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Abstract 
Abiotic and biotic factors interact to influence phenotypic evolution; however, identifying the causal agents of selection that drive the evolution 
and expression of traits remains challenging. In a field common garden, we manipulated water availability and herbivore abundance across 3 
years, and evaluated clinal variation in functional traits and phenology, phenotypic plasticity, local adaptation, and selection using diverse acces-
sions of the perennial forb, Boechera stricta. Consistent with expectations, drought stress exacerbated damage from herbivores. We found 
significant plasticity and genetic clines in foliar and phenological traits. Water availability and herbivory interacted to exert selection, even on 
traits like flowering duration, which showed no clinal variation. Furthermore, the direction of selection on specific leaf area in response to water 
availability mirrored the genetic cline and plasticity, suggesting that variation in water levels across the landscape influences the evolution of this 
trait. Finally, both herbivory and water availability likely contribute to local adaptation. This work emphasizes the additive and synergistic roles of 
abiotic and biotic factors in shaping phenotypic variation across environmental gradients.
Keywords: agent of selection, common garden, cline, plasticity, herbivore resistance, water availability

Introduction
Species evolve in response to complex suites of interacting 
abiotic and biotic conditions. Phenotypic variation within 
and across natural populations arises from adaptation to past 
episodes of selection, plastic responses to the current envi-
ronment, genotype by environment interactions, and neutral 
processes such as genetic drift (Keller et al., 2009; Kooyers 
et al., 2015; Trussell, 2000). For species distributed along 
environmental gradients, adaptation to abiotic and biotic fac-
tors that vary continuously across the landscape can generate 
clinal variation in ecologically relevant phenotypes (Huxley, 
1938; Kooyers et al., 2017; Kremer et al., 2014; O’Brien et 
al., 2019), which can arise from plasticity (Via & Lande, 
1985) and from evolutionary responses to variable selection 
(Kooyers et al., 2015). As agents of selection can co-vary 
across gradients, it is often difficult to disentangle the contri-
butions of different abiotic and biotic factors to the evolution 
and expression of traits (Pellissier et al., 2016; Sandel et al., 
2021; Wade & Kalisz, 1990). Identifying which environmen-
tal drivers underlie plasticity, clinal variation, and local adap-
tation can illuminate the processes that have contributed to 
the contemporary and historical evolutionary trajectories of 
populations (MacColl, 2011), and generate more reliable pre-
dictions about trait expression and fitness in future climates 
(Gorton et al., 2022; Hamann et al., 2021b; Wilczek et al., 
2014; Zettlemoyer, 2023).

The spatial and temporal grain of environmental varia-
tion strongly influences the evolution of plasticity and local 
adaptation. In some habitats, individuals experience multiple 
conditions over their lifetimes or their progeny disperse into 
habitat types different from those of the parents; plasticity 
can be adaptive under this fine-grained temporal or spatial 
variation, as individuals can shift their phenotypes to match 
the environment (Anderson et al., 2021; Baythavong, 2011). 
However, plasticity does not always confer higher fitness; in 
some cases, plasticity is neutral or even represents a maladap-
tive response to stress (e.g., Baythavong, 2011; Becker et al., 
2022; Van Kleunen et al., 2007). One mechanism for exam-
ining the adaptive nature of plasticity is to test whether the 
direction of plasticity aligns with the direction of selection 
(Navarro et al., 2022). Furthermore, experimental manipula-
tions can identify the specific abiotic and biotic factors that 
induce plasticity.

Under coarse-grained environmental variation, specializa-
tion to local environments can be advantageous. In this case, 
trait clines can evolve through a genetic response to diver-
gent selection operating in different portions of the range 
(Anstett et al., 2015; Kooyers et al., 2014; Kremer et al., 
2014; Montesinos-Navarro et al., 2011), which can generate 
local adaptation (Gonzalo-Turpin & Hazard, 2009; Leimu 
& Fischer, 2008). To examine whether phenotypic clines 
have a genetic basis, researchers grow accessions sourced 
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from diverse populations in a single common environment, 
whether in the lab or the field (Kooyers et al., 2015; Kremer 
et al., 2014; Stinchcombe et al., 2004; Woods et al., 2012). 
However, the magnitude—or even the directionality—of these 
clines can vary across test environments (De Kort et al., 2020; 
Wadgymar et al., 2017; Woods et al., 2012). Some clines may 
not be present in benign laboratory conditions (Kellermann 
et al., 2015; Wadgymar et al., 2017). Indeed, plants grown in 
the greenhouse often express trait values distinct from those 
in the field (Poorter et al., 2016). Thus, field studies are cru-
cial for examining the eco-evolution of trait variation under 
natural conditions.

This study seeks to dissect the contributions of plasticity 
and local adaptation to phenotypic variation by manip-
ulating two factors that shape trait expression and impose 
strong selection: water availability and herbivore abundance 
(Dorey & Schiestl, 2022; Navarro et al., 2022). These two 
agents of selection vary across space and time (Kooyers et 
al., 2015; Nelson et al., 2019a, b), which can lead to local 
adaptation (Blumenthal et al., 2021; Garrido et al., 2012) 
and plasticity in ecologically-relevant traits (Descombes et al., 
2020a; Jordan et al., 2015; Lorts & Lasky, 2020). For exam-
ple, plants adapted to arid conditions coordinate leaf eco-
nomic traits to pursue conservative strategies (Wright et al., 
2004). At the same time, herbivores consume 5.3% of plant 
biomass annually averaged across ecosystems (Turcotte et al., 
2014). In response to this ancient interaction (Labandeira & 
Currano, 2013), plants have evolved defenses (e.g., Gong & 
Zhang, 2014), which often come at the expense of invest-
ment in other life-history functions, such as drought toler-
ance (e.g., Yin et al., 2023). Most scholarship has considered 
plant adaptation to aridity and herbivory separately, yet they 
are deeply intertwined (Lin et al., 2023). For example, many 
plant traits, such as specific leaf areas, mediate responses to 
aridity and herbivory (Blumenthal et al., 2020; Hauser, 2014). 
Furthermore, plant responses to drought directly affect her-
bivory. Herbivores can benefit from poorly-defended drought-
stressed plants that allocate resources to maintain osmotic 
potential and survival instead of anti-herbivore defenses 
(Bauerfeind & Fischer, 2013; Gutbrodt et al., 2011). Thus, 
the degree and fitness consequences of herbivory can depend 
on the abiotic context (Descombes et al., 2020b; Moreira et 
al., 2018; Rasmann et al., 2014).

