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Abstract

A capacity for rapid adaptation should enhance the persistence of populations subject
to temporal and spatial heterogeneity in natural selection, but examples from nature
remain scarce. Plectritis congesta (Caprifoliaceae) is a winter annual that exhibits local
adaptation to browsing by ungulates and hypothesized to show context-dependent
trade-offs in traits affecting success in competition versus resistance or tolerance to
browsing. We grew P. congesta from 44 insular populations historically exposed or
naive to ungulates in common gardens to (1) quantify genetic, plastic and competi-
tive effects on phenotype; (2) estimate a capacity for rapid adaptation (evolvability);
and (3) test whether traits favoured by selection with ungulates present were se-
lected against in their absence. Plants from browsed populations bolted and flowered
later, had smaller inflorescences, were less fecund and half as tall as plants from naive
populations on average, replicating patterns in nature. Estimated evolvabilities (3-
36%) and narrow-sense heritabilities (h2; 0.13-0.32) imply that differences in trait val-
ues as large as reported here can arise in 2-18 generations in an average population.
Phenotypic plasticity was substantial, varied by browsing history and fruit pheno-
type and increased with competition. Fecundity increased with plasticity in flowering
height given competition (0.47 + 0.02 florets/cm, B + se), but 23-77% faster in naive
plants bearing winged fruits (0.53 + 0.04) than exposed-wingless plants (0.43 + 0.03)
or exposed-winged and naive-wingless plants (0.30 + 0.03, each case). Our results
support the hypothesis that context-dependent variation in natural selection in P. con-
gesta populations has conferred a substantial capacity for adaptation in response to
selection in traits affecting success in competition versus resistance or tolerance to
browsing in the absence versus presence of ungulates, respectively. Theory suggests
that conserving adaptive capacity in P. congesta will require land managers to maintain
spatial heterogeneity in natural selection, prevent local extinctions and maintain gene

flow.
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1 | INTRODUCTION

Understanding how spatial and temporal variation in natural selec-
tion influence quantitative and plastic traits affecting fitness are
shared goals in conservation and evolutionary biology and essen-
tial to predicting how locally adapted populations may respond to
environmental change in future (e.g. Bonnet et al., 2022; Chevin
et al., 2010; Cronk, 2016; DeMarche et al., 2019; Fox et al., 2019;
Franks et al., 2014; Hendry et al., 2018; Ho & Zhang, 2018; Lande
& Shannon, 1996). However, applying such predictions can imply
substantial knowledge of the biotic and abiotic factors that may act
as selective agents above and belowground, the direct and indirect
responses to selection of phenotypic traits affecting fitness and the
resulting capacity of populations to persist in situ given ongoing
environmental change. Such uncertainties make detailed empirical
studies of adaptive evolution valuable to conservation planning (e.g.
Bonnet et al., 2022; Franks et al., 2014; Hendry et al., 2018; Olivieri
et al., 2016; Radichuck et al., 2019; Santangelo et al., 2020), partic-
ularly for species on islands (Cronk, 2016; Grant et al., 2017; Stuart
et al., 2014), which comprise 6.8% of land area but host most of the
world's threatened species (Fernandez-Palaciosa, 2021; Gray, 2019;
Spatz et al., 2017).

We focus here on the conservation of plant populations subject
to variation in the presence or absence of browsing ungulates, which
can decimate species richness and cover where predators have
been eradicated or browsers colonize islands without them (e.g.
Arcese et al., 2014; Caughley, 1970; Estes et al., 2011; Martin et al.,
2010). Despite much evidence of local adaptation in plant popula-
tions in response to herbivory (e.g. Agren et al., 2013; Carey, 1983;
Lennartsson et al., 1997; Paige & Whitham, 1987), the potential pace
of phenotypic change, its dependence on environmental context and
underlying mechanisms often remain cryptic (Didiano et al., 2014;
Lopez-Goldar & Agrawal, 2021; Shaw, 2019; Turley et al., 2013).
Moreover, because phenotypic plasticity and adaptive evolution can
each influence persistence via the expression of context-dependent
traits (Hendry, 2015), but only adaptive evolution can ensure the
persistence of populations subject to ongoing change (e.g. Bonnet
et al., 2022; Duputié et al., 2015; Fox et al., 2019; van Kleunen &
Fischer, 2005), quantifying both should advance conservation prac-
tice. For example, restoring gene flow to locally adapted populations
experiencing genetic deterioration is predicted to enhance popula-
tion mean fitness and lower extinction risk by increasing additive ge-
netic variance and facilitating adaptive evolution in highly variable,
auto-correlated environments (cf Lande & Shannon, 1996; see also
Franks et al., 2014; Cronk, 2016; Bell, 2017; Shaw, 2019). However,
doing so in unpredictable environments or populations displaying
‘perfect local adaptation’ (Palacio-Lopez et al., 2015) may reduce
these desirable conservation outcomes by admixing populations

adapted to opposite selective environments (e.g. Bell, 2017; Emery,
2009; Lande & Shannon, 1996; Shaw, 2019), emphasizing the value
of empirical knowledge.

Context-dependent trade-offs in the fitness value of traits
affecting resistance or tolerance to herbivory, growth rate and
competitive ability are also widely reported in plant populations
(e.g. Agrawal, 2011; Lopez-Goldar & Agrawal, 2021; Turley et al.,
2013; Zust & Agrawal, 2017). For example, Johnson et al. (2009)
described trade-offs in the fitness value of quantitative and plas-
tic traits linked to growth in response to herbivory by insects in
evening primrose (Oenothera biennis), and also shown to vary by
plant genotype in the presence or absence of deer (Cervidae) and
voles (Cricetidae; Parker et al., 2010). Deer also drove context de-
pendence in the fitness value of branching versus upright growth in
Scarlet gilia (Impomopsis aggregata, Paige & Whitham, 1987; Juenger
& Bergelson, 2000), and divergence in insular populations of west-
ern redcedar (Thuja plicata) in chemical defence and branching habit
(Stroh et al., 2008; Vourc’h et al., 2001), Primula farinose in stipe
length (Agren et al., 2013) and short-spurred seablush (Plectritis
congesta) in growth habit, height, flowering phenology, inflores-
cence size and fruit phenotype (Skaien & Arcese, 2018, 2020).
However, because herbivory is one of many disturbance agents
potentially affecting plant phenotype and environmental context,
empirical studies of the genetic and plastic components of variation
in traits affecting resistance or tolerance of herbivory can help to
elucidate mechanisms (e.g. Archibald et al., 2019; Lépez-Goldar &
Agrawal, 2021).

Here, we consider further how insular populations of P. congesta
adapted or naive to browsing ungulates might respond to variation
in browsing pressure by: (1) estimating additive genetic (V,) and
phenotypic (Vp) variances, narrow-sense heritabilites and capacity
for rapid adaptation (i.e. ‘evolvability’; Houle, 1992) in island popu-
lations of P. congesta historically exposed or naive to browsing un-
gulates; (2) test whether traits favoured by natural selection in the
presence of browsers ware selected against in their absence; and (3)
test for context-dependent trade-offs in plant height and fecundity
thought to arise in nature due to variation in plant density in the
presence or absence of browsers (Skaien & Arcese, 2020). P. con-
gesta is an iconic winter annual of threatened oak-savanna habitat
in western North America, a key resource for native pollinators (e.g.
Adderley & Vamosi, 2015; Kelly & Elle, 2020; Schultz et al., 2010),
and ideal for our purposes. P. congesta displays marked local adap-
tation to browsing and context-dependent trade-offs in the fitness
value of traits shown to drive population growth and persistence in
the presence or absence of deer (Skaien & Arcese, 2020), a pattern
thought to occur in other plant-herbivore systems (e.g. Lopez-Goldar
& Agrawal, 2021; McGoey & Stinchcombe, 2009; Ramos & Schiestl,
2020; Wenk & Falster, 2015).
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Briefly, surveys of 285 island and mainland populations and field
estimates of population growth and persistence in 13 translocated
populations implicate browsing by ungulates as a key factor affect-
ing local adaptation in plant phenology, morphology, genotype and
fitness in P. congesta (Gonzales & Arcese, 2008; Skaien & Arcese,
2020). Notably, each P. congesta plant produces one of two fruit phe-
notypes, with or without wing-like appendages (Jacobs et al., 2010),
following Mendelian dominance at one locus (Ww, WW = winged,
ww = wingless, Ganders et al., 1977). Plants in situ and grown from
islands with resident ungulates grew as rosettes in early life, germi-
nated and bolted later, produced mainly wingless fruits and small ter-
minal inflorescences; opposite to patterns observed in plants in situ
and from islands without ungulates (Skaien & Arcese, 2018, 2020).
Moreover, Carey (1983) used artificial selection to demonstrate
rapid adaptation in plant height in P. congesta from two populations
to increase or reduce plant height 150 or 50% in five generations,
respectively. P. congesta also exhibited plasticity in height, branch-
ing and flower morphology when grown in environmental chambers
(Carey & Ganders, 1980), and latitudinal variation in flowering phe-
nology in nature (Reed et al., 2019). However, V., Vp, narrow-sense
heritability (h?), and the capacity of P. congesta populations to evolve
in response to temporal and spatial variation in browsing remain
unknown.

