consumers also play a 
central role (Fine et al. 2004; Maron and Crone 2006). Defo-
liation by insect herbivore communities exerts strong natural 
selection on plant phenotypes (Louda 1984; Prasad et al. 
2012; Agrawal et al. 2012). In mustards (Brassicaceae), pol-
ymorphisms in genes encoding enzymes that modify defen-
sive chemicals underlie adaptation to regional herbivore 
communities (Prasad et al. 2012; Züst et al. 2012), and the 
magnitude of geographic divergence at such loci is extreme 
compared to loci across the rest of the genome (Brachi et al. 
2015). Much of the strongest evidence for local adaptation to 
herbivory is from populations separated by large distances, 
on the scale of hundreds to thousands of kilometers (km), 
even in studies on clines (Woods et al. 2012). But heritable 
divergence in herbivore resistance or defensive traits can 
correlate with variation in herbivore pressure at relatively 
fine spatial scales as well, ranging from a few km to only 
500 m (Galen et al. 1991; Sork et al. 1993; Pellissier et al. 

2014; Dostálek et al. 2016; Sato and Kudoh 2017). Thus, in 
line with Darwin’s view, herbivores exert selective pressures 
strong enough to impact the distribution and abundance of 
plants, as well as the genetic and phenotypic composition of 
plant populations, at both coarse- and fine-grained spatial 
scales.

Biotic and abiotic conditions are rarely uncorrelated, 
however, even at fine spatial scales. For plants, the compo-
sition of herbivore communities and the overall intensity of 
herbivory often vary across habitats that also differ along 
abiotic dimensions (Louda et al. 1987; Fine et al. 2004; 
Strauss and Cacho 2013). In fact, such covariation between 
biotic and abiotic agents of selection, if strong enough, can 
amplify the total strength of divergent selection between 
habitats and promote microgeographic divergence (Nosil 
and Harmon 2009). Studies of traits involved in coping with 
both biotic and abiotic stresses can therefore offer a more 
complete view of microgeographic divergence.

In this study, we revisited a textbook study system (Rick-
lefs and Miller 2000) used to understand the ecological con-
sequences of microgeographic variation in plant–herbivore 
interactions and light availability. Bittercress (Brassicaceae: 
Cardamine cordifolia Gray), a forb native to montane 
regions of western North America, grows across a mosaic 
of open meadow habitats (sun) and deeply shaded habitats 
(shade). Two notable ecological features reliably distinguish 
sun and shade habitats for bittercress (Electronic Supple-
mentary Material [ESM] §1 Fig. S1) and thus could promote 
habitat-specific phenotypic divergence. First, damage by the 
herbivore community of bittercress—and specifically by 
Scaptomyza nigrita (Drosophilidae), a specialist leaf-miner 
that can heavily defoliate stands of bittercress (Collinge and 
Louda 1989a; Gloss et al. 2014)—is primarily restricted 
to sun habitats, and this has been consistently observed 
throughout many growing season across decades of study 
(Louda and Rodman 1983a, b, 1996; Louda 1984; Collinge 
and Louda 1989a, b; Alexandre et al. 2018). Sun-biased her-
bivore pressure likely arises from a combination of herbi-
vore habitat preference (Alexandre et al. 2018) and advanced 
phenology that exposes bittercress in the sun to early-season 
insect activity (Collinge and Louda 1989b), which is thought 
to promote colonization of shade habitats by bittercress. As 
a consequence, the enemy-free space associated with shade 
habitats would be expected to favor lower investment in 
anti-herbivore defenses (Agrawal et al. 2012; Mooney et al. 
2016). Indeed, Louda and Collinge (1992) hypothesized that 
the uneven distribution of herbivory between sun and shade 
habitats could lead to fine-grained spatial structuring of bit-
tercress genotypes varying in herbivore resistance, but this 
intriguing hypothesis has not been addressed.

A second major feature distinguishing sun from shade 
habitats is that the growth form of neighboring plants that 
filter incoming light, either forbs or canopy trees, differs 
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between habitats. Thus, traits involved in capturing and/or 
competing for light are likely to be selected differently in sun 
and shade habitats. Sunlight that passes through (or reflects 
off of) plant leaves has characteristic signatures that differ 
from unfiltered sunlight, including a reduced ratio of red 
to far-red light (R:FR) and diminished levels of blue light, 
UV-B light, and photosynthetically active radiation (PAR) 
(Ballaré and Pierik 2017). Plants perceive and respond to 
these reliable cues of canopy and neighbor shading through 
photoreceptors, which in turn regulate signaling pathways 
that control plant growth and physiology (Ballaré and Pierik 
2017). Plants that are intolerant of shade express a suite of 
phenotypes upon perception of shade cues, termed the shade 
avoidance syndrome (SAS), that elevate photosynthesizing 
leaves to positions where light conditions are more favorable 
(Keuskamp et al. 2010). Although SAS manifests through 
many traits, one of the most conspicuous changes is the elon-
gation of stems and petioles to overgrow competitors (Bal-
laré and Pierik 2017). Conspecific and heterospecific forbs 
grow at high densities in bittercress sun habitats (ESM §1 
Fig. S1), and SAS is frequently observed to be adaptive in 
this type of context (Keuskamp et al. 2010).

In contrast, large evergreen trees filter the majority of 
light from bittercress growing in shade habitats. Shading by 
the forest canopy cannot be overcome by elongating stems 
or petioles, and plants living under canopy shade benefit 
from reduced SAS expression (Dudley and Schmitt 1995, 
1996; Schmitt et al. 2003; Donohue et al. 2000; Bell and 
Galloway 2008). Instead, understory-adapted plants typically 
cope with shade through a shade tolerance strategy, which 
involves morphological (e.g., expanded leaf area per unit 
mass) and physiological changes thought to optimize light 
capture and photosynthesis in low-light conditions (Valla-
dares and Niinemets 2008; Gommers et al. 2013). Differ-
ences in shade responses within species are an example of 
locally adaptive plasticity (Schmitt et al. 2003; Keuskamp 
et al. 2010). It is not known whether bittercress expresses 
SAS in response to canopy shading or if the strength of these 
responses has diverged between bittercress populations in 
sun and shade habitats.

Together, the enemy-free space and consistently low-light 
quality and availability for bittercress populations living 
in chronic shade might favor an attenuation of both anti-
herbivore defenses and shade avoidance phenotypes, either 
constitutively or in response to shading. Thus, bittercress 
presents an opportunity to test for microgeographic diver-
gence in both constitutive and plastic foliar morphology and 
herbivore-resistance phenotypes. Through replicated recip-
rocal transplant–common garden experiments in the field 
and greenhouse, we tested if bittercress from shade and sun 
habitats differed in foliar morphological phenotypes, includ-
ing investment of leaf mass into leaf area, and petiole elon-
gation, two traits that are commonly responsive to shading 

(Valladares and Niinemets 2008; Ballaré and Pierik 2017). 
This design allowed us to measure the effect of phenotypic 
plasticity caused by light environment, and to test if plants 
from sun and shade populations differ in the average expres-
sion and/or the plasticity of these traits. In parallel, we tested 
for divergence between habitats in plant investment in anti-
herbivore defenses. We focused on glucosinolates (GSL), 
the major defensive chemicals in plants of the family Brassi-
caceae (Halkier and Gershenzon 2006; Hopkins et al. 2009). 
GSL are hydrolyzed into a number of bioactive compounds 
upon tissue disruption, including isothiocyanates, which are 
generally toxic to insects (Hopkins et al. 2009). Importantly, 
patterns of herbivory in the field (e.g., Louda and Rodman 
1983a, b, 1996; Collinge and Louda 1988a; Humphrey et al. 
2014) and in controlled laboratory experiments (Humphrey 
et al. 2016) suggest that isothiocyanate-yielding GSL (IYG) 
in bittercress confer resistance to its herbivore community, 
including S. nigrita. To investigate whether divergence in 
IYG concentrations correlated with resistance to herbivory, 
we also assayed the performance of larval S. nigrita on 
plants in the common gardens. Given that S. nigrita is sus-
ceptible to GSL and to jasmonic acid (JA)-induced (i.e., 
wounding-induced) defenses more generally, we expected 
differences in resistance to track foliar IYG concentration 
across garden and source habitats. The biological effects of 
two other GSL classes, oxazolidine-2-thione-yielding GSL 
(OYG) and indole GSL, are less understood in both bitter-
cress and other mustards (Agerbirk et al. 2009; Winde and 
Wittstock 2011). Finally, we tested if flowering phenology 
differs between habitats in a manner that could facilitate 
microgeographic divergence by reducing opportunities for 
gene flow across habitats.