We evaluated the effects of these environmental factors 
using the forb, Boechera stricta [(Graham) Al-Shehbaz, 
Brassicaceae]. This species is native to western North 
America, where herbivore abundance (Nelson et al., 2019a, 
b) and aridity (Anderson & Wadgymar, 2020; Dunne et al., 
2003; Körner, 2007) both decline with elevation. The covari-
ation of water availability and herbivore abundance across 
elevational gradients obscures their relative contributions to 
trait expression and evolution, necessitating multifactorial 
manipulations. In a multi-year field experiment, we tested 
three hypotheses: (1) plasticity aligns with clinal trait vari-
ation; (2) water availability and herbivore abundance exert 
natural selection on ecologically relevant traits; and (3) pop-
ulations are locally adapted to water and herbivore pressure, 
such that plants perform best under conditions most similar 
to those experienced in their home sites. If the direction of a 
genetic cline (Figure 1A) aligns with the direction of plasticity 
(Figure 1B), plasticity could be adaptive (Eckhart et al., 2004; 
Ensing & Eckert, 2019; Gonzalo-Turpin & Hazard, 2009). 
Furthermore, if the direction of selection under a specific 

manipulation accords with the direction of the genetic cline 
or plasticity, that agent of selection likely contributes to trait 
evolution (Figure 1C). These hypotheses, in conjunction with 
elevational gradients in water availability and herbivore pres-
sures, led to the specific predictions outlined in Table 1. For 
example, if drought limits the resources plants can allocate 
to defense, we expect damage from herbivores to be higher 
under water restriction (Gutbrodt et al., 2011; Hamann et al., 
2021a; Jactel et al., 2012). In addition, climatic factors vary 
inter-annually in natural environments, which could gener-
ate different patterns of trait expression across years (Ensing 
& Eckert, 2019; Ramirez-Parada et al., 2024). Therefore, we 
predict that years with lower precipitation and higher herbi-
vore abundance will induce trait values typically expressed 
in low-elevation environments. This experiment created envi-
ronments that are rare in nature (e.g., mesic + high herbiv-
ory), enabling us to dissect the independent and joint effects 
of these agents of selection on phenotypic differentiation and 
local adaptation.

Methods
Study system
Boechera stricta is a self-pollinating perennial forb, with 
populations distributed across broad elevational and latitu-
dinal gradients in western North American mountains (Lee 
& Mitchell-Olds, 2013; Rushworth et al., 2022). This species 
displays clinal variation in defense against herbivores, such 
that plants sourced from high elevations incur more foliar 
damage than lower elevation genotypes in common gardens 
(Anderson et al., 2015). Furthermore, B. stricta exhibits 
adaptive genetic clines in flowering phenology, size at flow-
ering, specific leaf area, and water-use efficiency (Wadgymar 
et al., 2017), with plants from high-elevation environments 
flowering earlier at a shorter stature and maintaining higher 
specific leaf area and lower water-use efficiency. Common 
garden experiments have documented co-gradient plasticity, 
with high-elevation environments inducing shorter height at 
flowering, greater specific leaf area, and reduced water-use 
efficiency (Anderson & Gezon, 2015; Wadgymar et al., 2017). 
The relative contributions of herbivory and water availability 
to genetic clines and plasticity in traits remain unresolved.

Manipulation of water availability and herbivore 
abundance
To investigate plasticity, clinal variation, and selection, we 
manipulated water availability and herbivore abundance 
factorially in a common garden over 3 years (2021–2023). 
We established the garden (38° 57.1203ʹ N, 106° 59.4903ʹ 
W) in a meadow at 2,895 m above sea level, near the Rocky 
Mountain Biological Laboratory (Colorado). Prior to the 
experiment, we collected seeds from naturally recruiting indi-
viduals in 36 populations (elevations: 2,519–3,673 m a.s.l., 
Supplementary Figure S1). To homogenize maternal effects 
and create full-sibling families of this inbred species, we grew 
field-collected seeds for at least one generation in the green-
house at the University of Georgia. To maximize genetic and 
phenotypic diversity (Blanquart et al., 2013; Goudet & Büchi, 
2006), we included only one accession from each source 
population.

In January 2021, we sowed ~20 seeds of each accession in 
the lab, stratified them for 2 weeks in the dark, transplanted 
germinants into 3.8 cm diameter Stuewe and Sons Ray—Leach 
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Cone‐tainer (Tangent, OR, USA), and grew the plants in the 
greenhouse for 4 months before transporting them to the field 
site. In June 2021, we transplanted the plants into the exist-
ing vegetation in the garden in randomized positions within 
experimental blocks (mean ± standard deviation: 4.8 ± 2.5 

full siblings from the 36 accessions into each of the four treat-
ment levels, N = 658 plants total; Supplementary Table S1). 
We measured the diameter of each individual prior to plant-
ing to use as a covariate in analyses (see also Supplementary 
Table S1c and Supplementary Figure S4).

Table 1. Predictions and results for hypotheses 1 (clines and plasticity) and 2 (selection).

H1: Concordance of plasticity and clinal trait variation H2: Water availability and herbivory impose selection

Trait Predictions Results Predictions Results

Herbivore 
resistance

Plasticity: Lower under 
dry conditions with high 
herbivory (Gutbrodt et 
al., 2011; Hamann et al., 
2021a; Jactel et al., 2012).

Matched predictions (Figure 2B, 
Supplementary Table S6b)

Dry conditions with high 
herbivory favor higher 
resistance against her-
bivory (Gutbrodt et al., 
2011)

Probability of reproduction: No 
evidence of selection on herbivore 
resistance (Supplementary Table 
S12)

Seed set: Directional selection for 
increased resistance under sup-
plemental watering and herbivore 
addition (Figure 2C, Supplemen-
tary Table S13)

Genetic cline: Decreases  
with source elevation 
(Anderson et al., 2015) 
in dry environments with 
high herbivory

Decreased under herbivore 
addition, especially in 2023. 
No effect of water availability 
(Figure 2A, Supplementary 
Table S6)

Specific leaf 
area

Plasticity: Lower under dry 
conditions (Onoda et al., 
2017) with high herbivory 
(Cingolani et al., 2005).

Decreased under restricted 
watering, no effect of herbivore 
treatment (Figure 3B, Supple-
mentary Table S7)

Dry conditions (Onoda et 
al., 2017) and high her-
bivory (Cingolani et al., 
2005) favor lower specific 
leaf area

Probability of reproduction: Stabiliz-
ing selection for intermediate spe-
cific leaf area across all treatment 
levels (Figure 3C, Supplementary 
Table S12b)

Seed set: Concordant with predic-
tions (Figure 3D, Supplementary 
Table S13b)

Genetic cline: Increases with 
source elevation (Wadgy-
mar et al, 2017) 

Increased with source elevation in 
2022 (Figure 3A, Supplemen-
tary Table S7b)

Succulence Plasticity: Lower under dry 
conditions (Kooyers et al., 
2015) with high herbivory 
(Moles et al., 2013)

Increased under herbivore addi-
tion in 2022, but decreased in 
2023, no effect of water avail-
ability (Figure 3F, Supplemen-
tary Table S8).

Dry conditions (Kooyers 
et al., 2015) and high 
herbivory (Moles et al., 
2013) favor increased 
succulence

Probability of reproduction: Concor-
dant with predictions (Figure 3G, 
Supplementary Table S12b)

Seed set: Concordant with predic-
tions (Figure 3H, Supplementary 
Table S13b)Genetic cline: Decreases  

with source elevation 
(Kooyers et al., 2015).