In common gardens absent of browsers, we expected that traits
shown previously to enhance population persistence in the presence
of deer (e.g. delayed germination, bolting, and flowering and the
production of wingless fruits on small terminal inflorescences) might
represent a disadvantage to plants adapted to browsing, particularly
given increasing competition with neighbours naive to it. We also
expected plants from populations historically exposed to browsers
to germinate, bolt and flower later, and produce more total and basal
branches than P. congesta from naive populations, thus replicating
our prior results from nature. We further expected such traits to
display substantial additive genetic variance (V,), narrow-sense her-
itabilities (h?) and high evolvabilities given much evidence that gene
flow between populations facing opposite selection pressures drives
spatial variation in fruit phenotype and genotype in the islands we
study and reflect a history of temporal and spatial variation in ungu-
late occurrence (e.g. Arcese et al., 2014; Gonzales & Arcese, 2008;
Skaien & Arcese, 2018, 2020).

By contrast, predicting outcomes with respect to fruit pheno-
type in common gardens sown at high density is more challenging
given patterns observed in nature. For example, in split-plot com-
mon gardens open to and protected from deer and sown at 0.75-m
spacing, plants bearing wingless fruits expressed much higher fit-
ness than those bearing winged fruits in the presence of deer (Skaien
& Arcese, 2020), as expected given their high relative abundance
on islands with versus without browsers (73 vs. 9%, respectively;
Skaien & Arcese, 2018). Specifically, when exposed to ungulate her-
bivores, plants bearing wingless fruits and historically exposed to
browsing had 200-500% higher survival and had 180% higher fe-
cundity than plants from naive populations or those bearing winged
fruits (Skaien & Arcese, 2020). By contrast, although fruit phenotype

did not predict the survival or fecundity of individual plants in the
absence of deer, plants bearing winged fruits and from historically
exposed populations were 20% less fecund than naive plants also
bearing winged fruits on average (Skaien & Arcese, 2020). Over
5 years, the differences above contributed to plants bearing winged
fruits and derived from naive populations becoming 300 to 480%
more abundant than other groups in the absence of deer. Meanwhile,
plants naive to browsing, bearing winged fruits and thus expressing
the dominant W allele underlying the polymorphism were extir-
pated within 3 years when available to deer (Skaien & Arcese, 2020).
Overall, therefore, we expected plants grown from wingless fruits
and from populations historically exposed to deer to express lower
fecundity, later germination, bolting and flowering, and smaller in-
florescences mainly due to pleiotropy or linkage at the fruit wing
locus (cf Carey & Ganders, 1980; Skaien & Arcese, 2020). However,
because such traits may also represent a disadvantage to plants
adapted to browsing in competition with naive neighbours, we also
expected to observe plasticity in flowering height as the number and
height of adjacent neighbours increased, especially in plants histor-
ically exposed to browsing and grown from or expressing wingless
fruits. Last, because we also expected that resource limitation might
force trade-offs between growth and fecundity in individual plants,
and to be most evident in plants adapted to browsing and grown
from or bearing wingless fruits, we expected fecundity to decline as
plasticity in flowering height increased in response to the number,

height and origin of adjacent competitors.

2 | MATERIALS AND METHODS

2.1 | Fruitcollection

We collected P. congesta fruits, which each contain a single seed,
from 44 populations (n = 16 historically exposed; n = 28 historically
naive) in southwestern British Columbia, Canada, in one or more
years (Appendix S1; 20 in 2005, 17 in 2006, 21 in 2015). ‘Historically
exposed’ populations host resident deer (Dama and/or Odocoileus
hemionus, on all but one island) or sheep (Ovis aries, one island),
whereas ‘historically naive’ populations occur on islands with no sign
of ungulates (e.g. pellets, browsed plants) in 220 years and/or with
shoreline cliffs preventing easy access (cf Martin et al., 2015). P. con-
gesta is self-compatible, with average outcrossing rates of 48-80%
across multiple populations (Ganders et al., 1977).

In 35 of 44 populations, we collected fruits from 20 plants within
each population as field-pollinated maternal sibships (hereafter,
‘families’, including all fruits collected from a single maternal plant)
to allow estimates of genetic variance, heritability, evolvability, and
additive genetic and phenotypic coefficients of variation (Appendix
S1). In 2005, we also collected ‘pooled’ samples of fruits in 20 of 44
populations, comprising the fruits of 10-20 field-pollinated plants
spaced 21 m apart and selected to represent the range of variation in
fruit hue, size, hairiness and wing phenotype observed within popu-
lations (Appendix S1), which differed visibly among individual plants.
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Pooled populations were included in analyses of plant phenology
and phenotype to increase statistical power in relation to brows-
ing history, ensure that all beds were fully occupied and to include
replicate populations in gardens grown in different years. Because
each plant produced fruits of a single phenotype and was originally
selected to maximize variation in the traits noted, we felt confident
that 7-10 maternal plants from each pooled sample employed were
about equally represented across beds. All fruits were sun-dried,

then stored in paper envelopes at 5°C.

2.2 | Experimental design

Two common gardens were planted (2006-07 and 2015-16, same
raised beds) to replicate results, increase the range of environmen-
tal conditions in source populations, and increase sample sizes and
precision. Eight populations were planted in both gardens to help
account for annual variation. In 2006-07, we used fruits collected
in 2005 and 2006 from 17 populations collected as families and
20 ‘pooled’ populations (7-12 families/population; Appendix S1).
In 2015-16, we only sowed fruits collected as families in 2015 (21
populations and ~12 families/population; Appendix S1). In all cases,
fruits were sown 10 cm apart in raised beds (1.2 x 2.4 m; 12 in
2006-07, 15 in 2015-16) filled with sandy loam, located at Totem
Field, University of British Columbia, Canada. Fruits were planted
in randomized blocks, with 7-12 families/bed/population, totalling
1442 winged and 625 wingless fruits in 2006-07, and 1713 winged
and 1311 wingless fruits in 2015-16. We included 30-44 fruits per
population from pooled samples in 2006-07. In both years, all beds
were protected from ungulates and slugs and showed little evidence
of damage by insects or vertebrates.

Planting occurred September 25 to October 5 (2006) and
September 20 to 29 (2015). Beds were watered gently to secure
fruits in soil upon planting, then every 3 days to 92 days when all
plants had become established and a clear plastic canopy designed
to prevent fruit displacement was removed. All beds were subject to
natural variation in weather and weeded regularly thereafter.

Plant morphology and phenology were assessed the same days
postplanting in 2006-07 and 2015-16 gardens, and timed to re-
flect planting order (Day 55, November; Day 119, January; Day 192,
March). However, we advanced measurement in April and May of
2016 relative to 2007 to accommodate a warmer spring and more
rapid maturation. Germination was assessed at day 55. Plant height
and diameter (widest point) were recorded at days 55, 119 and 192
in all surviving plants, and height was recorded in April and May. We
then used the height to width ratio (H:W ratio) to reflect an apparent
continuum of rosette (H:W ratio <1) to tall growth forms. Flowering
phenology was scored as buds absent or present, or when present as
florets open or not (day 192). In May of 2007 and 2016, we counted
all branches, the number <10 cm above ground, measured the height
of the lowest branch, and recorded fruit phenotype. Because P. con-
gesta can produce hundreds of florets per inflorescence and mature
over days to weeks, estimating fecundity precisely was impractical.

T, \\| Y-

Instead, we recorded the height and width of terminal inflorescences
in May 2015 (not 2006) to estimate the number of fruits based
on inflorescence volume via regression (Appendix S1; Adjusted
R? = 0.50). Variation in the number of neighbours at each planting
location varied naturally due to germination success and subsequent
survival, and ranged from O neighbours (6 cases) to 8 neighbours.

2.3 | Genetic variance, heritability, coefficients of
variation and evolvability

We estimated the (1) additive genetic variance (V,; the additive ge-
netic contribution to phenotype not accounting for dominance or
epistasis); (2) narrow-sense heritability (proportion of phenotypic
variance explained by inheritance, h2; Visscher et al., 2008); (3) the
coefficient of additive genetic variation (CV,; a measure of the addi-
tive genetic variation relative to the trait mean); (4) evolvability (the
ability of a population to respond to natural selection, expressed as
the predicted, percentage change in a trait per generation, depend-
ing on the strength of and response to selection; Hansen et al., 2003;
Houle, 1992; Visscher et al., 2008); and (5) the coefficient of pheno-
typic variation (CVp; a measure of the relative phenotypic variation
relative to the trait mean, including all genetic, environmental and
residual variation). Only fruits collected in family units were used for
these estimates, and both garden years were used.

We estimated the variance explained by the additive genetic
component of genotype (V,) and phenotypic variance (Vp) for (1)
plant height (Day 192, natural log transformed), (2) growth form
(H:W ratio; Day 192, natural log transformed) and (3) the number
of branches below 10 cm (May) using linear mixed effects models
and the Ime4 package (Bates et al., 2015) in R (R 3.1.0 Statistic
Package, R Core Team,2014). Random effectsincludedin all models
were: (1) family nested within population of origin (V,); and (2) bed
nested within garden year. Additive genetic variance (V,) was esti-
mated from family variance (V,; obtained from the random effect
variance for ‘family’ within the linear mixed effects models) under
a mixed mating system, representing outcrossing rates reported
for P. congesta by Ganders et al. (1977) of between 48 and 80%.
Calculations assume that fruits from the same family are a mixture
of half-siblings (V, = 4*V,) and full-siblings (V, = 2*V,), with the
relative proportion of each represented at the extreme ends of the
outcrossing rates previously reported (i.e. 0.52*2*V, +0.48"4*V,
and 0.2"2*V, +O.8*4*Vf). We estimated narrow-sense heritability
as h? = V,/V, at both 48% and 80% outcrossing (Visscher et al.,
2008). Phenotypic variance was estimated by combining variance
explained from family and residual variance from the random ef-
fects variances in the linear mixed effects model. The coefficient
of additive genetic variation was calculated as Vao‘s/pi and the co-
efficient of phenotypic variation was calculated as Vpo's/pi, where
u; is the mean of trait i (Houle, 1992). We estimated evolvability as
100 * (v, / (;.1;2)) at both 48% and 80% outcrossing (Houle, 1992).
We then estimated the number of generations required for trait
means in historically exposed populations to reach the trait mean
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in historically naive populations in the Totem Field common gar-
den, and vice versa, using the formula N, = [((44; - u,) / u,) * 100]
/ evolvability, where Ngen is the number of generations, y, is the
mean value observed for plants from historically exposed or naive
populations, and u, is the mean value observed in the opposite

selective environment.