Materials and methods

Experimental design and data collection

Common gardens in the field

This study was conducted at the Rocky Mountain Bio-
logical Laboratory (RMBL) in Gothic, Colorado, USA, 
between 2011 and 2014. In 2011, we planted a reciprocal 
transplant–common garden to test if habitat of origin (sun 
vs. shade) impacted plant size, leaf morphological traits, 
defensive chemistry, and realized herbivore resistance, either 
constitutively or in response to shading. We chose nine sun- 
and nine shade-source sites from which to sample bittercress 
rhizomes for planting in common gardens that were either in 
meadows (sun) or under evergreen forest canopies (shade) 
(ESM §1 Fig. S2). At source and common garden sites, we 
recorded photosynthetically active radiation (PAR) using a 
light meter (Spectrum Technologies, Inc.), percent canopy 
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cover using a densiometer, diameter at breast height (dbh) 
of the four largest trees within four meters, and latitude, 
longitude, and elevation (Garmin GPS) (ESM §1 Table S1). 
Source sites significantly differed in PAR, canopy cover, and 
dbh (ANOVA, all p < 0.05) but did not differ in elevation (p 
> 0.05; ESM §1 Table S2).

From each source site, we collected rhizome tissue from 
each of 30 ramets and stored them at 4–10 °C in low ambi-
ent light until planting. Rhizomes were collected from a 
single genet (i.e., clump) in most cases, or otherwise along 
short transects of no more than a few meters per site when 
large genets were not present. Using a randomized com-
plete block design, 540 rhizomes—five from each of the 18 
source sites (90 in total per garden; see ESM §1 Table S1–S2 
for site locales and habitat features)—were planted in each 
of six common gardens (three in sun and three in shade) 
and spaced 16 cm apart to avoid shading from neighboring 
bittercress. Gardens exhibited light conditions consistent 
with source sites (ESM §1 Fig. S3) and were watered every 
24–48 h with nearby water from a snowmelt stream. Plants 
were shrouded using fine mesh cloth to prevent herbivory 
throughout the experiment.

After 5  weeks, we counted the number of leaves > 
10 mm2 growing from each rhizome, and we removed and 
photographed the largest leaf. We measured petiole length 
and leaf area using ImageJ (Abràmoff et al. 2004) and leaf 
mass using a Sartorius CPA225D balance (Sartorius AG, 
Goettingen, Germany) after oven drying at 65 °C for 2 days. 
Subsequently, we transplanted a single S. nigrita larva into 
the largest remaining leaf. Larvae were collected from mined 
leaves along Copper Creek near the RMBL (ESM §1 Fig. 
S2). Early instar larvae were excluded to approximately 
standardize larval developmental stage, but larvae were 
not weighed in order to minimize their manipulation. Thus, 
the amount of variance within treatments is likely inflated 
by variation in initial larval mass. After 48 h, we removed 
mined leaves, extracted larvae, and measured larval mass as 
a measure of herbivore resistance (Whiteman et al. 2011, 
2012). At the same time, we removed the largest remaining 
unmined leaf from each plant for GSL analysis. These leaves 
were immediately frozen in liquid nitrogen and stored at 
− 80 °C prior to GSL profiling (described below). Because 
leaves for GSL profiling were sampled 48 h after feeding by 
S. nigrita elsewhere on the same plant, GSL concentrations 
reflect the sum of constitutive and systemic inducible GSL.

Greenhouse experiment

To measure the elongation response in bittercress under 
more controlled conditions, we also performed greenhouse 
experiments with seed-grown plants in which we subjected 
seedlings to either natural light or filtered light with a lower 
ratio of red to far-red (R:FR) light, a reliable indicator of 

shading by overhanging plant leaves. In August 2012, we 
collected seeds from a single parental ramet of bittercress 
growing in each of two sun and three shade sites near the 
source sites for the common gardens by tying bags to devel-
oping racemes. From these five locales, we recorded per-
cent canopy cover using a densiometer and latitude, longi-
tude, and elevation of each collection site as above (ESM 
§1 Table S3). Seeds were transported to the University of 
Arizona and surface-sterilized with a solution of 50% bleach 
and 0.5% Triton-X-100 and stratified on moist filter paper 
in petri dishes for 5 weeks at 4 °C. Seeds were germinated 
in the greenhouse in moist filter paper in petri dishes, after 
which we planted them individually in soil in plastic pots. 
Seedlings from each source site (5 source sites, n = 37 plants 
total) were split randomly between the two simulated light 
environments. Canopy shade was simulated by growing 19 
plants under a blue plastic filter (Lee filter 115) that reduces 
the ratio of R:FR light available to plants (Runkle and Heins 
2001). To simulate sun habitats, the remaining 18 plants 
were grown under a clear filter that does not alter the qual-
ity of light (Lee filter 130). Sample sizes from each source 
family are given in ESM §1 Table S3. The simulated shade 
treatment was applied as a single apparatus, held adjacent 
to the mock filter apparatus on the same greenhouse table, 
conducted simultaneously, and all plants were randomly 
assigned to position within and between each of the treat-
ment setups. To minimize ontogenetic effects, we compared 
petiole length across seedlings at the eight-leaf stage, using 
measurements of fully expanded leaf positions 1–4 only. We 
did not have access to S. nigrita larvae for the greenhouse 
experiment to measure realized herbivore resistance.

Field surveys of flowering phenology

In 2015, we counted floral abundance through time in sun 
and shade habitats in a sample of 240 bittercress plants 
spread across two sites (401 Trail and Copper Creek). At 
each site, we designated roughly equal numbers of plants in 
open sun, intermediate shade, and deep-shade and tracked 
plant-level flower abundance every 2–3 days for four weeks 
(between Jul 8 and Aug 5, 2015). From these data, we des-
ignated a first, peak, and last flowering Julian day for each 
stem. In many cases, focal stems flowered before the obser-
vation window, and these stems were assigned a Julian date 
of 1 prior to the first observation day. Plants with no flow-
ers or fruits by the end of the observation window were 
assigned a no-flowering status and were excluded from the 
analysis. We also accounted for the presence of developing 
fruits, which allowed us to designate plants with no observed 
flowers as having completed flowering by the first observa-
tion date, thus distinguishing this class from those plants 
that had neither flowered nor fruited during the observation 
window. Many plants had just begun to flower by the end 
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of the observation widow; the ‘peak’ and ‘last’ flowering 
events for these stems was assigned a Julian date of the last 
observation day + 1.

Glucosinolate analysis

Frozen leaves (mean wet mass: 95 mg ± 50 mg standard 
deviation [sd]) were individually ground in liquid nitrogen 
in 1.7-mL microcentrifuge tubes. GSL were extracted from 
the frozen leaf powder in 1.5 mL 80% methanol, which 
inhibits endogenous myrosinase activity (Doheny-Adams 
et al. 2017), at 4 °C for 4 h. Samples were auto-injected 
through an Agilent Poroshell 120 SB-C18 3.0 × 150 mm, 
2.7 μm column on an Agilent 6410BQQQ LC–MS with the 
following parameters: 350 °C gas temperature, 7.0 L/min 
gas flow, 30 PSI nebulizer, 3000 V capillary, 20 eV fixed 
collision energy, 140 V fragmentor. Samples were eluted 
with 0.1% formic acid in water (A) and 100% Acetonitrile 
(B) using the following separation gradient: 2 min of 98% A 
followed by a gradient from 98% to 70% A (2 to 30% B) over 
10 min, and a wash with 99% B for 3 min with a 4-min post-
run re-equilibration to 98% A. Flow rate was maintained 
at 0.3 mL/min throughout. The mass spectrometer was run 
in precursor negative-ion electrospray mode, monitoring all 
parent ions from m/z 350–500 with daughter ions of m/z 97, 
which correspond to the sulfate moiety of the GSL analytes. 
An external standard of 1 mM sinigrin in water was run 
every fifth sample to ensure detection intensities did not vary 
among samples.