No cline detected (Figure 3E, 
Supplementary Table S8)

Flowering 
phenology

Plasticity: Delayed under 
dry conditions with high 
herbivory (Jordan et al., 
2015)

Delayed flowering in 2022 under 
herbivore addition, no effect of 
water availability (Figure 4B, 
Supplementary Table S9)

Dry conditions and high 
herbivory favor delayed 
flowering (Jordan et al., 
2015)

Directional selection via seed set for 
earlier flowering across all treat-
ments(Figure 4C, Supplementary 
Table S13b)

Genetic cline: Declines with 
source elevation (Wadgy-
mar et al., 2017) 

Declined with source elevation 
under all treatments except 
restricted watering and her-
bivore additions (Figure 4A, 
Supplementary Table S9b)

Duration of 
flowering

Plasticity: Longer flowering 
duration under high  
herbivory (Austen &  
Weis, 2015)

Shorter duration of flowering 
under herbivore removal and 
water restriction (Figure 4E, 
Supplementary Table S10)

Dry conditions and high 
herbivory favor longer 
duration of flowering 
(Austen & Weis, 2015)

 Selection favored shorter flowering 
under restricted than supplemen-
tal watering in both herbivore 
addition and removal treatments. 
Selection favored shorter duration 
of flowering in herbivore removal 
relative to herbivore addition 
within each watering treatment 
level (Figure 4F, Supplementary 
Table S13b)

Genetic cline: Declines with 
source elevation (Ander-
son & Gezon, 2015) 

No cline detected (Figure 4D, 
Supplementary Table S10)

Height at 
flowering

Plasticity: Shorter under 
dry conditions with high 
herbivory (Jordan et al., 
2015)

No plasticity detected (Figure 4G, 
Supplementary Table S11)

Dry conditions and high 
herbivory favor shorter 
stature at flowering (Jor-
dan et al., 2015)

Selection for increased height at 
flowering under all treatments 
(Figure 4I, Supplementary Table 
S13b)

Genetic cline: Declines with 
source elevation (Wadgy-
mar et al., 2017) 

Declined with source elevation 
across all treatments (Figure 
4H, Supplementary Table S11)

Note. We predict that the direction of plasticity will accord with genetic clines in traits, and that selection will favor suites of trait values that typically 
co-occur in low vs. high elevation ecotypes. For the reproductive phenology traits, the results for hypothesis 2 come from the analysis of selection via seed 
set.
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Experimental manipulations
Immediately after transplanting in spring 2021, we installed 
six 1.8 m × 1.8 m × 1.8 m cages within the fenced-in gar-
den, with 1-m-wide rows between the cages (Supplementary 
Figure S2). The cages were constructed with polyvinyl chlo-
ride (PVC) pipe covered by Lumite mesh cloth with 8 × 8 
strands/cm, zippered openings, and 30 cm buried flaps; these 
materials prevented insects from entering or exiting the cages. 
We inspected the integrity of the cages weekly, removed the 
cages in September of each year, and re-installed them in the 
following spring to prevent winter damage to the structures. 
In fall 2021 after removing the cages, we sunk metal flashing 
into 30 cm deep trenches around the perimeter of each cage 
to reduce the risk of gopher damage during the winter.

We focused our herbivore manipulation on grasshoppers 
(Melanoplus spp.), a dominant generalist herbivore in mon-
tane meadows (Descombes et al., 2017). We assigned each 
cage to either grasshopper removal or addition. We captured 
grasshoppers in the removal cages and in the meadow adja-
cent to the garden via sweep netting and released them into the 
addition cages (Supplementary Table S2). Any other insects 
that were inadvertently captured during the sweep netting 
were released outside of the cages. This manipulation did not 
eliminate herbivory in the removal cages because we specifi-
cally targeted grasshoppers and did not reduce the abundance 
of other herbivores. In the addition cages, we added grass-
hoppers once per week in 2021 and 2022 and three times 
per week in 2023 which elevated grasshopper density above 
ambient levels (Supplementary Table S2). Natural grasshop-
per density in and outside of the cages was lower in 2022 than 
in the other years (Supplementary Table S2).

We subdivided the cages into four blocks, with two blocks 
assigned to each water level: supplemental or restricted 
(Supplementary Figure S2A). For the supplemental water 
blocks, we supplied 1.5 L of water twice a week with a water-
ing can early in the season (June–mid-July) when rain was 
infrequent. Once the monsoons began in mid- to late July, 
we ceased applications of supplemental water. Immediately 
before forecasted rain, in the restricted water blocks, we 
deployed rain-out shelters constructed of polycarbonate 
sheets and angled so rain would runoff to the edge of the cage, 
away from experimental plants (Supplementary Figure S2C). 
We monitored soil moisture in all 24 blocks twice a week 
using a Hydrosense (Campbell Scientific, Logan, UT, USA); 
volumetric water content was significantly greater under sup-
plemental watering than restricted watering across all three 
years (χ2 = 9.4, d.f = 1, p = .0022, Supplementary Figure S3, 
Supplementary Table S3).

Fitness components and functional traits
During the growing season (June to September) from 2021 
to 2023, we collected data on two fitness components: the 
probability of producing mature fruits and the total length 
of mature fruits (which is highly correlated with the number 
of viable seeds, Wadgymar et al., 2017). Boechera stricta typ-
ically requires vernalization (exposure to nonfreezing winter 
temperatures) to flower (Anderson et al., 2011); thus, it is 
not surprising that only three individuals flowered in 2021, 
as these transplants had not yet experienced vernalization. In 
all years, we measured foliar damage from arthropod herbi-
vores. In 2022 and 2023, we also measured specific leaf area, 
leaf succulence, day of first flowering, flowering duration, and 
height at flowering. Natural populations of B. stricta exhibit 

phenotypic clines in these traits across elevations (Anderson 
& Gezon, 2015; Anderson et al., 2015; Wadgymar et al., 
2017). Furthermore, herbivory (Descombes et al., 2020a; 
Dorey & Schiestl, 2022) and water availability (Jactel et 
al., 2012; Kamps & Poelman, 2024; Lorts & Lasky, 2020; 
Navarro et al., 2022) can induce plasticity in these traits and 
shape their evolution.

We censused each plant for herbivory 2–3 times per grow-
ing season by counting the total number of leaves and the 
number of damaged leaves, and then estimating the amount of 
per-leaf damage visually. Only the first senior authors (Jameel 
and Anderson) quantified leaf damage, and we compared 
our estimates to ensure that they were similar. Experienced 
researchers assessing damage visually generate accurate and 
precise estimates of damage from herbivores (Johnson et al., 
2016). We calculated the proportion of leaf area consumed by 
herbivores by multiplying the number of damaged leaves by 
the average per-leaf damage and dividing by the total number 
of leaves (Anderson et al., 2015). We sampled leaves for foliar 
traits in late July 2022 and 2023, which is approximately 
one month after the first flowering and a point at which 
most leaves for the season have been produced. We collected 
3–4 leaves on ice, scanned for leaf area on the same day, and 
weighed for fresh and dry biomass. We calculated specific leaf 
area by dividing leaf area (calculated using Ilastik, Berg et 
al., 2019, and a custom python script) by dry leaf weight. We 
calculated succulence as: fresh leaf weight − dry leaf weight)/
leaf area (Reimann & Breckle, 1995).