2.4 | Trait variation relative to ungulate herbivory
We estimated the effects of: (1) browsing history (i.e. fruits origi-
nating from historically exposed or naive populations); and (2) fruit
phenotype of resultant plant (i.e. winged or wingless) on: (A) plant
height at days 55, 119 and 192; (B) growth form (height to width
ratio, H:W Ratio; greater values denote more allocation to upward
than outward growth) at days 55, 119 and 192; (C) the number of
total branches in May; (D) the number of branches below 10 cm
in May; (E) height of the lowest branch in May; and (F) budding
phenology at Day 192 (no buds, buds or blooming). These analy-
ses were conducted using the glmmTMB package (Brooks et al.,
2017) in R (R 3.1.0 Statistic Package, R Core Team, 2014) using
all fruits planted in 2006-07 and 2015-16 (pooled and those in
family units). Random effects included were population and bed
ID nested within garden year. All model results are shown in ap-
pendices. All models were tested for goodness of fit and to ensure
assumptions of the model were satisfied. Likelihood ratio tests
were performed for each random effects variable, with results
of all tests supporting the inclusion of population in the models
(p < 0.0001 for all), and results from all tests but three suggesting
that garden year was needed in the models (p < 0.0001 for most
models; the three that did not require year were for plant height at
day 192, H:W ratio at day 119, and the number of branches under
10 cm). When there was a significant interaction, we performed
post hoc tests to differentiate between origin*fruit phenotype
groups using the emmeans package (Lenth, 2022); post hoc tests
were not required when comparing significant differences within
a two-factor variable.

We assessed plant height and growth form using separate
analyses at each measurement date testing main effects of and
two-way interactions between browsing history and observed
fruit phenotype (Appendix S1). Only plants that germinated
and survived to each measurement date and were not damaged
during sampling were used (December, n = 3408; all other dates,
n = 3515). Models used Gaussian distributions and log trans-
formations of height and the H:W ratio (representing growth
form). Growth form was only estimated at days 55, 119 and 192.
However, note that low H:W ratios observed later in the season
(e.g. Day 192) may not indicate rosettes, given that some plants
as tall as they are wide may have substantial volume via lateral
branching. H:W ratio thus remained a useful metric of an individ-
ual plant's investment in vertical versus outward growth, a trait
also thought to influence resistance and/or tolerance of ungulate
herbivory in P. congesta (Skaien & Arcese, 2020).

We counted in May the total number of branches on plants and
the number of branches <10 cm above ground level. We analysed
data by including two-way interactions between browsing history
and observed fruit phenotype (Appendix S1), using a Gaussian dis-
tribution for total branches (natural log transformation), and Poisson
distribution and log link for branches <10 cm. Although we acknowl-
edge that using a Poisson or a negative binomial distribution is typi-
cally more appropriate for count data, the model for branch number
in May using the log-transformed data using a Gaussian distribution
had the lowest AIC (even when accounting for corrections between
distribution types) and performed best. Statistical comparison of
lowest branch height was conducted using a Kruskal-Wallis non-
parametric analysis of variance.

We assessed flowering phenology of surviving plants at Day 192
using the ‘multinom’ function in the nnet package (Venables & Ripley,
2002), using flowering phenology classes as multinomial responses
(where no bud, bud present and blooming were 1-3, respectively)
to test the two-way interaction between browsing history and fruit
phenotype (Appendix S1).

2.5 | Intraspecific Competition, growth form, and
plant height

We estimated phenotypic responses of height, H:W ratio, number
of branches and fecundity to variation in number of adjacent neigh-
bours in 2015-16 by taking advantage of natural variation in germi-
nation success, which varied about randomly across populations and
beds, yielding an index from O to 8 (neighbours within 14.2 cm of
focal plant). High germination success and lack of data on fecundity
precluded use of the 2006-07 garden.

Fecundity was estimated as number of florets and/or fruits pro-
duced by each focal plant (derived from the regression equation;
Appendix S1), and with the trait values above, evaluated by browsing
history, fruit phenotype, number and the mean height of adjacent
neighbours (with O neighbours assigned O cm height for neighbours).
Specifically, in one model, we tested main effects and two-way in-
teractions between (1) browsing history and fruit phenotype of the
focal plant, (2) the number of neighbours and proportion originating
from historically exposed populations and (3) the number of neigh-
bours and mean height of neighbouring plants (Appendix S1) on:
(A) the number of fruits produced (negative binomial distribution;
Appendix S1); (B) plant height in May (untransformed; Gaussian dis-
tribution; Appendix S1); (C) ‘growth form’ at day 192 (H:W ratio, nat-
ural log transformed; Gaussian distribution; Appendix S1); (D) total
number of branches in May (Poisson distribution, log link; Appendix
S1); and (E) the number of branches below 10 cm in May (Poisson
distribution, log link; Appendix S1). Random effects included bed ID
and family nested within population of origin in all models described
here. All models were ran using the glmmTMB package (Brooks
et al., 2017). We performed post hoc tests to differentiate between
origin*fruit phenotype groups using the emmeans package (Lenth,
2022), using an alpha of 0.0125 (0.05 divided by 4 comparisons).
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2.6 | Plasticity, fecundity and flowering height

We quantified phenotypic variation in May flowering height in re-
sponse to competitive environment (‘plasticity in height given com-
petition’) as the difference between observed plant height in May
minus its expected height in the absence of competition, expressed
as a percentage (e.g. plasticity = ((htMay - htexp) / htexp) *100); cf
Arnold et al., 2019; Valladares et al., 2006. Expected height was esti-
mated by regressing May height on the number of adjacent competi-
tors, fraction from naive populations, and mean height in May using
a linear mixed model (Gaussian distribution, untransformed fixed
effects, bed as a random effect; Appendix S1). We then used a gen-
eral linear mixed model (Gaussian distribution, untransformed fixed
effects) to test our predictions with respect to fecundity, competi-
tion and plasticity in May height, given browsing history and fruit
phenotype (see Introduction).

3 | RESULTS

We scored 3544 plants for quantitative traits in two common gar-
dens (20070001 = 480: No007 famities = 1589 Na015 famities = 1507)-
Germination rates were high and similar among populations in
2006-07 (~76%), but lower in 2015-16 (~51%). Survival from ger-
mination to flowering was high in both gardens (95-98%). Partial
residual plots of the influence of competition on modelled traits ap-

pear in Appendix S1.

3.1 | Genetic variance, heritability, coefficients of
variation and evolvability

Estimates of additive genetic variance and heritability were modest
for growth form, intermediate for plant height and highest for the
number of branches below 10 cm (Table 1). Coefficients of additive
genetic variance were similar for all traits (CV, = 17 to 60), with co-
efficients of phenotypic variance considerably larger (CVp =38 to
158; Table 1). Estimated of evolvabilities imply that change in traits
values of the magnitude observed between historically browsed
and naive populations could occur in 2-18 generations (Table 1;
Appendix S1).
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3.2 | Trait variation and herbivory

Plants from historically naive populations were ~28 to 40% taller than
plants from exposed populations at all five censuses (Figure 1a,b;
Appendix S1; Day 55: % = 35.21, p < 0.0001; Day 119: 32 = 61.08,
p < 0.0001; Day 192: X2 = 56.88, p < 0.0001, two-way interaction
browsing history and fruit phenotype, XZ =4.65, p = 0.03, post hoc
tests all comparisons p < 0.0125; April: XZ =17.87, p < 0.0001; May:
Xz = 20.51, p < 0.0001). Plants bearing winged fruits were also 10
- 20% taller than plants bearing wingless fruits to Day 192, and 5-
10% taller thereafter (Figure 1a,b; Appendix S1; Day 55: XZ =26.17,
p < 0.0001; Day 119: y? = 24.72, p < 0.0001; Day 192: y? = 51.52,
p < 0.0001, two-way interaction browsing history and fruit phe-
notype, y% = 4.65, p = 0.03; April: > = 19.03, p < 0.0001; May:
Xz = 10.83, p = 0.001). Qualitatively, most observers easily distin-
guished plants from exposed as compared to naive populations by
their smaller size and decumbent habit.

Plants from historically exposed populations often formed ro-
settes by allocating more energy to outward than upward growth
compared to plants from naive populations (Figure 1c; Appendix
S1; Day 55: ¥% = 24.72, p < 0.0001; Day 119: y? = 9.20, p = 0.002;
Day 192: X2 = 80.35, p < 0.0001). However, the largest differences
in shape occurred at Day 192, when plants from naive populations
expressed H:W ratios 60% greater than those from historically ex-
posed populations on average (Figure 1c). Variation in H:W ratio at
day 192 (i.e. March) was also related to fruit phenotype because
plants bearing wingless fruits invested more in outward than upright
growth, yielding H:W ratios ~95% those of plants bearing winged
fruits (Figure 1c; * = 5.61, p = 0.02).