GSL compounds previously characterized in C. cordifolia 
(Louda and Rodman 1983a) were identified using parent 
ion mass and relative retention times of these molecules in 
other studies (Agerbirk et al. 2010; Liu et al. 2016a). Com-
pound abundance was quantified as base peak area (i.e., total 
counts) of the parent ion with Agilent Mass Hunter Soft-
ware (Qualitative Analysis B06.00 Build 6.0.633.02012). 
Response factors that relate intact GSL detection intensi-
ties to molar equivalents are unknown, and pure standards 
were unavailable for comparison, for most GSL compounds 
in bittercress. To enable estimation of total isothiocyanate-
yielding GSL (IYG) content per leaf, we weighted peak 
areas for each IYG compound so that its mean percent con-
tribution to total IYG abundance across our experimental 
plants was equal to the mean relative abundance of the same 
compound in basal leaves in natural bittercress populations 
in mid-August, which Rodman and Louda (1985) quantified 
using purified preparations of each compound as standards. 
Weighting factors (ESM §4 Table S6) did not vary consider-
ably among compounds, and the conclusions of downstream 
analyses were qualitatively unaffected by the use of raw 
parent ion counts versus counts weighted to approximately 
reflect relative molar concentrations.

Statistical analyses

We conducted all statistical analyses using R v.3.3 (R Core 
Team 2017). All data and analysis code can be  accessed at 
https ://githu b.com/phump h/sunsh ade.

Common gardens in the field

Using data collected for all plants surviving after 5 weeks, 
we constructed hierarchical mixed effects regression models 
to estimate the effects of source and garden types (and their 
interaction) on foliar morphology, defensive chemistry, and 
herbivore resistance phenotypes in the common gardens. 
A detailed description of our regression model structure, 
including model formulae and coefficient definitions, can 
be found in ESM §2.1.

Overall approach Our main goal was to estimate if plants 
from sun- and shade-source habitats expressed different mor-
phological and defensive phenotypes when grown in experi-
mental sun and shade common gardens which mimicked the 
abiotic differences between the two source habitat types. 
Thus, statistical interactions between source and garden 
type were of primary interest. For each response variable, 
we estimated coefficients for fixed effects of source habitat 
(two levels), common garden habitat (two levels), and their 
interaction, using linear mixed effects models implemented 
in R package lme4 (Bates et  al. 2014). We also included 
group-level (i.e., random) effects that captured among-
garden plot and among-genet differences in average expres-
sion of plant phenotypes (ESM §2.1 Eq. 1). These random 
effects also reflected the nested experimental design, with 
rhizomes (i.e., clones) nested within genets, and the block-
ing structure of the experiment, with clones from each genet 
measured across six separate gardens. We also estimated an 
effect of among-genet variation in plasticity across garden 
types (i.e., a random slope term) and evaluated statistical 
support for its inclusion in the model via likelihood ratio 
tests. In no case was this term retained, either because its 
effects were not significant (likelihood ratio test, p ≥ 0.1) or 
because likelihood profiling for confidence intervals for this 
term (details below) produced negative values.

Many traits—including foliar morphology, defenses, and 
resistance to herbivory—vary with ontogeny and plant size 
(Poorter 1999; Valladares and Niinemets 2008; Boege and 
Marquis 2005; Barton and Boege 2017). Pairwise trait cor-
relation plots revealed moderate to high correlations among 
potential covariates (ESM §3.1 Fig. S5) which would mani-
fest as multicollinearity if included in a multiple regression. 
While multicollinearity among several predictor variables 
does not affect overall goodness-of-fit of multiple regression 
models, it inflates error variance in the coefficient estimates 
for correlated yet biologically meaningful covariates, leading 

https://github.com/phumph/sunshade
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to downwardly biased parameter estimates and increased 
Type II error (Graham 2003). We assessed multicollinearity 
among our four measured foliar traits by calculating vari-
ance inflation factors (VIF) using R package mctest v.1.1.1 
(Ullah and Aslam 2017). All traits showed VIF > 2, indi-
cating moderate multicollinearity. Avoiding inflated error 
variance in covariate coefficient estimation was a priority 
because we included covariates to test how they interacted 
with source and garden type, rather than to increase overall 
model goodness-of-fit.

We took two approaches to analyze inter-correlated trait 
data. First, we implemented a series of focal trait regres-
sion models where we orthogonalized the response variable 
and any relevant covariate trait against a common variable 
(Mosteller and Tukey 1977; Freckleton 2002). This approach 
avoids the loss-of-power induced by multicollinearity to esti-
mate regression coefficients for secondary predictors (and 
their interaction with additional factors) while preserving the 
biological interpretability of coefficient estimates [approach 
(I), below]. We also modeled each untransformed trait vec-
tor according to Eq. 1 in ESM §2.1 to document system-
atic differences in plant trait distributions between source 
and/or garden types in a manner naive to covariation (ESM 
§3). Second, as a complementary and standard multivariate 
approach, we conducted principal components analysis on 
four plant traits (number of leaves per plant, as well as the 
dry mass, leaf area, and petiole length of the largest leaf). 
This allowed us to transform inter-correlated variables into 
statistically orthogonal vectors which could be analyzed as 
response variables in our regression models described above 
[approach (II), below].

(I) Focal traits regression analysis We orthogonalized the 
response variable  and the covariate with respect to plant 
size, as described for each trait below, by taking the residu-
als from ordinary least squares regression. This subtracts 
the mean effect of plant size from each trait vector, such 
that each transformed trait vector is orthogonal to the vector 
of plant size (Mosteller and Tukey 1977). The subsequent 
focal regression models estimate the extent of correlations 
between trait deviations from each of their expected rela-
tionship with plant size. Importantly, if underlying differ-
ences in plant size were driving all variation in other focal 
traits, we would not detect differences between source and/
or garden types using this approach.

We modeled leaf area expansion by including the plant 
size-adjusted residual vector of dry leaf mass (log g) as a 
covariate, along with all covariate interactions with source 
and garden type (according to Eq. 4 in ESM §2.1). The 
response variable was the residual vector of (log)  cm2 leaf 
area after linear regression against log leaf number. We 
next modeled petiole elongation by including the plant 

size-adjusted vector of leaf mass (petiole length model 
‘A’) as a covariate. In this case, the petiole length (mm) 
response variable was also converted to a residual vector 
from a linear regression with log leaf number. Finally, we 
examined the strength of the correlation between residual 
leaf area and residual petiole length (petiole length model 
‘B’). In this model, we used the plant size- and leaf mass-
adjusted residual vector of (log)  cm2 leaf area as a covari-
ate. The petiole length response variable was the residual 
vector from a linear regression with plant size-corrected 
leaf mass. Thus, this model focused on identifying devia-
tions in the covariance between leaf area and petiole length 
across source and/or garden types, independent of how 
leaf mass, leaf area, and petiole length scale on average 
with plant size.

For each orthogonalized response variable, we first esti-
mated all coefficients in a fixed effects interaction model 
without covariate terms, as specified in Eq. 1 (ESM §2.1), 
and then elaborated this model by adding the focal orthog-
onalized covariate and its interaction with the fixed effects, 
recovering the full model specified by Eq. 4 (ESM §2.1). 
We then constructed nested simplified models that dropped 
higher order covariate terms and compared goodness-of-fit 
of each model using corrected Akaike’s Information Cri-
terion (AICc). We report parameter estimates of models 
with the lowest AICc for which simplification yielded no 
additional reduction in AICc. From such models, we esti-
mated 95% confidence limits on fixed and random effect 
coefficients via likelihood profiling, as implemented in 
lme4. P-values for coefficient estimates and for overall 
model effects in ANOVA-style linear hypothesis testing 
were calculated using F tests with the Kenward–Roger 
approximation for denominator degrees of freedom (Ken-
ward and Roger 1997; Luke 2017), as implemented in 
package lmerTest (Kuznetsova et al. 2017). Finally, we 
used post hoc pairwise least squares mean contrasts for 
source × garden interactions using lmerTest. Coefficient 
of determination for fixed effects (Rm

2) and fixed + random 
effects (Rc

2) was calculated according to Nakagawa and 
Schielzeth (2013) using package MuMIn (Bartón 2017).