Like many species, B. stricta produces basal rosette leaves 
on vegetative plants and bolt leaves on reproductive stalks. 
When possible, we collected both types of leaves, but many 
plants did not bolt, and others senesced their rosette leaves 
after bolting. In our experiment, 68 plants had collections for 
bolt leaves only whereas 581 plants had data on rosette leaves. 
We calculated presumptive rosette leaf trait values for the 68 
plants with only bolt leaves by regressing rosette specific leaf 
area and succulence on bolt leaf traits for the 42 plants for 
which we had both bolt and rosette collections (rosette specific 
leaf area = 71.82 + 0.73 × bolt specific leaf area, F1,40 = 9.09, 
p = .0045; rosette succulence = 0.0024 + 0.56 × bolt specific 
leaf area, F1,40 = 67.15, p < .0001). Models excluding these 68 
plants produced nearly identical results.

We visited each plant 2–3 times a week to record the num-
ber of flowers and fruits, the length of the longest fruit, and 
the height of bolts. For plants that flowered between censuses, 
we determined the day of first flowering from the fruit elonga-
tion rate (Supplementary Table S4; see also Wadgymar et al., 
2017). Models using the raw flowering data yielded quanti-
tatively similar results. We calculated the duration of flower-
ing by subtracting the first day of flowering from the day on 
which the plant ceased flowering. We measured plant height 
from the base of the plant to the apical meristem. In our anal-
yses, we used the height of the tallest bolt at flowering, which 
is a reliable indicator of the trade-off between size and timing 
of flowering (Wadgymar et al., 2017).

Statistical analyses
We conducted all analyses in R (R Core Team., 2021). We 
employed a mixed effects repeated measures framework for 
all statistical models to analyze data collected across years. 
To evaluate the extent to which these traits can be treated 
independently, we examined correlations between traits 
(Supplementary Table S5), and we assessed multicollinearity 
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in our selection analyses. For all models, we examined the sta-
tistical significance of the main effects using the Anova func-
tion of the R package car ver. 3.1-2 (Fox & Weisburg, 2019) 
and we assessed the normality and homoscedasticity of resid-
uals using the simulateResiduals function of the R package 
DHARMa ver. 0.4.6 (Hartig & Lohse, 2022). We visualized 
the regression results with the ggeffects R package ver. 1.3.2 
(Lüdecke, 2018), extracted estimated marginal means using 
the emmeans function and regression coefficients and confi-
dence intervals using the emtrends function from emmeans R 
package ver. 1.8.8 (Lenth, 2024).

Hypothesis 1: concordance of plasticity and clinal trait 
variation
To test the hypothesis that plasticity aligns with clinal trait 
variation, we analyzed the following six traits as a function 
of source elevation, grasshopper treatment, and watering 
treatment: damage from herbivores, specific leaf area, foliar 
succulence, day of first flowering, flowering duration, and 
height at flowering. These analyses simultaneously modeled 
plasticity (trait response to treatment and temporal variation) 
and clines (trait response to source elevation). If plasticity 
aligns with clinal variation (Table 1), our analyses would 
reveal significant effects of source elevation on trait expres-
sion, in the same direction as effects of water availability and 
herbivore abundance. Significant interactions between treat-
ments or year and source elevation would demonstrate that 
the magnitude or directionality of the cline itself depends on 
environmental conditions.

Given that water availability (Supplementary Figure 
S3, Supplementary Table S3) and herbivore abundance 
(Supplementary Table S2) differed across the years of this 
study, we first conducted generalized linear mixed models 
with main effects of water treatment, grasshopper treatment, 
source elevation, and year, along with all two-, three-, and 
four-way interactions, and random effects for plant identity, 

accession, and block nested within cage. However, the four-
way interaction was never statistically significant. We then 
evaluated two reduced models for each trait, the first of 
which included main effects and two-way interactions and 
the second also examined three-way interactions. We used 
the model.sel function of the MuMIn R package ver. 1.48.4 
(Bartón, 2024) to contrast models using the corrected Akaike 
Information Criterion. When these two models generated 
similar results, we retained the model with three-way inter-
actions. For the final models, we assessed statistical signifi-
cance using an adjusted alpha of 0.0083 (= 0.05/6 traits) to 
account for the separate analyses from the same study. We 
could not conduct one multivariate model of all traits, as the 
traits required different statistical distributions.

We analyzed specific leaf area, day of first flowering, flow-
ering duration, and height of tallest stem at first flowering in 
generalized linear mixed models using a lognormal distribu-
tion with a log link, and leaf succulence using beta distribution 
with a logit link in the R package glmmTMB ver. 1.1.8 (Brooks 
etal., 2017). The proportion of leaf area removed by herbi-
vores is the opposite of resistance to herbivory (herbivore resis-
tance = 1−leaf damage), as individuals that are well-defended 
and highly herbivore resistant will experience lower damage 
than their less resistant counterparts. We analyzed herbivore 
damage in a repeated measures generalized linear mixed model 
with a zero-inflated beta distribution and logit link (R package 
glmmTMB ver. 1.1.4) (Brooks et al., 2017). We included census 
nested within a year as a random effect to account for repeated 
sampling of herbivore damage within and across years. As 
foliar damage is the only trait we measured in all years, this 
analysis included data from 2021 to 2023.

Hypothesis 2: water availability and herbivory impose 
selection
To examine how herbivore abundance and water conditions 
interact to impose selection, we conducted a two-step hurdle 
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model, first analyzing (1) how foliar traits (leaf damage aver-
aged across all censuses within a year, specific leaf area, leaf 
succulence) influence the probability of reproduction (bino-
mial distribution with logit link) and then analyzing (2) how 
foliar traits and reproductive phenology influence seed set 
(gamma distribution with log link). Of the 358 plants that 
died in 2022 and 2023, we only have a complete suite of 
foliar trait data for 21 individuals (one of which died after 
reproducing and is included with a value of 1 in our model of 
the probability of reproduction); thus, mortality preceded leaf 
collection for 94.1% of individuals, which restricts our ability 
to evaluate viability selection separately. Our analysis of the 
probability of reproduction modeled the 20 plants that died 
and the 526 records of living plants that failed to reproduce 
with values of 0, and the 101 records of successful reproduc-
tion with values of 1.

We assessed statistical significance using an adjusted alpha 
of 0.025 (= 0.05/2) to account for the two selection analyses. 
We used generalized linear mixed models in the R package 
glmmTMB ver. 1.1.4 (Brooks et al., 2017) to model fitness 
as a function of traits and all three-way interactions of each 
trait with herbivore and water treatments. We included initial 
size at planting and year as covariates, and modeled random 
effects for plant identity, accession, and block nested within 
the cage. If plots of residual vs. predicted values suggested 
non-linear selection, we tested for stabilizing or disruptive 
selection by including a quadratic term for the relevant trait 
in the multivariate model. To evaluate the potential multi-
collinearity of traits, we inspected variance inflation factors 
using the check_collinearity function of the R package perfor-
mance ver. 0.12.2 (Lüdecke et al., 2021).

If water availability and herbivory exert selection (Table 1), 
analyses would show an interaction between manipulations 
and specific traits. Furthermore, if plasticity is adaptive, we 
predict that the direction of selection would match the direc-
tion of plasticity.