Plants from historically exposed populations produced al-
most twice as many branches below 10 cm height (8.0 + 0.4) than
plants from naive populations on average (4.3 + 0.2; Appendix S1;
X2 = 37.09, p = 0.001). A two-way interaction of browsing history
and fruit phenotype (X2 = 6.93, p = 0.008) and post hoc contrasts
confirmed that exposed populations and plants bearing wingless
fruits both had more had more branches below 10 cm than other
groups, even though plants from exposed populations produced
slightly fewer branches in total (12.7 + 0.7 and 14.0 + 0.7, exposed
and naive, respectively; Appendix S1; X2 =4.99, p = 0.03). Similarly,
the height of the lowest branch on plants from historically naive
populations was 3.2 times higher than on plants from exposed

TABLE 1 Mean trait values (natural log), additive genetic variance (V,), narrow-sense heritability (h?), coefficient of variation for additive
genetic variance (CV,) and phenotypic variance (CVp), evolvability, and the estimated number of generations to reach the mean value
observed in populations exposed to opposite selective pressures with respect to browsing, for plant height, growth form (H:W Ratio) and
the number of branches below 10 cm (see supplementary materials for details. Lower and upper bounds represent estimates across the

spectrum of observed outcrossing (see Methods)

Trait In(u;) + SD Vv, h?

In(Height D192) 74+44 0.09-0.11 0.21-0.26
In(H:W Ratio D192) 0.8 +0.4 0.03-0.04 0.13-0.16
# Branches <10 cm 1.6 +0.8 0.20-0.25 0.26-0.32

Ccv, cv, Evolvability #Generations
16.7- 18.4 38.5-39.3 2.79-3.39 10-18
54.0-60.1 155.6-157.6 29.71-36.13 7=

27.7- 30.6 58.8-60.17 7.67 - 9.34 5-10
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FIGURE 1 Plant height at 55, 119 and 192 days after planting
(a), in April and May (b), and (c) growth form at days 55, 119, and
192 days after planting in both gardens combined (2006-07;
2015-16). Values represent back-transformed means + SEs, with
differences between years accounted for with year as a random
effect in models (glmmTMB; Appendix S1). Plants from historically
naive populations, and to a lesser degree those grown from winged
fruits, tended to be taller than plants from historically exposed
populations and those with wingless fruits (see inset)

populations (3.8 + 0.3 vs 1.20 + 0.21 cm, respectively; Kruskal-
Wallis, y% = 218.75, df = 3, p < 0.001).

Plants from historically naive populations developed buds and
flowered earlier than plants from historically exposed populations,
as did plants bearing winged as opposed to wingless fruits (Appendix
S1; browsing history: X2 = 117.32, p < 0.0001; fruit phenotype:

XZ = 75.65, p < 0.0001; interaction browsing history and fruit phe-
notype: X2 =19.27, p < 0.0001). For example, 62.4% of plants bear-
ing winged fruits and from historically naive populations developed
buds by Day 192 (i.e. March) and 19.6% had flowered versus 30.1%
and 13.0% of plants from exposed populations (Appendix S1).

3.3 | Intraspecific competition and trait values
Grouped by origin and fruit phenotype, plant height increased by
115-285% as the number of neighbours increased from zero to eight
(Figure 2b; XZ = 6.36, p = 0.01; Appendix S1). Height increases were
most evident in historically exposed populations, which grew to
~25 to 35 cm with one adjacent neighbour, but to ~75 cm with eight
neighbours, roughly matching the height of naive plants at flowering
(Figure 2b; post hoc tests indicated historically naive and exposed
populations differed in height, p < 0.0001, with no influence of fruit
phenotype, p > 0.125). With few adjacent neighbours, plants from
historically naive populations were two to three times taller than
plants from exposed populations on average (Figure 2b). The height
of focal plants also increased weakly with the mean height of neigh-
bours (X2 = 3.64, p = 0.06; two-way interaction between number
of neighbours and mean height of neighbours, XZ =771, p=0.005;
Appendix S1). By contrast, H:W ratio (day 192) was unrelated to the
number of adjacent neighbours (32 = 0.01, p = 0.75; Appendix S1).
Fruit phenotype had no added influence plant height (XZ = 0.23,
p = 0.63) as neighbours increased, but appeared to influence H:W
ratio weakly (3> = 3.60, p = 0.06).

Plants from historically naive populations had about half as many
branches below 10 cm as plants from historically exposed popu-
lations (browsing history: XZ = 30.53, p < 0.0001; post hoc tests,
p < 0.0001; other groups, p > 0.0125), with no influence of fruit
phenotype (X2 = 0.86, p = 0.35; post hoc tests, p = 0.30). However,
the number of branches below 10 cm declined by ~50% as neigh-
bours increased from zero to eight in all groups (Figure 2d; X2 =6.51,
p =0.01; Appendix S1), independent of the total number of branches
produced, and was similar for all groups by history and phenotype
(Figure 2c; browsing history: X2 = 0.21, p =0.64; fruit phenotype:
x? =0.27, p = 0.60; Appendix S1).

Fecundity increased linearly with flowering height over
all groups (florets / cm: 1.07 + 0.04, f + se, t = 28.42, df = 997,
p < 0.0001), but was two to three times greater in plants bearing
winged fruits (y2 = 15.57, p < 0.0001) and from historically naive
populations (x2 = 103.26, p < 0.0001; interaction origin X fruit phe-
notype, x2 = 94.30, p < 0.0001) than in other groups (Figure 2a;
Appendix S1; post hoc tests: this group versus other, p < 0.0001;
other comparisons, p > 0.0125). By contrast, fecundity was unre-
lated to the number of neighbours (Figure 2b; 2 = 0.37, p = 0.54),
fraction from naive populations (2 = 1.70, p = 0.19), or their average
height (2 = 0.24, p = 0.62; Appendix S1).

Plasticity in flowering height given competition was much higher
in naive plants bearing wingless fruits (530%) than in naive-winged
(227%), exposed-wingless (159%) or exposed-winged plants (120%;
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Appendix S1). However, contrary to our prediction that plants in-
vesting more in upright growth in response to competition might
reduce fecundity, fecundity and plasticity were positively re-
lated over all plants (r = 0.66, n = 999, p < 0.0001, Appendix S1),
but increased faster per centimetre increase in height in naive
plants bearing winged fruits (0.53 + 0.04) than exposed-wingless
plants (0.43 + 0.03) or exposed-winged and naive-wingless plants
(0.30 + 0.03, each case; Appendix S1).

4 | DISCUSSION

Genetic differentiation and intraspecific competition each affected
plant size and shape in P. congesta populations historically exposed
or naive to browsing ungulates when grown in common gardens
without them. Population-level differences in traits shown pre-
viously to reflect local adaptation to the presence or absence of
browsing ungulates in nature (Skaien & Arcese, 2018, 2020) were
accentuated in the gardens described here (Figure 1). Plasticity in
flowering height given competition was two to five times higher
in naive than exposed plants and related positively to fecundity in
all groups (Appendix S1), contrary to our prediction that fecundity
might decline as plasticity increased. These results broadly support

the hypothesis that context-dependent variation in natural selection
drives local adaptation in P. congesta populations by affecting suc-
cess in competition versus resistance or tolerance to browsing in the
absence versus presence of ungulates, respectively. But our results
also reveal substantial plasticity in plant size and shape within popu-
lations which could enhance individual fitness and the persistence of
populations subject to temporal variation in the occurrence or abun-
dance browsing ungulates (cf Hendry, 2015).

High evolvabilities in plant height, shape and branch position
imply that differences in traits as large as those observed in our gar-
dens could arise in 2-18 generations in nature (Table 1; Skaien &
Arcese, 2020). These findings extend Carey’s (1983) demonstration
of rapid adaptation in P. congesta in response to artificial selection on
plant height which led to changes of +150% and -50% in five gener-
ations. Similar examples of rapid adaptation are reported from insu-
lar lizard (20 generations; Stuart et al., 2014), bird (22 years; Grant &
Grant, 2006) and plant populations (8 years; Agren et al., 2013). Our
results advance understanding of the mechanisms underlying local
adaptation in P. congesta populations by providing a particularly de-
tailed picture of the selective factors at play over micro-geographic
to landscape scales.

Specifically, our results support the hypothesis that spatial het-
erogeneity in natural selection drives local adaptation in life history,
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phenotype and fitness in insular populations of P. congesta in ways
that are likely to enhance the persistence of regional metapopula-
tions (cf Skaien & Arcese, 2018). For example, moderate to high V., h2,
and evolvabilities in locally adapted traits affecting fitness indicate
a substantial capacity for rapid adaptation in response to changes in
the direction of selection associated with the colonization or extir-
pation of browsing ungulates. In the presence of ungulates, selection
favoured shorter plants, more basal branches, bolting later and wing-
less fruits (Skaien & Arcese, 2018, 2020). By contrast, plants from
populations without resident ungulates emphasized upright growth,
earlier bolting, fewer basal branches and winged fruits (this study,
Skaien & Arcese, 2018, 2020). Because directional selection can be
expected to exhaust genetic variation in traits affecting fitness in
the absence of gene flow, the patterns we describe are consistent
with the idea that historic and/or contemporary gene flow helps to
maintain adaptive capacity in the locally adapted populations of P.
congesta we studied by maintaining migration-selection balance (e.g.
Hendry et al., 2018; Nosil et al., 2009; Shaw, 2019; Wright, 1982;
Yeaman & Whitlock, 2011).