(II) Principal components analysis (PCA) We used as PCA 
inputs the scaled and centered trait vectors of leaf number, 
leaf mass (g), leaf area  (cm2), and petiole length (mm). 
We conducted PCA with log-transformed input variables, 
which increased homogeneity of variance. For regres-
sion analysis, we modeled PC1 and PC2 (separately) as 
response variables according to Eq.  1 (ESM §2.1). For 
PC2, we then modeled covariate interactions with PC1 
according to Eq. 4 (ESM §2.1), as described above.
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Plant defenses and herbivore resistance

Glucosinolates (GSL) We approached our analysis of foliar 
GSL content from the perspective of plant investment in 
defense. This required us to account for differences in how 
average GSL concentration changed with plant size and 
ontogeny (Boege and Marquis 2005; Barton and Boege 
2017). To account for the effects of plant size (total number 
of leaves) and focal leaf size (wet mass), GSL concentra-
tions and leaf wet mass were first regressed against (log-
transformed) leaf number. We then estimated effects of 
source and garden habitat as described earlier (following 
Eq. 4) using GSL concentration as the response variable and 
leaf mass as a covariate, with both vectors being orthogonal 
to plant size.

Our analysis was conducted separately for three GSL 
classes found in bittercress. The presence of one GSL class 
(OYG) was largely consistent within genets but polymorphic 
within the population (see “Results”). We therefore excluded 
data points with total OYG of zero to avoid conflating con-
centrations of GSL class with the production of that GSL 
class altogether. Models were constructed, compared, and 
analyzed as described above.

Next, as a complementary multivariate approach, we con-
ducted PCA on centered and scaled log-transformed GSL 
concentrations for each of the eight measured compounds 
(ESM §4.1 Table S6). The PCs reflect the relative contribu-
tion of these eight compounds to a plant’s full GSL profile 
(rather than the total abundance of each compound). In a 
simplified regression model, we modeled PCs 1–3 as a func-
tion of source number (i.e. plant genet; random effect) in 
order to estimate the repeatability, and thus a potential upper 
bound on broad-sense heritability, of overall GSL composi-
tions among bittercress genotypes in our study populations.

Realized herbivore resistance We analyzed S. nigrita lar-
val mass (mg) as our response variable according to Eq. 1 
(i.e., without any plant covariates) as an indirect measure of 
overall plant resistance to S. nigrita herbivory (“realized” 
resistance).

Greenhouse experiment

We analyzed leaf area  (cm2) and petiole length (mm) of 
the four fully expanded and earliest-developing leaves of 
seed-grown plants (n = 37) at a single developmental point: 
immediately following the emergence of the seventh and 
eight leaves in each plant. Because seeds were only collected 
from each of five source sites, we restricted our analysis to 
examine the main effect of light environment (simulated low 
R:FR shade or a mock filter) and not source habitat. We cap-
italize on our nested design to estimate the variance contrib-
uted by genetic family (n = 5 families, with between 4 and 

11 separate plants reared from seed collected from siliques 
on a single parental ramet; ESM §1 Table S3). Because we 
measured foliar traits on multiple leaves per plant, we also 
included plant ID and leaf position as random intercept 
terms in the model. Confidence limits on fixed and random 
effects were constructed via likelihood profiling, as above.

Field survey of flowering phenology

To compare flowering distributions between sun and shade 
habitats at each of two sites, we compared the accumula-
tion of each flowering event (first, peak, last) through time 
using non-parametric two-sample Kolmogorov–Smirnov 
(KS) tests. KS test p values were obtained from 1000 repli-
cate permutations of the identity of the source habitat across 
plants.

Results

Effects of source habitat and light environment 
on foliar traits

Of the 540 rhizomes transplanted into the common gardens, 
274 (~ 50%) survived transplantation and had ≥ 2 leaves 
after 5 weeks of growth. All of these plants were included 
in the foliar trait analyses below.

(I) Focal trait regression analysis

When grown in the shade, sun-derived plants had larger 
leaf area and longer petioles than shade-derived plants 
(ESM §3.1 Fig. S4C–D), while plants from both habitats 
were largely indistinguishable when grown in sun gardens, 
indicating a strong source × garden interaction (ESM §3.1 
Tables S4–S5). Sun- and shade-derived plants also differed 
in average plant size and average mass of the largest leaf 
(Fig. S4A–B, Tables S4–S5); these traits varied among gar-
dens as well. Without accounting for differences in plant 
and leaf size, the effects of source and garden habitat type 
on leaf traits cannot be disentangled from effects of plant 
and leaf ontogeny (Poorter 1999; Valladares and Niinemets 
2008). Thus, below we present the results from an analysis 
that sought to control for the ways that plant size, and its 
relationship to leaf mass, impact the distribution of leaf area 
and petiole length among plants.

Leaf area We first determined how leaf area differed between 
source and garden types independent of differences in plant 
size and mass of leaves. For plots of this response variable 
against the leaf mass covariate see ESM §3.2 Fig. S6B. The 
leaf mass covariate strongly and positively predicted our 
leaf area response variable (γ0 = 0.77 [0.7, 0.84], p < 0.001, 
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Table 1): heavier than expected leaves also have larger than 
expected leaf area. Additionally, the effect of garden habitat 
on leaf area differed between plants from sun- and shade-
source habitats (Fig. 1a, source × garden overall effect, p < 
0.001, Table 3). Specifically, in shade gardens, leaves from 
sun-derived plants were 20% larger than expected based 
on their size and leaf mass than those from shade-derived 
plants (α1 =  0.08 [0.03, 0.13], p < 0.001, Table 1). This dif-
ference between source types dropped to ~ 0 in sun gardens 
(β1 =  −0 .09 [–0.14, –0.05], p < 0.001, Table 1), resulting 
in plants from each source habitat showing low mass-cor-
rected leaf area in sun gardens (β0 = –0.08 [–0.16, 0], 0.05 
≤ p < 0.1, Table 1; overall garden effect p = 0.02, Table 3; 
ESM §3.3 Fig. S7A–B). Notably, the rate at which sun-
derived plants gained leaf area per unit leaf mass was 30% 
greater than for shade-derived plants on average (γ1 = 0.12 
[0.03, 0.21], p < 0.05, Table 1). This indicates that source 
types differed in how leaf mass was translated into leaf area 

(covariate × source interaction, p = 0.012, Table 3). Fixed 
effects explained ~ 80% of the variation in the data for the 
leaf area model, which is reported in Table 1. 

Petiole length (A) Next, we examined whether petioles 
elongated differently between source types across garden 
types, using plant size-corrected leaf mass as a covariate. 
For plots of this response variable against the leaf mass 
covariate see ESM §3.2 Fig. S6C. In shade gardens, inde-
pendent of the effects of plant and leaf size, the petioles of 
sun-derived plants were > 11 mm longer on average (77% of 
one population standard deviation, σ  =  15 mm) than those 
from shade-derived plants (α1 = 11.8 [6.4, 17.2], p < 0.001, 
Table 1). While petioles on shade-source plants showed a 
11-mm marginally significant reduction in sun gardens (β0 
= –11.6 [– 24, 0.6], 0.05 ≤ p < 0.01, Table 1), sun-derived 
plants showed a 40% stronger (6.5 mm) reduction in their 
petioles in sun gardens, (β1 = −6.5 [−12.4, −0.8], p < 0.05, 

Table 1  Coefficient estimates for models of plant foliar phenotypes from field common garden experiment

p values indicated by symbols: •0.05 < p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001 from t tests with Kenward−Roger approximated ddf; con-
fidence intervals calculated via profile likelihood
a See ESM Sect. 2.1 for symbolic representation of model coefficients in context of regression Eqs. 
b Group-level random effect estimates are presented on the standard deviation scale
c Response = residual(log leaf area ~ log leaf number); covariate = residual(log leaf mass ~ log leaf number)
d Response = residual(petiole length ~ log leaf number); covariate = residual(log leaf mass ~ log leaf number)
e Response = residual(petiole length ~ log leaf number + log leaf mass); covariate = residual(log leaf area ~ log leaf number + log leaf mass)

Term type Coefficient esti-
mate

Syma (log) leaf area 
(cm2)c

Petiole length 
(mm)d

Petiole length 
(mm)e

PC1 PC2

Main effects Intercept [shade] α0 0.02
(− 0.04, 0.08)

1.2
(− 7.7, 10.0)

− 1.0
(− 7.3, 5.3)

− 1.94
(− 2.6, − 1.3)***

0.44
(− 0.08, 0.96)