Hypothesis 3: water availability and herbivory shape local 
adaptation
To evaluate agents of local adaptation (Wadgymar et al., 
2022), we analyzed the probability of reproduction and seed 
set jointly as a function of the three-way interactions of source 
elevation, herbivore abundance, and water availability, with 
a covariate for initial size at planting and random effects for 
plant identity, accession and block nested within the cage. We 
focused on data from 2022 and 2023, as there was minimal 
variation in fitness in the first year of the study (2021) when 
survival was 98.7% (650 survived/658 planted) and only three 
plants reproduced. Over the course of the experiment, only 108 
individuals flowered, leading to highly zero-inflated fitness val-
ues, as is often the case in field studies. Therefore, we employed 
a hurdle model using the zero-inflated gamma family (ziGa-
mma) in the R package glmmTMB ver. 1.1.4 (Brooks et al., 
2017). This framework simultaneously uses a binary distribu-
tion with a logit link to model the probability of reproduction 
and a Gamma regression with a log link to model a seed set of 
individuals that successfully reproduced. If water availability 
and herbivore abundance contribute to local adaptation across 
the elevational gradient, analyses would uncover an interaction 
between the treatments and source elevation. Specifically, we 
predicted that high-elevation populations would have greater 
fitness under well-watered and grasshopper removal condi-
tions, which reflects conditions in their home sites.

Results
Hypothesis 1: concordance of plasticity and clinal 
trait variation
Herbivory
The slope of the cline in foliar damage from herbivores varied 
in direction and magnitude in response to the grasshopper 
treatment across years (source elevation × herbivore abun-
dance × year: χ² = 26.4, d.f. = 2, p < .0001, Supplementary 
Table S6, Figure 2A). Foliar damage declined with source 
elevation in the herbivore addition treatment in 2021, which 
was contrary to predictions. As expected (Table 1), however, 
damage increased with source elevation in all four treatment 
combinations in 2022 and 2023, and the slope of this cline 
was significantly greater under grasshopper addition than 
removal (Supplementary Table S6, Figure 2A). Furthermore, 
foliar damage was significantly higher under restricted water 
than supplemental water conditions across all years and her-
bivore treatment levels [odds ratio ± standard error (SE): 1.19 
± 0.62; χ² = 7.51, d.f. = 1, p = .0061, Figure 2B].

Specific leaf area
Clinal variation in specific leaf areas was apparent through the 
interaction of source elevation and year (χ2 = 12.48, d.f = 1, 
p = .00041, Figure 3A, Supplementary Table S7). In 2022, 
specific leaf area increased by 27% for every 1-km increase 
in source elevation (95% confidence interval: 16.28% to 
37.31%, Supplementary Table S7b), as expected (Table 1). 
No cline emerged in 2023. Supplemental watering induced 
higher specific leaf area (χ2 = 14.1, d.f = 1, p = .00017, Figure 
3B); thus, the direction of plasticity was concordant with the 
cline and with predictions.

Leaf succulence
Discordant with predictions, we found no clinal variation 
in leaf succulence, and inconsistent plasticity (herbivore 
treatment × year: χ2 = 34.48, d.f = 1, p < .0001, Figure 3F). 
Herbivore addition induced higher succulence in 2022 (z 
ratio = 2.84, p = .023); however, this pattern reversed in 2023 
(z ratio = −5.4, p < .0001).

Flowering phenology
Source elevation interacted with water availability and her-
bivore abundance to influence the timing of first flowering 
(χ2 = 7.3, d.f = 1, p = .0069, Figure 4A, Supplementary Table 
S9). As expected (Table 1), flowering time decline with source 
elevation under all treatment combinations except herbivore 
addition and restricted watering, for which we found no cline 
(Figure 4A, Supplementary Table S9b). Additionally, herbi-
vore treatment interacted with year to shape the expression 
of flowering phenology (χ2 = 10.93, d.f.=1, p = .00094), with 
removal inducing earlier flowering in 2022 (z ratio = 3.58, 
p = .002) but not in 2023 (z ratio = −1.6, p = .38)

Flowering duration
We found significant spatio-temporal plasticity in flowering 
duration (Figure 4D and E, Supplementary Table S10), which 
varied as a function of interactions of water availability and 
herbivore abundance (χ2 = 7.49, d.f. = 1, p = .0062) and 
water availability and year (χ2 = 7.99, d.f. = 1, p = .0047). 
Restricted water shortened the duration of flowering under 
herbivore removal (Figure 4E) and in 2023 (Supplementary 
Table S10).
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Tallest stem at flowering
For every 1-km increase in source elevation, height at flow-
ering decreased by 59.7% [95% confidence interval (CI): 
38.7%, 78.9%; χ2 = 10.77, d.f = 1, p = .0001, Figure 4G, 
Supplementary Table S11]. Water availability and grasshop-
per abundance did not induce plasticity in height (Figure 4H). 
However, height at flowering was greater in 2023 than in 
2022 (χ2 = 16.87, d.f = 1, p < .0001).

Hypothesis 2: water availability and herbivory 
impose selection on functional traits
Selection on foliar traits via the probability of reproduction
Stabilizing selection favored intermediate specific leaf area 
values across all four treatment combinations (quadratic 
effect of specific leaf area: χ2 = 6.09, d.f = 3, p = .0136, 
Figure 3C, Supplementary Table S12). Context-dependent 
stabilizing selection operated on leaf succulence (Figure 3G, 
Supplementary Table S12b). Concordant with expectations, 
selection favored greater succulence in grasshopper addition 
than in removal cages (herbivore abundance × succulence 
χ2 = 6.41, d.f = 3, p = .011; quadratic effect of succulence: 
χ2 = 19.68, d.f = 3, p < .0001, Figure 3G, Supplementary 
Table S12). We found no evidence for selection via the prob-
ability of reproduction on leaf damage from herbivores 
(Supplementary Table S12).

Selection via seed set
Context-dependent selection emerged for leaf succulence 
in response to herbivore manipulation (χ2 = 5.26, d.f = 1, 
p = .0218, Figure 3H, Supplementary Table S13) and three 
other traits in response to water availability and herbivore 
abundance: specific leaf area (water availability × herbivore 
abundance × quadratic effect of specific leaf area; χ2 = 12.98, 
d.f = 1, p = .0003, Figure 3D); leaf damage from arthropod 

herbivores (water availability × herbivore abundance × qua-
dratic effect of leaf damage: χ2 = 11.66, d.f = 1, p = .0006; 
Figure 2C); and flowering duration (water availability × her-
bivore abundance × flowering duration: χ2 = 24.61, d.f = 1, 
p < .0001, water availability × quadratic effect of flowering 
duration: χ2 = 17.62, d.f = 1, p < .0001, and herbivore abun-
dance × quadratic effect of flowering duration: χ2 = 7.55, 
d.f = 1, p = .0060; Figure 4F).