Historical accounts and our prior studies confirm that variation
in the abundance and occurrence of browsing ungulates has been
substantial over the last two centuries as a result of human influence
and the colonization-extinction dynamics of ungulate populations in
the San Juan and Gulf Island archipelagos (e.g. Arcese et al., 2014;
Bennett & Arcese, 2013; Best & Arcese, 2008; Gonzales & Arcese,
2008; Martin et al., 2011). For example, conditions described by
European explorers in the late 1700s suggest that an ungulate erup-
tion followed the decimation of Indigenous Peoples and eradication
of large carnivores. In contrast, by the late 1800s, livestock intro-
ductions and over-hunting nearly eliminated native ungulates before
the imposition of hunting bans after 1970, which have again led to
hyper-abundant deer populations and the decimation of native birds
and many species of palatable plants relied on by Indigenous Peoples
prior to colonization (e.g. Arcese et al., 2014; Gonzales & Arcese,
2008; MacDougall et al., 2004; Martin et al., 2011). Given this his-
tory, we suggest that the evolutionary forces and features of insular
P. congesta populations exemplified in our studies also indicate that
contemporary gene flow has the potential to rescue insular popula-
tions adapted to intense competition in the absence of browsers but
now declining after colonization by ungulates. Maintaining such pro-
cesses should enhance the persistence of insular populations sub-
ject to rapid environmental change, particularly those with a limited
capacity for rapid adaptation (e.g. Bell, 2017; Cronk, 2016; Hendry
et al., 2018; Shaw, 2019).

Plectritis congesta grown from populations historically exposed
to browsers were 28 to 40% shorter (Figure 1a,b), formed rosettes
more often (Figure 1c), flowered later (Appendix S1) and produced
twice as many branches within 10 cm of the ground (Figure 2d) than
plants from naive populations. These patterns are similar to those
observed in Brassica rapa (Ramos & Schiestl, 2020) and numerous
other studies of plant responses to ungulate herbivores (Diaz et al.,
2006). In addition to being shorter on average, P. congesta from
populations exposed to browsers were only 30-50% as fecund as

plants from naive populations in our common gardens; differences
that were accentuated as competition increased (Figure 2a). These
results support our prediction that the progeny of P. congesta histori-
cally exposed to browsing are likely to be at a selective disadvantage
upon their immigration or transplantation into P. congesta popula-
tions naive to browsers.

A capacity for plastic responses to increased competition could
enhance the resilience of populations subject to temporal varia-
tion in competition linked to the extinction-colonization dynamics
of browsing ungulates. For example, plasticity in flowering height
may enhance fitness by allowing plants to take advantage of positive
conditions for growth which arise as a consequence of temporal or
spatial variation in intra- or interspecific competition, or soil depth,
nutrients or moisture at a site (Skaien & Arcese, 2018; cf Carey &
Ganders, 1980). However, because taller plants with larger (typically
winged) inflorescences survived poorly and expressed lower relative
fitness than diminutive plants with smaller inflorescences (typically
wingless) where browsers were common (Skaien & Arcese, 2020),
we suggest that plastic increases in height in response to compe-
tition and/or growing conditions may be selected against in some
populations. Our observation that plasticity given competition was
higher in naive than exposed populations on average, and some-
what higher in plants bearing wingless fruits (Appendix S1), sug-
gests that experiment characterizations of selection on plasticity
are warranted. Similar context-dependent trade-offs in phenotypic
expression and fitness are reported between plant height, herbiv-
ory and competition for light and pollinators in Tithonia tubaeformis
(Boege, 2010) and P. farinosa (Agren et al., 2013), and for tempera-
ture tolerance in Clarkia pulchella (Bontrager & Angert, 2018) and
Escherichia coli (Bennett & Lenski, 2007), and appear widespread
in plant populations expressing a variety of locally adapted traits
(e.g. Lucas-Barbosa, 2019; Zist & Agrawal, 2017; Ramos & Schiestl,
2019; Lépez-Goldar & Agrawal, 2021).

Plectritis congesta bearing winged fruits and originating from
naive populations were 200 to 300% more fecund than all others
grouped by fruit phenotype and browsing history (Figure 2a). Plants
bearing winged fruits also bolted and flowered earlier than plants
bearing wingless fruits (Figure 1a,b; Appendix S1), and produced
larger inflorescences in experimental gardens open to and protected
from deer (Skaien & Arcese, 2020; this study). These observations
parallel the results of surveys of 285 P. congesta populations at 77
island and 44 mainland sites, which led to our hypothesis that direc-
tional selection favours plants bearing winged versus wingless fruits
in the absence versus presence of browsers, respectively (Skaien
& Arcese, 2018). Limited support for the hypothesis that selection
acts directly on fruit phenotype include pilot studies suggesting that
wingless fruits pass more readily through ruminant guts than winged
fruits, fall more readily from inflorescences that are mechanically
disturbed, and disperse slightly shorter distances than winged fruits
when exposed to wind speeds typical of June to July, when P. con-
gesta fruits typically mature in our region (our unpublished results).
However, it is also plausible that selection for winged fruits in P.
congesta populations naive to browsing ungulates arises mainly due
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to natural selection on loci influencing success in competition, plas-
ticity, height, inflorescence size and/or blooming phenology via ge-
netic linkage (cf Carey & Ganders, 1980; Agrawal et al., 2012; Ramos
& Schiestl, 2019; this study).

We also observed substantial Vp in three locally adapted traits
in P. congesta (CVp = 38 to 158; Table 1), due in part to variation in
intraspecific competition (Figure 2). Carey and Ganders (1980) also
showed that P. congesta grew taller and more branches in warm-wet
versus cool-dry environmental chambers, reflecting landscape-
level correlations between climate and plant height reported across
285 sites in the San Juan and Gulf Island archipelagos (Skaien &
Arcese, 2018). Gould et al. (2014) also reported substantial genetic
differentiation and plasticity in response to variation in soil type,
temperature and precipitation on phenotype and fitness in Clarkia
xantiana, and many studies report declines in fecundity in response
to competition as an outcome of trade-offs in the allocation of re-
sources to herbivore defence versus success in competition (e.g.
Ballare, 2014; de Vries et al., 2019; Ziist & Agrawal, 2017). Although
more detailed studies will be required to explicate the mechanisms
involved, our demonstration of marked plasticity in plant height,
fecundity and shape in P. congesta in response to variation in local
competition and the abiotic environment, and its dependence on
browsing history and fruit phenotype, indicates that studies which
fail to account for such factors will be of limited value when attempt-
ing to predict the performance of P. congesta in nature.

Although our current results imply that sufficient genetic varia-
tion exists among the populations we studied to facilitate rapid adap-
tation to variation the colonization-extinction dynamics of browsing
ungulates, more work is needed to estimate adaptive capacity in iso-
lated populations subject to directional selection, given a potential
for canalization in developmental trajectory, reduced plasticity and
the potential exhaustion of genetic variation in traits affecting fit-
ness (e.g. Fisher, 1930; Hendry, 2015; Bell, 2017, Shaw, 2019). In par-
ticular, we predict that populations of P. congesta naive to browsers
and genetically isolated from populations adapted to browsing will
be prone to extirpation if colonized by browsers in the absence of
spatial refuges from herbivory (e.g. Skaien & Arcese, 2020).

Despite broad consistency in our results with respect to popu-
lation differentiation, selection and local adaptation, we cannot rule
out an influence of maternal effects on our results, which may facili-
tate adaptation via ‘transgenerational plasticity’ (Agrawal et al., 1999;
Galloway & Etterson, 2007; Mclntyre & Strauss, 2014). Mechanisms
underlying such effects include epigenetic changes passed from
mother to offspring and maternal contributions to propagule size,
nutrition or cytoplasm (Mousseau & Fox, 1998). Such mechanisms
have been shown to influence anti-herbivore defence mechanisms
in radishes (R. raphanistrum; Agrawal, 2002), Arabidopsis (A. thaliana)
and tomatoes (S. lycopersicum; Rasmann et al., 2012). Although we
attempted to minimize bias due to maternal effects by accounting
statistically for population and family of origin, our inability to quan-
tify such affects could have inflated our estimates of V, and heri-
tability (Lynch & Walsh, 1998; Maniatis & Pollott, 2002; Willmore
et al., 2006). Maternal effects can also reduce Vo drive canalization

T, \\| Y-

in homogenous environments, or lead to correlations between ma-
ternal phenotype and environment (Kuijper & Hoyle, 2015). Our re-
sults offer a sound point of departure from which to quantify the
potential effects of maternal environment on trait expression, plas-
ticity and adaptive capacity in P. congesta.

Environmental change currently threatens the persistence of
many species globally (e.g. Allan et al., 2019; Rosenberg et al., 2019),
but a growing number of empirical studies indicate that a number
of species display some capacity for rapid adaption in response to
change (e.g. Agren et al., 2013; Bontrager & Angert, 2018; Grant
et al., 2017; Matz et al., 2018; Stuart et al., 2014; Visty et al., 2018;
Walsh et al., 2019; this study). Understanding the capacity of popu-
lations to adapt to environmental change should help conservation
planners prioritize populations and/or inform actions to enhance
the capacity of local populations to adapt to change by replenish-
ing genetic variation in populations restoring dispersal corridors or
augmenting variation via assisted migration (e.g. Aitken & Whitlock,
2013; Olivieri et al., 2016; Rice & Emery, 2003; Shaw, 2019; Weeks
et al., 2011). Characterizing the eco-evolutionary dynamics of spe-
cies and their potential for rapid adaptation should improve conser-
vation practice by elucidating the mechanisms and pace at which
populations can be expected to respond to environmental change in
nature and explicating the effects of curtailing or accentuating gene
flow among locally adapted, insular populations (cf Martin et al.,
2013; Bell, 2017; Hendry et al., 2018; Shaw, 2019).