Source [sun] α1 0.08
(0.03, 0.13)***

11.8
(6.4, 17.2)***

4.0
(− 0.4, 8.4)•

1.29
(0.6, 2.0)***

0.39
(0.15, 0.64)***

Garden [sun] β0 − 0.08
(− 0.16, 0)•

− 11.6
(− 23.8, 0.60)

− 4.8
(− 14.0, 4.0)

2.3
(1.4, 3.1)***

− 0.92
(− 1.65, − 0.2)•

Source × garden 
[sun, sun]

β1 − 0.09
(− 0.14, − 

0.05)***

− 6.5
(− 12.4, − 0.8)*

0.9
(− 4.4, 6.2)

− 0.9
(− 1.5, − 0.3)***

− 0.44
(− 0.77, − 0.12)*

Covariate Terms x γ0 0.77
(0.7, 0.84)***

23.6
(10.3, 37.1)***

50
(24, 76)***

– –

x  × source [sun] γ1 0.12
(0.03, 0.21)*

15.6
(− 2.8, 33.8)•

39
(5.4, 73)*

– –

x  × garden [sun] γ2 – 2.4
(− 16.09, 20.45)

7.8
(− 29.0, − 44.0)

– –

x  × source × gar-
den [sun, sun]

γ12 – − 16.3
(− 40, 7.15)

− 36.5(− 83.61–
9.48)

– –

Random  effectsb Source ID τα(j) 0.04
(0.02, 0.06)

3.1
(1.1, 5.3)

1.6
(0, 3.16)

0.5
(0.2, 0.8)

0
(0, 0.16)

Garden ID τβ(l) 0.04
(0.02, 0.08)

7.3
(3.5, 12.3)

5.2
(2.3, 8.7)

0.45
(0.2, 0.8)

0.44
(0.2, 0.7)

Residual error σe 0.08
(0.08, 0.09)

10.5
(9.5, 11.3)

9.2
(8.4, 10)

1.2
(1.1, 1.3)

0.65
(0.6, 0.7)

Model statistics Rm
2 0.79 0.33 0.47 0.31 0.38

Rc
2 0.86 0.58 0.61 0.47 0.57
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Table 1), indicating an overall source × garden interaction 
(p = 0.03, Table 3). Finally, the scaling between leaf mass 
and petiole length was marginally significantly different 
between source types when growing in the shade: for every 
unit increase in (log) mass invested in leaves, petioles elon-
gated > 60% more on average for sun-compared to shade-
derived plants (ESM §3.3 Fig. S7C; γ1 = 16 [−3, 34], 0.05 
≤ p < 0.1, Table 1). These patterns indicate that plasticity in 
petiole length across garden types was higher in sun-source 
than shade-source plants (Fig. S7C–D). Together, fixed 
effects explained 33% of the variation in the data for this 
model (Table 1).

Petiole length (B) We next addressed whether differential 
petiole elongation was correlated with leaf area differences 
noted above. For plots of this response variable against the 
leaf area covariate see ESM §3.2 Fig. S6D. On average, 
residual differences in leaf area largely explained residual 
differences in petiole length for shade-derived plants (γ0 = 
49 [24, 76], p < 0.001, Table 1). However, for sun-derived 
plants growing in shade gardens, the rate at which residual 

petiole length increased with (log) residual leaf area was ~ 
75% steeper than for shade-derived plants (ESM §3.3 Fig. 
S7E; γ1 = 39 [5, 73], p < 0.05, Table 1), and this difference 
was reduced in sun gardens (γ12 = −36 [−83, 10], p > 0.1, 
Table 1). While such thee-way covariate interaction terms 
were not statistically significant by ANOVA (Table 3), their 
inclusion in the final regression model was well supported 
by ΔAICc = −6.4 compared to the next simplest model, 
and ΔAICc = −15 over a model lacking all covariate inter-
actions. These patterns indicate that differences in petiole 
elongation between sun- and shade-source plants cannot be 
explained solely as a by-product of differences in leaf area.

For the preceding three models, the variance un-absorbed 
by the fixed effects (τα(j) + τβ(l) + σe) was apportioned simi-
larly or more to plot-to-plot variation among gardens (τα(j)) 
compared to among-genet (τβ(l)) variation (Table 1).

(II) Principal components analysis

Together, PC1 (67%) and PC2 (22%) explained ~ 90% of 
variation in the set of four input traits (number of leaves, 

Fig. 1  Foliar phenotypes are differentiated between bittercress from 
sun- and shade-source habitats when grown in shade gardens. Sun-
source plants exhibit increased leaf area (a) and petiole length (b) 
compared to shade-source plants when grown in shade gardens, inde-
pendent of overall plant size and the mass of focal leaves (see “Meth-
ods”). Principal components analysis (PCA; e, f) reveals average 

differences in PC1 (c) and PC2 (d) in  shade gardens but not in  sun 
gardens. e Vector loadings of four log-transformed input trait vectors, 
with leaf area and petiole length largely oriented towards upper right 
quadrant. p values correspond to source (‘S’), garden (‘G’), or source 
× garden (‘S × G’) effects in Table  3. f 95% ellipsoids are drawn 
around data points from each source type
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and mass, area, and petiole length of the largest leaf). Petiole 
length loaded almost directly along PC2, while PC1 repre-
sented loadings from leaf area, leaf mass, and leaf number 
(Fig. 1e). In shade gardens, sun-derived plants had higher 
average values of PC1 compared to shade-derived plants 
(Fig. 1c; α1 = 1.3 [0.6, 2.0], p < 0.001, Table 1). Growth 
in sun gardens increased values of PC1 for shade-derived 
plants (β0 = 2.3 [1.4, 3.1], p < 0.001, Table 1) but did so less 
for sun-derived plants (β1 =  −0.9 [−1.5, −0.3], p < 0.001, 
Table 1). This difference in phenotype between plants from 
the sun and shade sources in sun gardens is reflected in an 
overall source × garden interaction (p = 0.005, Table 2), 
beyond the average garden type effect (p = 0.01, Table 2). 
Fixed effects explained 31% of variation in PC1 (Table 1).

Sun-derived plants had higher values of PC2 than 
shade-derived plants when growing in the shade (Fig. 1d; 
α1 = 0.39 [0.15, 0.64], p < 0.001, Table 1). This differ-
ence was not present in sun gardens (β1 = −0.44 [−0.77, 
−0.12], p = 0.01, Table 1), reflected in an overall source × 

garden interaction (p = 0.008, Table 3), beyond the aver-
age garden type effect (p = 0.04, Table 3). Fixed effects 
explained 38% of variation in PC2 (Table 1).

Simulated neighbor shade response in bittercress grown 
from seed

Under simulated neighbor shade, bittercress seedlings 
showed a 2.3-fold average reduction in leaf area and 
grew ~ 1.5-fold longer petioles ( � = −26 [−31,−21], p   
< 0.001, ESM §5 Fig. S12, Tables S7–S8). This indicates 
that bittercress does indeed exhibit an elongation response 
consistent with shade avoidance, and that this effect was 
evident across five separate maternal plants (e.g., fami-
lies). Among-family differences explained ~ 15% of the 
variation unexplained by fixed effects in models of petiole 
length and leaf area (Table S7), indicating the potential for 
genetically based variation in foliar traits.