Directional selection under grasshopper addition favored 
increased succulence, as seed set increased by 40% for every 
1 S.D. change in leaf succulence (95% CI: 20% to 66%; 
Figure 3H), but there was no evidence for selection on suc-
culence under grasshopper removal. Selection on specific 
leaf areas generally accorded with predictions, as dry condi-
tions favored lower values. For example, in the grasshopper 
addition, stabilizing selection favored low specific leaf area 
under restricted water (optimum: 167.68 cm2/g), but direc-
tional selection favored increased trait values in supplemental 
water [seed set increased by 49.9% for every 1 standard devi-
ation (SD) unit change in specific leaf area; 95% CI: 31.6% 
to 63.4%]. Under grasshopper removal, directional selection 
favored reduced specific leaf area in restricted water (seed set 
declined by 35.8% for every 1 S.D. change in the trait; 95% 
CI: 4.9%, 36.8%), but there was no evidence for selection 
under supplemental watering and grasshopper removal. We 
detected stabilizing selection on foliar damage from arthro-
pod herbivores in one treatment only: supplemental water 
and grasshopper addition, in which the seed set peaked at 
an average leaf damage of 7.9%, suggesting strong selection 
for herbivore resistance in this treatment combination (Figure 
2C, Supplementary Table S13b).

We found complex patterns of selection on the duration of 
flowering. In herbivore addition, stabilizing selection favored 
an intermediate duration of flowering in the restricted water 
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treatment (optimal duration: 25.9 days) and directional selec-
tion for increased flowering duration in the supplemental 
watering treatment (seed set increased by 37.7% for every 1 
S.D. change in flowering duration; CI: 0.6%, 88.4%; Figure 
4F, Supplementary Table S13b). In herbivore removal, sta-
bilizing selection favored a longer flowering duration under 
supplemental water (optimal duration: 26.3 days) and a 
shorter duration under restricted watering (optimal duration: 
14 days).

Finally, across all treatment levels, directional selection 
favored both increased height at flowering (χ2 = 6.40, d.f = 1, 
p = .0114), with seed set increasing by 41.4% for every 
one standard deviation increase in height (95% CI: 20.2%, 
66.3%; Figure 4I, Supplementary Table S13b) and earlier 
flowering (χ2 = 7.10, d.f = 1, p = .0077) with seed set decreas-
ing by 42.1% for every one standard deviation increase in 
height (95% CI: 29.7%, 51.8%; Figure 4I, Supplementary 
Table S13b).

Hypothesis 3: water availability and grasshopper 
herbivory shape local adaptation
Seed set amongst individuals that successfully reproduced was 
strongly driven by interactions of water availability treatment 

and the quadratic effect of source elevation (χ2 = 5.71, d.f = 1, 
p = .0169, Supplementary Table S14). Consistent with local 
adaptation and the increase in water availability with eleva-
tion, high elevation ecotypes showed elevated fitness under 
supplemental water, as the source elevation with optimal seed 
set occured at 3,242.76 m (Figure 5). We found no evidence 
that the grasshopper treatment affected fitness. Initial plant 
size was the primary factor controlling the probability of 
reproduction (χ2 = 35.81, d.f = 1, p < .0001, Supplementary 
Table S14). We highlight that there was no relationship 
between initial size and source elevation in this experiment 
(Supplementary Figure S4).

Discussion
Abiotic and biotic conditions co-vary across environmental 
gradients and contribute to the evolution and maintenance of 
phenotypic variation (e.g., Kooyers et al., 2015). In our mul-
tifactorial field manipulation, we found evidence that clines 
depend upon the environmental context, plasticity can align 
with these clines, and water availability and the presence of a 
dominant generalist herbivore can impose selection on foliar 
traits and reproductive phenology. The concordance between 
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Figure 3. Clines, plasticity, and natural selection in specific leaf area and leaf succulence. All panels show raw data points and significant regression 
lines and boxplots display data from all treatments (black), restricted watering (pink cirlces) and supplemental watering (blue triangles) treatments 
or herbivore addition (dark purple squares) or herbivore removal (green circles) treatments. Letters indicate significant pairwise differences across 
treatments adjusted for multiple comparisons. The stars on the X axis indicate mean trait values for local accessions (originating from elevations of 
2891 m ± 15 m) under all treatments (gray), restricted watering (pink) and supplemental watering (blue) or herbivore addition (dark purple) or herbivore 
removal (green) treatments and are bracketed by 2 × the standard error. When there was no significant interaction with treatment, we plotted the raw 
data points and the regression line across all treatments in grayscale. (A) Specific leaf area increased with source elevation, as predicted, in 2022 but 
not 2023. (B) The direction of plasticity in specific leaf area was concordant with the cline, as supplemental watering induced greater trait values. (C) 
Stabilizing selection via the probability of reproduction favored intermediate specific leaf area across environments. (D) Directional selection via seed 
set favored reduced specific leaf area in restricted water conditions and greater values in supplemental watering under grasshopper addition. (E) No 
cline emerged for leaf succulence. (F) Succulence was significantly greater under herbivore addition than herbivore removal in 2022, but this trend 
switched in 2023. (G) Stabilizing selection via the probability of reproduction favored higher values of leaf succulence under grasshopper addition than 
grasshopper removal. (H) Directional selection via seed set for increased leaf succulence in grasshopper addition, but we did not detect selection in 
grasshopper removal.
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the direction of clines, plastic shifts in trait expression, and 
context-dependent patterns of selection for traits like spe-
cific leaf area suggest that (1) genetic clines likely evolved in 
response to variable selection across the landscape, and that 
(2) plasticity could be an adaptive response to finer-grained 
temporal and spatial variation in conditions. For other traits, 
such as the height at first flowering, we found no evidence 
of plasticity but clear genetic clines and strong selection, 

which suggests that other agents of selection operating across 
the elevational gradient may drive evolutionary dynamics. 
Studies that evaluate phenotypic clines should be careful to 
consider the environmental context, as the strength, direction, 
and presence of clines can be influenced by the environment. 
Our investigations into the environmental drivers of pheno-
typic variation also captured local adaptation in response to 
water availability and herbivory.

Hypothesis 1: Concordance of plasticity, clinal trait variation,
 and shifts in trait clines mediated by the environment 

Hypothesis 2: Water availability and herbivory 
serve as agents of selection on functional traits 
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Figure 4. Clines, plasticity, and selection for reproductive phenology. Across panels, we have plotted raw data points, significant regression lines, and 
box plots from restricted watering (pink circles ), and supplemental watering (blue triangles) treatments, with stars on the x axes of fitness landscapes 
representing the mean trait values for local accessions (source elevation: 2891 m ± 15 m), bracketed by 2 × the standard error. When there was no 
significant interaction with treatment, we plotted the raw data points and the regression line across all treatments in grayscale. (A) Flowering phenology 
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Concordance of clines, plasticity, and selection for 
foliar traits
The direction of plasticity can match the direction of clinal 
variation in a trait (i.e., co-gradient plasticity, Eckhart et al., 
2004; Ensing & Eckert, 2019), enabling researchers to identify 
environmental factors that influence both trait expression and 
evolution (Wade & Kalisz, 1990). For example, accessions of 
Artemisia californica (Asteraceae) sourced from populations 
distributed across a precipitation gradient in California, USA, 
exhibit genetic clines in functional traits (Pratt & Mooney, 
2013). Additionally, supplemental watering, which mim-
ics the climate of northern latitudes, induced greater foliar 
nitrogen, recapitulating the trait cline and demonstrating that 
water availability influences the evolution of both genetic 
clines and plasticity (Pratt & Mooney, 2013). Likewise, in 
our study, plasticity in specific leaf areas aligned with the ele-
vational cline in this trait, as supplemental watering induced 
higher specific leaf area values (Figure 3B, Table 1), reflecting 
the trait values of accessions from high elevation locations, 
which are more mesic than low elevation sites in this region 
(Anderson & Wadgymar, 2020).