ACKNOWLEDGEMENTS

We thank S. Capps McLane, T. Masumoto, E. Gonzales, M. Janssen,
J. Bennett, S. Aitken, K. Pierce, H. Omidian, D. Courcelles, S. Taylor,
A. Dancziger, O. Hester, K. Trzcinski, P. Lambert, A. Nino Torres and
K. Ritland for assistance and advice, P. & M. Boyle, A-J Brumbaum,
D. Clements, T. Martin, R. Underhill and Parks Canada for access,
and A. Maslova for data wrangling. Our work was funded by NSERC
Discovery and PGS awards to PA and SK, respectively, the Forest
Renewal Chair in Conservation Biology and Faculty of Forestry,
UBC.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data will be archived in the Dryad Digital Repository (http://dx.doi.
org/) upon final acceptance and remain openly available in [reposi-

tory name] at http://doi.org/doil[], reference number [].

ORCID
Peter Arcese "= https://orcid.org/0000-0002-8097-482X
REFERENCES

Adderley, L. J., & Vamosi, J. C. (2015). Species and phylogenetic hetero-
geneity in visitation affects reproductive success in an island sys-
tem. International Journal of Plant Science, 176, 186-196. https://doi.
org/10.1086/679617


https://orcid.org/0000-0002-8097-482X
https://orcid.org/0000-0002-8097-482X
https://doi.org/10.1086/679617
https://doi.org/10.1086/679617

SKAIEN anp ARCESE

= LwiLey- E—

Agrawal, A. A. (2002). Herbivory and maternal effects: mechanisms
and consequences of transgenerational induced plant resistance.
Ecology, 83, 3408-3415.

Agrawal, A. A. (2011). Current trends in the evolutionary ecology
of plant defence. Functional Ecology, 25, 420-432. https://doi.
org/10.1111/j.1365-2435.2010.01796.x

Agrawal, A. A, Hastings, A. P, Johnson, M. T. J., Maron, J. L., & Salminen,
J. P.(2012). Insect herbivores drive real-time ecological and evolu-
tionary change in plant populations. Science, 338, 113-116. https://
doi.org/10.1126/science.1225977

Agrawal, A. A., Laforsch, C., & Tollrian, R. (1999). Transgenerational in-
duction of defences in animals and plants. Nature, 401(6748), 60-
63. https://doi.org/10.1038/43425

Agren, J., Hellstrém, F., Tordng, P., & Ehrlén, J. (2013). Mutualists and an-
tagonists drive among-population variation in selection and evolu-
tion of floral display in a perennial herb. Proceedings of the National
Academy of Sciences, 110, 18202-18207. https://doi.org/10.1073/
pnas.1301421110

Aitken, S. N., & Whitlock, M. C. (2013). Assisted gene flow to facili-
tate local adaptation to climate change. Annual Review of Ecology,
Evolution, and Systematics, 44, 367-388. https://doi.org/10.1146/
annurev-ecolsys-110512-135747

Allan, J. R., Watson, J. E. M., Marco, M. D., O'Bryan, C. J., & Possingham,
H. P. (2019). Correction: Hotspots of human impact on threatened
terrestrial vertebrates. PLOS Biology, 17(12), e3000598. https://doi.
org/10.1371/journal.pbio.3000598

Arcese, P., Schuster, R., Campbell, L., Barber, A., & Martin, T. G. (2014).
Deer density and plant palatability predict shrub cover, richness, di-
versity and aboriginal food value in a North American archipelago.
Diversity and Distributions, 20, 1368-1378. https://doi.org/10.1111/
ddi.12241

Archibald, S., Hempson, J. P., & Lehmann, C. (2019). A unified frame-
work for plant life-history strategies shaped by fire and herbiv-
ory. New Phytologist, 224, 1490-1503. https://doi.org/10.1111/
nph.15986

Arnold, P. A, Kruuk, L. E. B., & Nicotra, A. B. (2019). How to analyse
plant phenotypic plasticity in response to a changing climate. New
Phytologist, 222(3), 1235-1241. https://doi.org/10.1111/nph.15656

Ballare, C. L. (2014). Light regulation of plant defense. Annual Review of
Plant Biology, 65, 335-363. https://doi.org/10.1146/annurev-arpla
nt-050213-040145

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48. https://doi.org/10.18637/jss.v067.i01

Bell, G. (2017). Evolutionary rescue. Annual Reviews of Ecology, Evolution
and Systematics, 48, 605-627. https://doi.org/10.1146/annurev-
ecolsys-110316-023011

Bennett, A. F., & Lenski, R. E. (2007). An experimental test of evolution-
ary trade-offs during temperature adaptation. PNAS, 104, 8649-
8654. https://doi.org/10.1073/pnas.0702117104

Bennett, J. R., & Arcese, P. (2013). Human influence and classical biogeo-
graphic predictors of rare species occurrence. Conservation Biology,
27,417-421. https://doi.org/10.1111/cobi.12015

Best, R., & Arcese, P. (2008). Exotic herbivores directly facilitate the
exotic grasses they graze: mechanisms for an unexpected positive
feedback between invaders. Oecologia, 159, 139-150. https://doi.
org/10.1007/s00442-008-1172-1

Boege, K. (2010). Induced responses to competition and herbivory: natu-
ral selection on multi-trait phenotypic plasticity. Ecology, 91, 2628-
2637. https://doi.org/10.1890/09-0543.1

Bonnet, T., Morrissey, M. B., de Villemereuil, P., Alberts, S. C., Arcese,
P., Bailey, L., Boutin, S., Brekke, P., Brent, L. J. N., Camenisch, G.,
Charmantier, A., Clutton-Brock, T. H., Cockburn, A., Coltman, D. W.,
Courtiol, A., Davidian, E., Evans, S. E., Ewen, J. G., Festa-Bianchet,
M., ... Kruuk, L. E. B. (2022). Genetic variance in fitness indicates
rapid on-going adaptive evolution in wild animals. Science. in press.

Bontrager, M., & Angert, A. L. (2018). Gene flow improves fitness at a
range edge under climate change. Evolution Letters, 3(1), 55-68.
https://doi.org/10.1002/evI3.91

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg,
C. W, Nielsen, A., Skaug, H. J., Maechler, M., & Bolker, B. M. (2017).
glmmTMB balances speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. The R Journal, 9(2), 378-
400. https://doi.org/10.32614/RJ-2017-066

Carey, K. (1983). Breeding system, genetic variability, and response to
selection in Plectritis (Valerianaceae). Evolution, 947, 956.

Carey, K., & Ganders, F. R. (1980). Heterozygote advantage at the fruit wing
locus in Plectritis congesta (Valerianaceae). Evolution, 34, 601-607.

Caughley, G. (1970). Eruption of ungulate populations, with emphasis
on Himalayan Thar in New Zealand. Ecology, 51, 53-72. https://doi.
org/10.2307/1933599

Chevin, L. M,, Lande, R., & Mace, G. M. (2010). Adaptation, plasticity,
and extinction in a changing environment: Towards a predictive
theory. PLoS Biology, 8(4), e1000357. https://doi.org/10.1371/journ
al.pbio. 1000357

Cronk, Q. (2016). Plant extinctions take time. Science, 353, 446-447.
https://doi.org/10.1126/science.aagl794

de Vries, J., Evers, J. B., Dicke, M., & Poelman, E. H. (2019). Ecological
interactions shape the adaptive value of plant defense: Herbivore
attack versus competition for light. Functional Ecology, 33, 129-138.
https://doi.org/10.1111/1365-2435.13234

DeMarche, M. L., Doak, D. F., & Morris, W. F. (2019). Incorporating local
adaptation into forecasts of species’ distribution and abundance
under climate change. Global Change Biology, 25, 775-793. https://
doi.org/10.1111/gcb.14562

Diaz, S., Lavorel, S., McINTYRE, S., Falczuk, V., Casanoves, F., Milchunas,
D. G, Skarpe, C., Rusch, G., Sternberg, M., Noy-meir, |., Landsberg,
J., Zhang, W,, Clark, H., & Campbell, B. D. (2006). Plant trait re-
sponses to grazing - a global synthesis. Global Change Biology, 13,
313-341. https://doi.org/10.1111/j.1365-2486.2006.01288.x

Didiano, T. J., Turley, N. E., Everwand, G., Schaefer, H., Crawley, M. J., &
Johnson, M. T. J. (2014). Experimental test of plant defence evo-
lution in four species using long-term rabbit exclosures. Journal of
Ecology, 102, 584-594. https://doi.org/10.1111/1365-2745.12227

Duputié, A., Rutschmann, A., Ronce, O., & Chuine, I. (2015). Phenological
plasticity will not help all species adapt to climate change. Global
Change Biology, 21,3062-3073. https://doi.org/10.1111/gcb.12914

Emery, N. C. (2009). Ecological limits and fitness consequences of cross-
gradient pollen movement in Lasthenia fremontii. The American
Naturalist, 174(2), 221-235. https://doi.org/10.1086/600089

Estes, J. A., Terborgh, J., Brashares, J. S., Power, M. E., Berger, J., Bond,
W. J., Carpenter, S. R., Essington, T. E., Holt, R. D., Jackson, J. B.
C., Marquis, R. J., Oksanen, L., Oksanen, T., Paine, R. T., Pikitch,
E. K, Ripple, W. J., Sandin, S. A., Scheffer, M., Schoener, T. W., ...
Wardle, D. A. (2011). Trophic downgrading of planet Earth. Science,
333, 301-306.

Fernandez-Palaciosa, J. M., Kreft, H., Irlc, S. D. H., Norderd, S., Ah-Penge, C.,
Borges, P. A. V., Burns, K. C., Nascimentoa, L., Meyer, J.-Y., Montesi, E.,
& Drake, D. R. (2021). Scientists’ warning - The outstanding biodiver-
sity of islands is in peril. Global Ecology and Conservation, 31, e01847.
https://doi.org/10.1016/j.gecco.2021.e01847

Fisher, R. A. (1930). The genetical theory of natural selection. Clarendon
Press.