Table 2  Coefficient estimates for models of plant defense chemistry and realized herbivore resistance

p values indicated by symbols: •0.05 < p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001 based on t tests using Kenward–Roger approximation for 
ddf; confidence intervals calculated via profile likelihood
a See ESM Sect. 2.1 for symbolic representation of model coefficients in context of regression equations
b Group-level effect estimates are presented on the standard deviation scale
c Covariate = residual (log leaf mass ~ log leaf number)
d Response =  residual (log [GSL] ~ log leaf number)
e Covariate = larval batch (A or B)

Term type Coefficient estimate Syma (log)  IYGc,d (log)  OYGc,d (log) indole  GSLc,d larval mass (mg)e

Main effects Intercept [shade] α0 − 0.2
(− 0.44, 0.03)

− 0.06
(− 0.55, 0.43)

0.05
(− 0.1, 0.19)

1.58
(1.34, 1.8)***

Source [sun] α1 0.3
(0.02, 0.58)•

– − 0.11
(− 0.3, 0.07)

− 0.29
(− 0.53, − 0.01)*

Garden [sun] β0 0.24
(0.04, 0.45)*

– – − 0.36
(− 0.68, − 0.03)•

Source × garden [sun, sun] β1 − 0.39
(− 0.62, − 0.16)***

– – 0.33
(− 0.05, 0.7)•

Covariate terms x γ0 − 0.54
(− 0.82, − 0.27)***

– 0.6
(− 0.11, 1.37)

0.18
(− 0.01, 0.38)

x × source [sun] γ1 – – − 1.28
(− 2.23, − 0.44)*

–

x × garden [sun] γ2 – – – –
x × source × garden [sun, sun] γ12 – – – –

Random  effectsb Genet τα(j) 0.21
(0.13, 0.31)

0.91
(0.62, 1.34)

0.12
(0, 0.21)

0
(0, 0.14)

Garden plot τβ(l) 0
(0, 0.08)

0.05
(0, 0.35)

0.03
(0, 0.16)

0.1
(0, 0.18)

Residual error σe 0.22
(0.18, 0.25)

0.49
(0.41, 0.59)

0.33
(0.28, 0.38)

0.56
(0.5, 0.62)

Model statistics Rm
2 0.14 0 0.12 0.05

Rc
2 0.56 0.78 0.23 0.08
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Effects of source habitat and light environment 
on plant defense and herbivore resistance

Herbivore‑inducible plant secondary compounds

For IYG (the dominant class of GSL in bittercress), sun-
derived plants exhibited a marginally significant two-fold 
increase in size- and mass-corrected IYG concentration 
compared to shade-derived plants when grown in shade gar-
dens (Fig. 2a; α1 = 0.3 [0.02, 0.6], 0.05 ≤ p < 0.1, Table 2). 

This effect was reversed in sun gardens (β1 = − 0.39 [−0.62, 
0.16], p < 0.001, Table 2), which accounts for the overall 
significant source × garden effect in this model (p < 0.001, 
Table 3; post hoc contrasts in ESM §4.1 Fig. S9A–B). 
Across all plants collectively, the relationship between the 
leaf mass covariate and IYG concentration was negative 
after accounting for leaf number (γ0 = −0.54 [−0.82, −0.27], 
p < 0.001, Table 2). Thus, smaller than average leaves had 
lower IYG concentrations. Statistical interactions between 
the covariate and source or garden terms were not supported 

Table 3  ANOVA-style hypothesis tests for significance of model terms

GSL concentrations (‘conc.’) calculated as estimated mg GSL per mg fresh tissue (for IYG; see Methods) or total ion counts per mg fresh tissue 
(for indole GSL) 

Response Model term MSE F P value

(res) leaf area (log  cm2) Source 0.02 F(1,14) = 2.6 0.131
Garden 0.08 F(1,4) = 11.1 0.027
Source × garden 0.10 F(1,257) = 15.0 < 0.001
(Res) leaf mass (log g) 7.98 F(1,261) = 1169.2 < 0.001
(Res) leaf mass (log g) × source 0.04 F(1,260) = 6.4 0.012

(res) petiole length (mm)  Aa Source 1702 F(1,18) = 15.5 0.001
Garden 637 F(1,4.1) = 5.8 0.072
Source × garden 520 F(1,259) = 4.8 0.030
(Res) leaf mass (log g) 9098 F(1,261) = 83.1 < 0.001
(Res) leaf mass (log g) × source 162 F(1,260) = 1.5 0.225
(Res) leaf mass (log g) × garden 94 F(1,260) = 0.9 0.355
(Res) leaf mass (log g) × source × garden 194 F(1,259) = 1.8 0.184

(res) petiole length (mm)  Bb Source 8121 F(1,256.0) = 95.2 < 0.001
Garden 674 F(1,21.6) = 7.9 0.010
Source × garden 79 F(1,4.2) = 0.9 0.388
(Res) leaf area (log  cm2) 10 F(1,260.4) = 0.1 0.738
(Res) leaf area (log  cm2) × source 241 F(1,257.8) = 2.8 0.094
(Res) leaf area (log  cm2) × garden 57 F(1,263.8) = 0.7 0.415
(Res) leaf area (log  cm2) × source × garden 197 F(1,259.4) = 2.3 0.130

PC1 Source 12.52 F(1,15) = 8.4 0.011
Garden 31.09 F(1,4) = 20 0.01
Source × garden 11.98 F(1,256) = 8.1 0.005

PC2 Source 1.75 F(1,15) = 4.1 0.059
Garden 3.97 F(1,4) = 9.4 0.037
Source × garden 3.01 F(1,262) = 7.1 0.008

(res) IYG (log conc.) Source 0.035 F(1,18) = 0.8 0.398
Garden 0.028 F(1,7) = 0.6 0.467
Source × garden 0.509 F(1,85) = 10.1 0.001
(Res) leaf mass (log g) 0.618 F(1,84) = 13.1 0.001

(res) indole GSL (log conc.) Source 0.151 F(1,17) = 1.4 0.258
(Res) leaf mass (log g) 0.003 F(1,88) = 0.1 0.873
(Res) leaf mass (log g) × source 0.879 F(1,95) = 8.0 0.006

Larval mass (mg) Source 0.495 F(1,15) = 1.6 0.228
Garden 0.634 F(1,3.7) = 2.0 0.234
Source × garden 0.911 F(1,143) = 2.9 0.091
Larval batch 0.571 F(1,3.3) = 1.8 0.263
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by model comparisons (drops in ΔAICc < 2 upon their addi-
tion). Total variation explained by fixed effects was mod-
est (Rm

2 = 0.14), but among-genet variance captured 50% of 
the remaining unexplained variance, increasing Rc

2 to 0.56. 
This indicated a large degree of among-genet variation unex-
plained by measured factors (Table 2).

In contrast to IYG, concentrations of the two other GSL 
classes—OYG and indole GSL, which do not predomi-
nantly yield isothiocyanates and have not yet been linked 
to herbivore resistance in bittercress—did not vary by plant 
source habitat or garden habitat (Fig. 2b, c; Tables 2 and 
3). Among-genet differences explained the majority (62%) 
of the variation in OYG concentrations among plants (τα(j) 
= 0.91; overall model Rc

2  = 0.78). Indole GSL concentra-
tions were relatively more idiosyncratic among individual 
plants, and among-genet variance explained only 25% of the 
remaining variance (Tables 2, 3).  Indole GSL concentra-
tions decreased with leaf mass in plants from sun sources 
and increased with leaf mass in plants from shade sources 
(γ1 = −1.3 [−2.2, −0.4], p = 0.01, Table 2), yielding a 
source × covariate effect (p = 0.006, Table 3; ESM §4.1 Fig. 
S9C). However, our model for indole GSLs had relatively 
low explanatory power overall (Rc

2 = 0.23).

When we considered relative concentrations of each of 
the eight GSL compounds together through PCA (see Meth-
ods), we found that among-genet variation explained 65, 
56, and 70% of all variation in PCs 1–3, respectively (ESM 
§4.1.2 Fig. S10). This indicates a high degree of heritability 
(in the broad sense) in GSL composition among clonal plant 
groups separated at small spatial scales.

Realized herbivore resistance

Residual variation in larval mass unexplained by model 
terms was extensive (Rc

2 of full model = 0.08). Nonethe-
less, in shade gardens, larvae that fed on sun-derived plants 
were on average 18% lower in mass compared to those that 
fed on shade-derived plants (1.29 vs 1.58 mg; Fig. 2d; α1 = 
−0.29 [−0.53, −0.01], p = 0.04; Table 2). This difference in 
larval mass between source plant types was only observed 
in shade gardens (Fig. 2d; β0 = − 0.36 [−0.68, −0.03]; β1 = 
0.33 [−0.05, 0.7], both 0.05 ≤ p < 0.1; Table 1), reflected 
in a marginally significant source × garden interaction (p = 
0.09, Table 2). The only detectable source × garden contrast 
(p < 0.05) was between source types in shade gardens (ESM 
§4.2 Fig. S11).

Effects of source habitat on flowering phenology 
in the field

At the 401 Trail site, plants in all habitats exhibited very 
similar flowering curves through time (K–S tests, all com-
parisons p > 0.05; Fig. 3a). In contrast, at the Copper Creek 
site, timing of first, peak, and last flowering was delayed for 
bittercress growing in intermediate shade and deep shade 
compared to open sun habitats (sun vs. intermediate or 
deep shade all p < 0.05; Fig. 3c). Examined another way, 
the abundance of flowering stems in each habitat through 
time strongly overlapped among habitats at the 401 Trail 
site (Fig. 3b), while plants in deep shade habitats reached 
peak flower abundance later than those in open sun and 
intermediate shade at Copper Creek (Fig. 3d).