High specific leaf area often evolves in wetter habitats, 
likely owing to greater photosynthetic and respiration rates 
(Poorter et al., 2009, 2019; Wright et al., 2004). In our 
study, the cline in specific leaf areas only emerged in 2022 
(Figure 3A), which could have resulted from higher overall 
soil moisture content in that year compared to 2023 (Figure 
3A, Supplementary Figure S3). Previous studies of specific 
leaf areas in B. stricta have leveraged temporal variation to 
reveal genetic clines in this trait only during benign years with 
higher snowfall (Wadgymar et al., 2017). In the Western US, 
decreasing snowpack and increasing growing season aridifi-
cation (Fyfe et al., 2017; Pederson et al., 2011) could con-
strain the continued expression of clinal variation in traits 
such as specific leaf areas.

Variation in abiotic and biotic conditions along environ-
mental gradients likely impose complex patterns of selection 
on natural populations (Campitelli & Stinchcombe, 2013; 
Keller et al., 2009; Kooyers & Olsen, 2013; Muir & Angert, 
2017). In our study, selection on specific leaf area via seed set 
aligned with expectations based on the leaf economic spec-
trum (Onoda et al., 2017; Wright et al., 2004), and with the 
cline (Figure 3A) and the direction of plasticity (Figure 3B). 
Selection via seed set for lower specific leaf area was driven 
more by restricted watering than grasshopper addition, even 
though lower specific leaf area is associated with greater leaf 
thickness and toughness (Cingolani et al., 2005; Wright & 
Cannon, 2001), which may be adaptive in environments 
where herbivory is high (Zhu et al., 2024). In contrast, the 
analysis of the probability of reproduction revealed stabiliz-
ing selection across all environments, which could dampen 
divergent selection across the lifespan, leading to more similar 
optimal trait values across watering treatments.

Leaf succulence was subject to strong divergent selec-
tion. We expected selection to favor higher succulence in 
herbivore-enriched environments, as leaves with higher suc-
culence are difficult for insects to consume (Moles et al., 
2013; Pérez-Harguindeguy et al., 2003). Concordant with 
predictions (Table 1), selection via the probability of repro-
duction favored increased succulence under herbivore addi-
tion relative to removal (Figure 3G). Similarly, directional 
selection via seed set favored higher succulence in herbivore 
addition, despite the lack of selection via seed set on this trait 

under herbivore removal (Figure 3H). Selection via seed set 
could amplify the differences in optimal trait values across 
herbivore environments across the lifespan. The strength of 
divergent selection on this trait is in stark contrast with the 
lack of elevational clines (Figure 3E) and lack of consistent 
patterns of plasticity (Figure 3F). These discrepancies could 
suggest that other environmental factors control the evolu-
tion and expression of leaf succulence, or that genetic correla-
tions across traits could constrain the adaptive response to 
selection (Etterson & Shaw, 2001).

The evolution and expression of herbivore 
resistance
In this system, herbivore loads decline with elevation (Nelson 
et al., 2019b); thus, we predicted that low elevation acces-
sions would experience the lowest foliar damage from insect 
herbivores across all treatments, owing to strong selection 
for anti-herbivore defenses in their home sites (Table 1). As 
expected, and concordant with a previous common garden 
study (Anderson et al., 2015), we found that damage from 
arthropod herbivores (the opposite of resistance to herbivory) 
increased with source elevation in all treatments (Figure 2A), 
except in the year with the greatest water availability (2021). 
Furthermore, this cline was the most pronounced under grass-
hopper addition in 2023, the driest year of the study. We pro-
pose that the observed cline in herbivore resistance reflects an 
evolutionary response to variable herbivore abundance across 
this elevational gradient. 

Consistent with our expectation that plants under restricted 
watering would be poorly defended against herbivores (Table 
1, Endara & Coley, 2011; Jactel et al., 2012), we found that 
drought stress exacerbated the extent of foliar herbivory 
(Figure 2B). Similarly, in a reciprocal transplant experiment in 
Panama, seedlings of 13 tree species experienced greater her-
bivory in drier vs. wetter sites (Muehleisen et al., 2020). This 
increase in damage under restricted water availability could 
arise through reduced expression of anti-herbivore defenses 
during drought (Gely et al., 2020; Gutbrodt et al., 2011), 
perhaps owing to limited resources available for the produc-
tion of defenses (Bauerfeind & Fischer, 2013; Hamann et al., 
2021a). With climate change, herbivores could track their 
climatic niches at a faster rate than plants through migra-
tion up mountain slopes (Becklin et al., 2016; Rasmann et 
al., 2014; Schweiger et al., 2008), which could heighten the 
extent of herbivore damage experienced by poorly defended 
high elevation accessions. Increasing aridity with climate 
change (Fyfe et al., 2017; Pederson et al., 2011; Rangwala et 
al., 2012) could further augment herbivore damage (see also 
Hamann et al., 2021a), especially for high elevation acces-
sions (Figure 2A).

Reproductive phenology: genetic clines, plasticity, 
and selection
In line with predictions (Table 1), we observed a cline in flow-
ering phenology, with low-elevation accessions flowering later 
than high-elevation accessions under supplemental water-
ing (Figure 4A). This result corresponds with other systems 
along elevational and latitudinal gradients (Ensing & Eckert, 
2019; Kawakami et al., 2011; Montague et al., 2008; Monty 
& Mahy, 2009), but strikingly not with latitudinal clines in 
Arabidopsis thaliana (Stinchcombe et al., 2004). In other sys-
tems, flowering early can facilitate escape from drought stress 
(Franks et al., 2007; Rauschkolb et al., 2022) or herbivores 
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(Sletvold et al., 2015). In our study, the magnitude of the cline 
varied across treatment combinations, as it was the steep-
est under herbivore addition and supplemental watering, 
equivalent across the two water availability treatment lev-
els in herbivore removal, and non-existent under restricted 
watering and herbivore addition. That final treatment com-
bination could reflect future conditions in this area under cli-
mate change, suggesting that climate change could reshape 
the evolution of this critical phenological trait. In one year 
of the study (2022), herbivore addition delayed the timing of 
flowering, which could suggest that herbivorized plants have 
fewer resources available for rapid reproduction. Across all 
treatment combinations, selection favored earlier flowering, 
which is consistent with previous analyses of Boechera stricta 
(Wadgymar et al., 2017) and many other species (Austen et 
al., 2017). In sum, these results suggest that coarse-grained 
variation in water availability and herbivore abundance both 
contribute to the evolution of flowering time clines in this 
system, and that fine-grained variation in herbivory within a 
site can shape plasticity in this trait.