Fox, R. J., Donelson, J. M., Schunter, C., Ravasi, T., & Gaitan-Espitia, J. D.
(2019). Beyond buying time: the role of plasticity in phenotypic ad-
aptation to rapid environmental change. Philosophical Transactions
of the Royal Society B, 374, 20180174. https://doi.org/10.1098/
rstb.2018.0174

Franks, S. J., Weber, J. J., & Aitken, S. N. (2014). Evolutionary and plas-
tic responses to climate change in terrestrial plant populations.
Evolutionary Applications, 7(1), 123-139. https://doi.org/10.1111/
eva.12112


https://doi.org/10.1111/j.1365-2435.2010.01796.x
https://doi.org/10.1111/j.1365-2435.2010.01796.x
https://doi.org/10.1126/science.1225977
https://doi.org/10.1126/science.1225977
https://doi.org/10.1038/43425
https://doi.org/10.1073/pnas.1301421110
https://doi.org/10.1073/pnas.1301421110
https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.1371/journal.pbio.3000598
https://doi.org/10.1371/journal.pbio.3000598
https://doi.org/10.1111/ddi.12241
https://doi.org/10.1111/ddi.12241
https://doi.org/10.1111/nph.15986
https://doi.org/10.1111/nph.15986
https://doi.org/10.1111/nph.15656
https://doi.org/10.1146/annurev-arplant-050213-040145
https://doi.org/10.1146/annurev-arplant-050213-040145
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1146/annurev-ecolsys-110316-023011
https://doi.org/10.1146/annurev-ecolsys-110316-023011
https://doi.org/10.1073/pnas.0702117104
https://doi.org/10.1111/cobi.12015
https://doi.org/10.1007/s00442-008-1172-1
https://doi.org/10.1007/s00442-008-1172-1
https://doi.org/10.1890/09-0543.1
https://doi.org/10.1002/evl3.91
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.2307/1933599
https://doi.org/10.2307/1933599
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1126/science.aag1794
https://doi.org/10.1111/1365-2435.13234
https://doi.org/10.1111/gcb.14562
https://doi.org/10.1111/gcb.14562
https://doi.org/10.1111/j.1365-2486.2006.01288.x
https://doi.org/10.1111/1365-2745.12227
https://doi.org/10.1111/gcb.12914
https://doi.org/10.1086/600089
https://doi.org/10.1016/j.gecco.2021.e01847
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1111/eva.12112
https://doi.org/10.1111/eva.12112

SKAIEN ano ARCESE

Galloway, L. F., & Etterson, J. R. (2007). Transgenerational plasticity is
adaptive in the wild. Science, 318(5853), 1134-1136. https://doi.
org/10.1126/science.1148766

Ganders, F. R., Carey, K., & Griffiths, A. J. F. (1977). Natural selection for
a fruit dimorphism in Plectritis congesta (Valerianaceae). Evolution,
31,873-881.

Gonzales, E. K., & Arcese, P. (2008). Herbivory more limiting than compe-
tition on early and established native plants in an invaded meadow.
Ecology, 89, 3282-3289. https://doi.org/10.1890/08-0435.1

Gould, B., Moeller, D. A., Eckhart, V. M., Tiffin, P., Fabio, E., & Geber, M.
A. (2014). Local adaptation and range boundary formation in re-
sponse to complex environmental gradients across the geograph-
ical range of Clarkia xantiana ssp. xantiana. Journal of Ecology, 102,
95-107. https://doi.org/10.1111/1365-2745.12188

Grant, P.R., & Grant, B. R. (2006). Evolution of character displacement in
Darwin’s finches. Science, 313, 224-226. https://doi.org/10.1126/
science.1128374

Grant, P. R, Grant, B. R., Huey, R. B., Johnson, M. T. J,, Knoll, A.
H., & Schmitt, J. (2017). Evolution caused by extreme events.
Philosophical Transactions of the Royal Society B: Biological Sciences,
372(1723), 20160146.

Gray, A. (2019). The ecology of plant extinction: Rates, traits and island
comparisons. Oryx, 53, 424-428. https://doi.org/10.1017/S0030
605318000315

Hansen, T. F., Pelabon, C., Armbruster, W. S., & Carlson, M. L. (2003).
Evolvability and genetic constraint in Dalechampia blos-
soms: components of variance and measures of evolvabil-
ity. Journal of Evolutionary Biology, 16, 754-766. https://doi.
org/10.1046/j.1420-9101.2003.00556.x

Hendry, A. P. (2015). Key questions on the role of phenotypic plasticity
in eco-evolutionary dynamics. Journal of Heredity, 107(1), 25-41.
https://doi.org/10.1093/jhered/esv060

Hendry, A. P, Schoen, D. J., Wolak, M. E., & Reid, J. M. (2018). The con-
temporary evolution of fitness. Annual Review of Ecology, Evolution,
and Systematics, 11, 457-476. https://doi.org/10.1146/annurev-
ecolsys-110617-062358

Ho, W., & Zhang, J. (2018). Evolutionary adaptations to new environments
generally reverse plastic phenotypic changes. Nature Communications,
9, 1-11. https:/doi.org/10.1038/s41467-017-02724-5

Houle, D. (1992). Comparing evolvability and variability of quantita-
tive traits. Genetics, 130, 195-204. https://doi.org/10.1093/genet
ics/130.1.195

Jacobs, B., Bell, C., & Smets, E. (2010). Fruits and seeds of the Valeriana
clade (Dipsicales): Diversity and evolution. International Journal of
Plant Sciences, 171(4), 421-434. https://doi.org/10.1086/651243

Johnson, M. T. J., Agrawal, A. A., Maron, J. L., & Salminen, J.-P. (2009).
Heritability, covariation and natural selection on 24 traits of com-
mon evening primrose (Oenothera biennis) from a field experiment.
Journal of Evolutionary Biology, 22, 1295-1307.

Juenger, T., & Bergelson, J. (2000). The evolution of compensation to her-
bivory in Scarlet Gilia, Ipomopsis aggregata: Herbivore-imposed nat-
ural selection and the quantitative genetics of tolerance. Evolution,
54,764-777. https://doi.org/10.1111/j.0014-3820.2000.tb00078.x

Kelly, T., & Elle, E. (2020). Effects of community composition on
plant-pollinator interaction networks across a spatial gradient
of oak-savanna habitats. Oecologia, 193, 211-223. https://doi.
org/10.1007/s00442-020-04661-5

Kuijper, B., & Hoyle, R. B. (2015). When to rely on maternal effects and
when on phenotypic plasticity? Evolution, 69(4), 950-968. https://
doi.org/10.1111/ev0.12635

Lande, R., & Shannon, S. (1996). The role of genetic variation in adaptation
and population persistence in a changing environment. Evolution, 50,
434-437. https://doi.org/10.1111/j.1558-5646.1996.tb04504.x

Lennartsson, T., Tuomi, J., & Nilsson, P. (1997). Evidence for an evolution-
ary history of overcompensation in the grassland biennial Gentianella
campestris (Gentianaceae). American Naturalist, 149, 1147-2115.

T, \\/| Y-

Lenth, R. V. (2022). Emmeans: Estimated marginal means, aka least-
squares means. R Package Version, 1(7), 2. https://CRAN.R-proje
ct.org/package=emmeans

Lopez-Goldar, X., & Agrawal, A. A. (2021). Ecological interactions, envi-
ronmental gradients, and gene flow in local adaptation. Trends in
Plant Science, 26(8), 796-809.

Lucas-Barbosa, D. (2019). Integrating studies on plant-pollinator and
plant-herbivore interactions. Trends in Plant Science, 21, 125-133.
https://doi.org/10.1016/j.tplants.2015.10.013

Lynch, M., & Walsh, B. (1998). Genetics and analysis of quantitative traits
(p. 980). Sinauer Associates Inc, Sunderland.

MacDougall, A. S., Beckwith, B. R., & Maslovat, C. Y. (2004). Defining conser-
vation strategies with historical perspectives: a case study from a de-
graded oak grassland ecosystem. Conservation Biology, 18, 455-465.

Maniatis, N., & Pollott, G. E. (2002). Nuclear, cytoplasmic, and environ-
mental effects on growth, fat, and muscle traits in suffolk lambs
from a sire referencing scheme. Journal of Animal Science, 80(1), 57-
67. https://doi.org/10.2527/2002.80157x

Martin, G., Aguilée, R., Ramsayer, J., Kaltz, O., & Ronce, O. (2013). The
probability of evolutionary rescue: Towards a quantitative com-
parison between theory and evolution experiments. Philosophical
Transactions of the Royal Society B: Biological Sciences, 368,
20120088. https://doi.org/10.1098/rstb.2012.0088

Martin, J.-L., Stockton, S. A, Allombert, S., & Gaston, A. J. (2010). Top-
down and bottom-up consequences of unchecked ungulate brows-
ing on plant and animal diversity in temperate forests: lessons from
a deer introduction. Biological Invasions, 12, 353-371. https://doi.
org/10.1007/s10530-009-9628-8

Martin, L. J., Agrawal, A. A., & Kraft, C. E. (2015). Historically browsed
jewelweed populations exhibit greater tolerance to deer herbivory
than historically protected populations. Journal of Ecology, 103(1),
243-249. https://doi.org/10.1111/1365-2745.12344

Martin, T. G., Arcese, P., & Scheerder, N. (2011). Browsing down our nat-
ural heritage: Deer impacts on vegetation structure and songbird
populations across an island archipelago. Biological Conservation,
144, 459-469. https://doi.org/10.1016/j.biocon.2010.09.033

Matz, M. V,, Treml, E. A., Aglyamova, G. V., & Bay, L. K. (2018). Potential
and limits for rapid genetic adaptation to warming in a Great Barrier
Reef coral. PLoS Genetics, 14, 1-19. https://doi.org/10.1371/journ
al.pgen.1007220

McGoey, B. V., & Stinchcombe, J. R. (2009). Interspecific competition al-
ters natural selection on shade avoidance phenotypes in Impatiens
capensis. New Phytologist, 183, 880-891.