Discussion

Bittercress is distributed across a fine-grained habitat mosaic, 
ranging from high light intensity, high herbivory, and dense 
neighbor competition in meadows (sun habitat), to low light 
availability and low herbivory in the deep shade created by 
evergreen forest canopies (shade habitat). Through reciprocal 
transplant–common gardens, we found evidence for micro-
geographic phenotypic variation that tracks these distinct light 
and herbivory environments. Divergence was detected across 
traits indicative of plant size, leaf morphology, defense, and 
realized resistance to a dominant herbivore. The expression of 

Fig. 2  Plant chemical defenses and realized herbivore resistance 
across source and garden types. Isothiocyanate-yielding glucosinolate 
(IYG) concentrations are differentiated between source habitats in 
shade gardens (a), while oxazolidine-2-thione-yielding glucosinolates 
(OYG) (b) and indole glucosinolates (c) show no differentiation 
between source or garden types. d In shade gardens, S. nigrita lar-
vae weighed more after feeding for 48 h on plants from shade com-
pared to sun source sites, consistent with the hypothesis that reduced 
IYG levels confer increased susceptibility to herbivory. p values cor-
respond to source (‘S’), garden (‘G’), or source × garden (‘S × G’) 
effects in Table 3
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these differences was dependent on garden habitat, typically 
manifesting only in response to shade. Because we sampled 
interspersed source sites separated by a few km at most (and 
often only a few hundred m), the significant effects of source 
habitat in our common gardens suggest that phenotypic diver-
gence among sun- and shade-inhabiting populations occurs 
relatively consistently, and at fine spatial scales, across the 
landscape. Although we did not measure plant fitness, and thus 
did not explicitly test for local adaptation, patterns of diver-
gence generally mirrored well-studied cases of local adapta-
tion to light and herbivory in other plant species (as described 
below). Overall, our study illuminates how variation in biotic 
and abiotic stressors across a fine-grained habitat mosaic may 
influence divergence in light- and herbivore-responsive traits. 
Additionally, partially non-overlapping flowering phenology 
observed between habitat types may be at least one factor that 
helps to reinforce habitat-specific divergence in bittercress.

Heritable divergence in plant size, leaf morphology, 
and herbivore resistance traits across a fine‑grained 
habitat mosaic

Divergence in plant size and leaf traits

Overall, our common garden and greenhouse experiments 
revealed that (1) leaf morphological traits (leaf area and 
petiole length) exhibit plastic responses to light habitat 
in bittercress, and (2) the magnitudes of these plastic 
responses differ between bittercress from sun- and shade-
source sites. Specifically, after accounting for the effect of 
plant and leaf ontogeny, we found that bittercress derived 
from both sun and shade populations grew larger leaves 
(i.e., larger leaf area relative to leaf mass) and longer 
petioles in shade vs. sun common gardens. Notably, how-
ever, the shade-induced leaf area expansion and petiole 

Fig. 3  Differences in flowering phenology between sun and shade 
habitats. a, c Phenological progression through first, peak, and last 
flowering, depicted as empirical cumulative distributions, indicate 
faster flowering for plants in the sun at Copper Creek but not 401 
Trail site. Plots show the proportion of flowering events event on or 

before a given Julian day. p values are from pairwise two-sample, 
two-tailed Kolmogorov–Smirnov (K–S) tests. b, d Pooled average 
flower density through time shows delayed flowering peak in shade 
habitats at Copper Creek but not 401 Trail site.
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elongation responses were exaggerated in sun-source 
plants (Fig. 1a, b). These patterns were further reflected 
in an analysis of plant variation in the context of PCA, 
where growth in shade gardens led to differentiation 
by garden and source habitat type along both PC1 and 
PC2 (Fig. 1c–e).

In general, our findings mirror heritable differences in 
response to shading that have been observed between plant 
populations and between closely related species that occupy 
different light habitats. This is typified by an attenuated (or 
absent) petiole elongation response in populations from 
consistently shaded or sparsely vegetated habitats where 
SAS is unlikely to offer a competitive advantage (Dudley 
and Schmitt 1995; van Hinsberg and van Tienderen 1997; 
Donohue et al. 2000; Schmitt et al. 2003; Bell and Galloway 
2008; Sasidharan et al. 2008; Gommers et al. 2017). The 
stronger elongation response observed in bittercress from 
sun habitats may aid in outcompeting herbaceous competi-
tors in meadows. In contrast, the weaker response in bitter-
cress from shade habitats may help avoid the cost of allocat-
ing resources to a growth strategy that offers no competitive 
advantage in forest understories. Evaluating such adaptive 
hypotheses for the observed patterns of phenotypic differ-
entiation awaits further study.

The biological significance of differences in leaf area 
expansion between habitat types is less clear. An increased 
ratio of leaf area relative to leaf mass is frequently observed 
in response to shading across plants, and this is hypothesized 
to be one strategy for optimizing photosynthesis in low-light 
conditions (Valladares and Niinemets 2008; Gommers et al. 
2013). However, an alternative hypothesis is that an increase 
in leaf area per leaf mass in response to shading may reflect 
an inability to maintain biomass under low resource condi-
tions and may be a poor indicator of shade tolerance (Liu 
et al. 2016b). Further, physiological rather than morphologi-
cal changes may be more important for shade tolerance (Val-
ladares and Niinemets 2008; Gommers et al. 2013). More 
comprehensive metrics, such as the relative allocation of 
biomass across tissue types, may offer a clearer picture of 
how bittercress tolerates (or suffers from) shading.

Bittercress from shade populations were also smaller in 
both garden types (Fig. S8, Tables S4–S5). This pattern is 
consistent with predictions that slower growth may facili-
tate shade tolerance (Gommers et al. 2013). Alternatively, 
plants from shade populations might be smaller because 
they simply use light resources less efficiently, and this may 
not necessarily be adaptive (Liu et al. 2016b). Dry mass of 
the largest leaf (independent of plant size) was also higher 
for sun-derived plants, but only in shade gardens (Fig. S8, 
Tables S4–S5). This suggests that the relationship between 
plant size and resources invested in leaves systematically 
varies between plants from sun and shade habitats when 
grown in shade gardens, which adds to the evidence of 

multi-modal phenotypic divergence in bittercress across 
habitats.

Divergence in defensive chemistry and anti‑herbivore 
resistance

Our results indicate that two important features of chemi-
cal defenses in bittercress vary at fine spatial scales. First, 
investment in foliar IYG varies as a function of light envi-
ronment, and bittercress from sun and shade populations 
exhibit average differences in the extent to which this occurs. 
Second, such changes in average IYG concentrations occur 
against a backdrop of high GSL compositional variation 
(e.g., clonally heritable variation in the relative abundance 
of different GSL compounds) among bittercress genotypes 
separated by as little as < 1 km. In parallel, we found that 
performance of a dominant herbivore, S. nigrita, differed 
between bittercress from sun shade habitats. These differ-
ences only emerged in shade common gardens, where plants 
from shade sources had relatively lower levels of foliar 
IYGs and lower resistance to S. nigrita than plants from 
sun sources. These patterns detected within shade gardens 
had only modest statistical support due to low replication 
of IYG profiles among shade-source plants and because our 
resistance bio-assay was inherently noisy (see “Methods”). 
Nonetheless, the result is consistent with the expected posi-
tive effect of IYGs on resistance to S. nigrita.