Height at flowering decreased with source elevation consis-
tently across treatments (Figure 4G), and directional selection 
favored taller plants at flowering, but herbivore abundance 

and water availability did not influence the expression of this 
trait. Other factors, such as photoperiod and temperature, 
also control reproductive phenology (Li et al., 2018; Rathcke 
& Lacey, 1985). In this system, complex seasonal dynamics, 
such as the extent of the snowpack and the timing of snow-
melt, may be the primary selective agents driving the evolu-
tion of reproductive phenology (Wadgymar et al., 2018) and 
the size at first flowering.

Both water availability and herbivore abundance influenced 
the strength and direction of selection on flowering duration 
(Figure 4F). In line with our predictions, grasshopper removal 
favored shorter durations of flowering compared to grass-
hopper addition within each watering treatment level The 
exact mechanism underlying herbivore-mediated selection 
on flowering duration remains unresolved. In some systems, 
herbivory can prolong flowering. For example, in a common 
garden, Brassica rapa (Brassicaceae) plants with the highest 
level of herbivory also had the longest duration of flowering 
(Austen & Weis, 2015). However, that does not appear to be 
the case in this system, as plants under supplemental water 
in the herbivore removal flowered for the same duration as 
those in herbivore addition. Nevertheless, plasticity accorded 
with selection, as restricted watering under herbivore removal 
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induced the shortest duration of flowering, and this treatment 
combination also had the shortest optimal flowering duration 
in the selection analyses. Thus, plasticity in the duration of 
flowering in response to local variation in water availability 
could confer a fitness advantage in this system. Furthermore, 
restricted water conditions favored a shorter duration of 
flowering, even under grasshopper addition (Figure 4F). 
Increased duration of flowering could expose sensitive floral 
and fruit tissue to prolonged drought, and reduced flower-
ing duration could serve as a form of drought escape. Earlier 
snowmelt timing under climate change could increase expo-
sure to drought stress (Blankinship et al., 2014; Sloat et al., 
2015) and amplify herbivory, especially for high-elevation 
populations (Rasmann et al., 2014). These shifts could result 
in novel patterns of selection on flowering duration across the 
range of B. stricta as climate change progresses.

We did not observe a cline in the duration of flowering 
(Figure 4D), though a previous common garden experiment 
demonstrated that the duration of flowering decreased with 
source elevation in B. stricta (Anderson & Gezon, 2015). If 
mesic conditions at high elevation underlay this cline and 
resulted in the shorter duration of flowering exhibited by high 
elevation accessions (Anderson & Gezon, 2015), we would 
have expected supplemental water to favor shorter flower-
ing duration. Instead, supplemental watering unmistakably 
favored longer flowering periods in both grasshopper addi-
tion and removal. We propose that limited growing season 
length at high elevations could control any reduction in flow-
ering duration there.

Water availability and herbivore load contribute to 
local adaptation
Environmental differences across space can favor the evolu-
tion of local adaptation, especially when gene flow is limited 
(Hereford, 2009; Kawecki & Ebert, 2004; Leimu & Fischer, 
2008), but we rarely know which agents of selection under-
lie local adaptation (Wade & Kalisz, 1990; Wadgymar et al., 
2022). If climatic factors drive adaptive population differen-
tiation, rapid global change could disrupt local adaptation 
(Anderson & Wadgymar, 2020; Kooyers et al., 2019; Wilczek 
et al., 2014). For example, during an atypically warm growing 
season, local accessions of Erythranthe guttata (Phrymaceae) 
were at a fitness disadvantage compared to those from 
lower latitudes where temperatures were historically higher 
(Kooyers et al., 2019). Previous experiments with B. stricta 
have revealed local adaptation to historical snowpack in the 
field (Anderson & Wadgymar, 2020), to drought stress in the 
greenhouse (MacTavish & Anderson, 2020), and to tempera-
ture and carbon dioxide concentration in growth chambers 
(Denney et al., 2024). However, the role of growing season 
water availability in local adaptation has remained difficult 
to isolate in the absence of manipulative field experiments. 
We found that supplemental watering augmented seed set for 
high-elevation accessions (Figure 5), which is consistent with 
expectations, given that water availability increases with ele-
vation (Anderson & Wadgymar, 2020; Nelson et al., 2019b). 
Local populations that are adapted to historical soil moisture 
levels may lack the within-population quantitative genetic 
variation necessary to respond rapidly to shifts in water avail-
ability under climate change (Christie et al., 2022; Derry et 
al., 2019; Hoffmann & Sgrò, 2011).

Grasshopper herbivory did not modify fitness in a manner 
that reflects local adaptation, but the cline in foliar damage 

from herbivores (Figure 2A) could result from local adapta-
tion to differences in herbivore abundance across elevations. 
Similarly, Garrido et al., (2012) found that the annual plant 
Datura stramonium (Solanaceae) displayed patterns consis-
tent with local adaptation to native vs. foreign accessions of a 
key herbivore (Lema trilineata, Chrysomelidae) in herbivore 
resistance, but they found no clear pattern of adaptation to 
local herbivores when considering plant fitness. We hypothe-
size that the growth-defense trade-off (e.g., Fine et al., 2006; 
Hahn et al., 2019; Mooney et al., 2010) drives the joint evolu-
tion of reduced herbivore resistance and early reproduction in 
high-elevation populations. In contrast, high herbivore abun-
dance at low elevations could increase allocation to defenses 
while delaying reproduction in the longer growing seasons 
of those sites. Finally, local adaptation emerged for seed set 
but not for the probability of reproduction, consistent with 
Hereford’s, (2009) finding that the extent of local adaptation 
depends upon the component of fitness that is measured in a 
study.

Conclusion
By manipulating two agents of selection that co-vary across 
elevational gradients, we found that genetic clines in traits 
can differ across environments, demonstrating that the abi-
otic and biotic context can shape the expression and mag-
nitude of clines. We observed variable levels of plasticity 
across traits, highlighting that targets of selection often have 
different responses to the same environmental conditions. 
Our selection analyses revealed the dual influence of water 
availability and herbivore abundance in exerting selection. 
We also detected signatures of local adaptation, implicating 
growing season water availability as an agent of local adap-
tation. Only a single trait, specific leaf area, showed concor-
dance across clinal variation, the direction of plasticity, and 
the direction of selection (and only for one fitness compo-
nent). Such alignment may arise when selective agents, like 
water availability, vary at a broad spatial scale across the 
gradient as well as temporally at a local scale across years. 
Plasticity could facilitate population persistence under cli-
mate change in the short term (Nicotra et al., 2010; Walter 
et al., 2023) if individuals can rapidly shift their phenotypes 
when exposed to novel abiotic and biotic factors. This region 
is predicted to experience increasing aridification under cli-
mate change (Talsma et al., 2022) and our results suggest 
that B. stricta individuals could respond via plastic shifts in 
some traits. Genetic clines in functional traits suggest that 
B. stricta could maintain the genetic variation necessary to 
confront novel climates, but that this variation likely does 
not exist within each local population. Those populations 
may face challenges in adapting to rapidly changing envi-
ronments unless gene flow is high or assisted gene flow 
programs are implemented (Hargreaves & Eckert, 2018; 
Hufbauer et al., 2015).

Supplementary material
Supplementary material is available online at Evolution.

Data availability
The data and code underlying this article are available in 
figshare https://doi.org/10.6084/m9.figshare.25952857.v4.
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