Two complementary interpretations suggest divergence 
we observed in foliar IYG concentration and herbivore 
resistance may be locally adaptive, given the context in 
which shade and herbivory are experienced in meadow and 
shade habitats by bittercress. First, our results are consistent 
with a reduction of investment in IYGs upon perception of 
shade by bittercress populations from shade habitats. Shade 
generated by the dense forest canopy is a reliable indicator 
of low levels of herbivory for bittercress. The production of 
chemical defenses (including GSL) is metabolically costly 
(Züst et al. 2011; Bekaert et al. 2012; Züst and Agrawal 
2017), so for bittercress populations in deeply shaded habi-
tats, attenuated defenses upon shade perception may enable 
re-allocation of resources to other physiological processes 
without substantially increasing the risk of defoliation. Sec-
ond, our results are consistent with a lack of shade-induced 
plasticity in IYG production (or even a modest shade-
induced increase in IYGs) by bittercress from sun habitats. 
In sun habitats, shade is caused by herbaceous plants and is 
not a reliable indicator of herbivore abundance, since her-
bivory is not reduced on bittercress in shaded microhabitats 
in meadows (Collinge and Louda 1988b). Attenuated invest-
ment in defenses following shade perception may therefore 
risk heavy defoliation in sun habitats, and this may explain 
why bittercress from sun populations did not exhibit this 
pattern.
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More extensive assays, coupled with measurements of 
plant fitness, are needed to test if the phenotypic divergence 
we observed in IYG levels and realized anti-herbivore resist-
ance are locally adaptive. Inter-habitat variation in factors 
such as resource availability (Coley et al. 1985) or abiotic 
stress (e.g., higher water stress for bittercress in sun; Louda 
and Collinge 1992) may interact with herbivore abundance 
to determine the costs and benefits of investment in defense. 
Interestingly, Mooney et al. (2016) found that plants (Ligus-
ticum porteri, Apiaceae) in meadows near our field sites 
had higher aphid abundances than conspecifics in the forest 
understory due to the effect of higher ant activity and ant 
tending of aphids in meadows, which provided protection 
against aphid predators. Whether habitat-dependent effects 
on indirect defenses and tri-trophic interactions also shape 
herbivory and plant fitness across habitats is not known in 
bittercress.

No evidence that a SAS–defense tradeoff constrains 
habitat‑associated phenotypic divergence

Negative phenotypic correlations between SAS and defen-
sive traits have been observed in shade-intolerant plants, 
such as Arabidopsis thaliana (Arabidopsis), that mount 
a morphological elongation response upon perception 
of shade (Wit et al. 2013; Ballaré 2014). In fact, the trait 
(petiole length) we measured as a metric for a shade avoid-
ance response is itself modified in the opposite direction 
by wounding-induced signaling in Arabidopsis (Cipollini 
2005). Observations in our common gardens suggest that 
while bittercress does mount a shade-induced petiole elonga-
tion response indicative of SAS, any SAS–defense tradeoff 
that might exist in bittercress did not prevent sun-derived 
plants in our common gardens from mounting a robust 
defense response upon perception of shade. Specifically, in 
shaded common gardens, bittercress derived from sun habi-
tats exhibited stronger SAS, yet accumulated higher foliar 
IYG concentrations and were more resistant to S. nigrita, 
than bittercress from shade habitats.

Our results are consistent with extensive evidence that a 
tradeoff between SAS and defense can be decoupled through 
mutation and natural selection (reviewed in, e.g., Ballaré 
2014; Ballaré and Pierik 2017). Prolonged exposure to 
different regimes of herbivore pressure alters correlations 
between traits involved in competitive growth and resist-
ance to herbivory in experimentally evolved plant popu-
lations (Uesugi et al. 2017). Functional genetic studies in 
Arabidopsis have further elucidated how SAS and defense 
can be uncoupled at the molecular level. Upon perception 
of light with reduced R:FR, phyB (a light-sensing phy-
tochrome protein) both triggers SAS growth responses and 
desensitizes plants to JA, a potent regulator of plant defenses 
against herbivores and necrotrophs (Moreno et al. 2009). 

phyB-mediated destabilization of JAZ proteins, which 
repress JA-dependent defenses, plays a key role in the shade-
induced attenuation of defenses (Leone et al. 2014; Chico 
et al. 2014). Accordingly, plants bearing specific mutations 
affecting the phyB and/or JAZ proteins can simultaneously 
mount SAS and an unimpaired or even elevated defense 
response (Campos et al. 2016; Cerrudo et al. 2017). Future 
studies could test if habitat-associated divergence in bit-
tercress elongation and defense phenotypes have evolved 
through mutations that directly or indirectly affect these or 
other well-characterized genes that mediate SAS–defense 
tradeoffs in Arabidopsis.

Our results do not provide evidence for a decoupling of 
SAS and defense in bittercress. Tradeoffs that arise through 
pleiotropy or resource allocation constraints can be masked 
when genotypes vary in their efficiency of resource acquisi-
tion or use (Agrawal et al. 2010; Züst and Agrawal 2017). 
Although rhizome size was standardized in our common gar-
den experiment, the quality or quantity of stored resources 
may differ among rhizomes collected from different habitat 
sites. Such differences, and their effects on unmeasured traits 
that impact plant defense and herbivore performance, might 
explain why plants from sun sources exhibited SAS without 
attenuated GSL concentrations or resistance to S. nigrita.

Potential mechanisms underlying microgeographic 
variation in bittercress

Maternal inheritance of habitat-induced phenotypes is 
a potential driver of habitat differentiation in bittercress 
revealed by our study. Transgenerational effects of paren-
tal environment on the phenotypes of clonally propagated 
offspring (Schwaegerle et al. 2000; Latzel and Klimešová 
2010) and seed-propagated offspring (Galloway 2005; Gal-
loway and Etterson 2007) have been well documented in 
plants. These effects can shape offspring resistance against 
herbivory (Agrawal 2001; Rasmann et al. 2012; Colicchio 
2017), and epigenetic variants induced by (and affecting) 
resistance phenotypes can persist for multiple generations 
(Rasmann et al. 2012). Habitat matching of heritable phe-
notypes in bittercress could therefore be driven simply by 
parental experience, without requiring natural selection to 
filter locally unfit genotypes from sun and shade habitats.

Alternatively, if microgeographic divergence in the 
expression of growth and defense has a genetic basis in 
bittercress, matching of these genotypes to local habitats 
would require strong, spatially varying selection to over-
come homogenizing effects of gene flow across fine-grained 
habitat mosaics (Lenormand 2002). There is evidence that 
this filtering process can occur in plants, sometimes at the 
scale of only a few meters (Waser and Price 1989; Schmitt 
and Gamble 1990; Antonovics 2006; Schemske and Bierzy-
chudek 2007; Hendrick et al. 2016). If such differentiation 
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does in fact have an additive genetic basis in bittercress, dif-
ferences in flowering time among habitat patches, coupled 
with natural selection filtering unfit phenotypes migrating 
across habitats, could facilitate the buildup of locally adap-
tive genetic variants (Levin 2009).

We monitored flowering time between adjacent sun and 
shade habitats at two sites and found a marked difference 
in one of these sites, with shade plants flowering later on 
average than those in sun. Flowering distributions still over-
lapped even at the site where these average differences were 
observed; thus, microgeographic divergence in bittercress 
is unlikely to be the simple product of phenological asyn-
chrony preventing gene flow between habitats. Nevertheless, 
the earlier initiation, peak, and conclusion of flowering in 
sun habitats, where it occurs, would be expected to reduce 
inter-habitat gene flow and thus could promote microgeo-
graphic divergence. Furthermore, mechanisms other than 
plant phenology, such as spatial variation in pollinator distri-
butions, might also reduce inter-habitat gene flow in bitter-
cress. In fact, the composition of the pollinator community 
associated with bittercress varies between sun and shade 
habitats (Louda and Rodman 1996), driven by higher pierid 
visitation in the sun.

Conclusion

We found that bittercress exhibits growth, morphological, 
and defense phenotypes that track parental habitat across a 
fine-grained (i.e., microgeographic) habitat mosaic. Plants 
from sun and shade populations primarily differed in their 
phenotypically plastic responses to shade: a weak elongation 
response and attenuated defenses in populations from shade 
habitats, and a strong elongation response and elevated 
defenses in populations from sun habitats. Phenotypic diver-
gence was studied in reciprocal transplant–common gardens 
using clonally propagated rhizomes, and studies in seed-
propagated offspring are needed to disentangle effects of 
genetic variation from transgenerational effects of parental 
habitat on offspring phenotypes. Nonetheless, if this pheno-
typic divergence causes offspring to have higher viability 
or fecundity in their natal habitats, it could be an important 
mechanism that reduces rates of inter-habitat recruitment 
and gene flow. This in turn could facilitate the maintenance 
of genetic and phenotypic variation within bittercress popu-
lations (Hedrick 2006). The ecological, physiological, and 
evolutionary mechanisms underlying microgeographic phe-
notype-habitat matching in bittercress—and their generality 
across plant systems—await future study.
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