Mclntyre, P. J., & Strauss, S. Y. (2014). Phenotypic and transgenerational
plasticity promote local adaptation to sun and shade environments.
Evolutionary Ecology, 28(2), 229-246. https://doi.org/10.1007/
s10682-013-9670-y

Mousseau, T. A., & Fox, C. W. (1998). The adaptive significance of mater-
nal effects. TREE, 13(10), 403-407. https://doi.org/10.1016/s0169
-5347(98)01472-4

Nosil, P., Funk, D. J., & Ortiz-Barrientos, D. (2009). Divergent selection
and heterogeneous genomic divergence. Molecular Ecology, 18,
375-402. https://doi.org/10.1111/j.1365-294X.2008.03946.x

Olivieri, I., Tonnabel, J., Ronce, O., & Mignot, A. (2016). Why evolution
matters for species conservation: Perspectives from three case
studies of plant metapopulations. Evolutionary Applications, 9, 196-
211. https://doi.org/10.1111/eva.12336

Paige, K. N., & Whitham, T. G. (1987). Overcompensation in response to
mammalian herbivory: The advantage of being eaten. The American
Naturalist, 129, 407-416. https://doi.org/10.1086/284645

Palacio-Lopez, K., Beckage, B., Scheiner, S., & Molofsky, J. (2015). The
ubiquity of phenotypic plasticity in plants: A synthesis. Ecology and
Evolution, 5(16), 3389-3400. https:/doi.org/10.1002/ece3.1603

Parker, J. D., Salminen, J. P, & Agrawal, A. A. (2010). Herbivory enhances
positive effects of plant genotypic diversity. Ecology Letters, 13,
553-563. https://doi.org/10.1111/j.1461-0248.2010.01452.x


https://doi.org/10.1126/science.1148766
https://doi.org/10.1126/science.1148766
https://doi.org/10.1890/08-0435.1
https://doi.org/10.1111/1365-2745.12188
https://doi.org/10.1126/science.1128374
https://doi.org/10.1126/science.1128374
https://doi.org/10.1017/S0030605318000315
https://doi.org/10.1017/S0030605318000315
https://doi.org/10.1046/j.1420-9101.2003.00556.x
https://doi.org/10.1046/j.1420-9101.2003.00556.x
https://doi.org/10.1093/jhered/esv060
https://doi.org/10.1146/annurev-ecolsys-110617-062358
https://doi.org/10.1146/annurev-ecolsys-110617-062358
https://doi.org/10.1038/s41467-017-02724-5
https://doi.org/10.1093/genetics/130.1.195
https://doi.org/10.1093/genetics/130.1.195
https://doi.org/10.1086/651243
https://doi.org/10.1111/j.0014-3820.2000.tb00078.x
https://doi.org/10.1007/s00442-020-04661-5
https://doi.org/10.1007/s00442-020-04661-5
https://doi.org/10.1111/evo.12635
https://doi.org/10.1111/evo.12635
https://doi.org/10.1111/j.1558-5646.1996.tb04504.x
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/j.tplants.2015.10.013
https://doi.org/10.2527/2002.80157x
https://doi.org/10.1098/rstb.2012.0088
https://doi.org/10.1007/s10530-009-9628-8
https://doi.org/10.1007/s10530-009-9628-8
https://doi.org/10.1111/1365-2745.12344
https://doi.org/10.1016/j.biocon.2010.09.033
https://doi.org/10.1371/journal.pgen.1007220
https://doi.org/10.1371/journal.pgen.1007220
https://doi.org/10.1007/s10682-013-9670-y
https://doi.org/10.1007/s10682-013-9670-y
https://doi.org/10.1016/s0169-5347(98)01472-4
https://doi.org/10.1016/s0169-5347(98)01472-4
https://doi.org/10.1111/j.1365-294X.2008.03946.x
https://doi.org/10.1111/eva.12336
https://doi.org/10.1086/284645
https://doi.org/10.1002/ece3.1603
https://doi.org/10.1111/j.1461-0248.2010.01452.x

SKAIEN anp ARCESE

= LwiLe v —

R Core Team (2014). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing; 2014.

Radichuck, V., Reed, T., Teplitsky, C., van de Pol, M., Charmantier, A.,
Hassall, C., Adamik, P., Adriaensen, F., Ahola, M., Arcese, P. (2019)
Adaptive responses of animals to climate change: not universal,
likely insufficient. Nature Communications, 10, 3109.

Ramos, S. E., & Schiestl, F. P. (2019). Rapid plant evolution driven by the
interaction of pollination and herbivory. Science, 364, 193-196.
https://doi.org/10.1126/science.aav6962

Ramos, S. E., & Schiestl, F. P. (2020). Herbivory and pollination impact on the
evolution of herbivore-induced plasticity in defense and floral traits.
Evolution Letters, 4(6), 556-569. https://doi.org/10.1002/evI3.200

Rasmann, S., De Vos, M., Casteel, C. L., Tian, D., Halitschke, R., Sun, J.
Y., Agrawal, A. A., Felton, G. W., & Jander, G. (2012). Herbivory in
the previous generation primes plants for enhanced insect resis-
tance. Plant Physiology, 158, 854-863. https://doi.org/10.1104/
pp.111.187831

Reed, P. B., Pfeifer-Meister, L. E., Roy, B. A., Johnson, B. R, Bailes, G. T,
Nelson, A. A., Boulay, M. C., Hamman, S. T., & Bridgham, S. D. (2019).
Prairie plant phenology driven more by temperature than moisture
in climate manipulations across a latitudinal gradient in the Pacific
Northwest, USA. Ecology and Evolution, 9(6), 3637-3650.s https://
doi.org/10.1002/ece3.4995

Rice, K. J., & Emery, N. C. (2003). Managing microevolution: Restoration
in the face of global change. Frontiers in Ecology and Evolution, 1,
469-478.

Rosenberg, K. V., Dokter, A. M., Blancher, P. J,, Sauer, J. R., Smith, A. C.,
Smith, P. A, Stanton, J. C., Panjabi, A., Helft, L., Parr, M., & Marra,
P. P. (2019). Decline of the North American avifauna. Science, 366,
120-124.

Santangelo, J. S., Thompson, K. A., Cohan, B., Syed, J., Ness, R. W., &
Johnson, M. T. J. (2020). Predicting the strength of urban-rural
clines in a Mendelian polymorphism along a latitudinal gradient.
Evolution Letters, 4, 212-225.

Schultz, C. B., Henry, E., Carleton, A., Hicks, T., Thomas, R., Potter,
A., Collins, M., Linders, M., Fimbel, C., Black, S., Anderson,
H. E., Diehl, G.,, Hamman, S., Gilbert, R., Foster, J., Hays, D.,
Wilderman, D., Davenport, R., Steel, E., ... Reader, B. (2010).
Conservation of Prairie-Oak Butterflies in Oregon, Washington,
and British Columbia. Northwest Science, 85, 361-388. https://doi.
org/10.3955/046.085.0221

Shaw, R. G. (2019). From the Past to the Future: Considering the Value
and Limits of Evolutionary Prediction. The American Naturalist, 193,
1-10. https://doi.org/10.1086/700565

Skaien, C. L., & Arcese, P. (2018). Spatial variation in herbivory, climate
and isolation predicts plant height and fruit phenotype in Plectritis
congesta populations on islands. Journal of Ecology, 106, 2344-
2352. https://doi.org/10.1111/1365-2745.12982

Skaien, C. L., & Arcese, P. (2020). Local adaptation in island populations
of Plectritis congesta that differ in historic exposure to ungulate
browsers. Ecology, 30, 54. https://doi.org/10.1002/ecy.3054

Spatz, D. R,, Zilliacus, K. M., Holmes, N. D., Butchart, S. H. M., Genovesi,
P., Ceballos, G., Tershy, B. R., & Croll, D. A. (2017). Globally threat-
ened vertebrates on islands with invasive species. Science Advances,
3(10), e1603080. https://doi.org/10.1126/sciadv.1603080

Stroh, N., Baltzinger, C., & Martin, J.-L. (2008). Deer prevent western
redcedar (Thuya plicata) regeneration in old-growth forests of
Haida Gwaii: Is there a potential for recovery? Forest Ecology and
Management, 255(12), 3973-3979. https://doi.org/10.1016/j.
foreco.2008.03.039

Stuart, Y. E., Campbell, T. S., Hohenlohe, P. A., Reynolds, R. G., Revell, L.
J., & Losos, J. B. (2014). Rapid evolution of a native species follow-
ing invasion by a congener. Science, 346(6208), 463-466. https://
doi.org/10.1126/science.1257008

Turley, N. E., Odell, W. C., Schaefer, H., Everwand, G., Crawley, M. J.,
Johnson, M. T. J., & Symposium Editor: Reznick, D. N. (2013).

Contemporary evolution of plant growth rate following experimen-
tal removal of herbivores. The American Naturalist, 181(s1), s21-
s34. https://doi.org/10.1086/668075

Valladares, F., Sanchez-Gomez, D., & Zavala, M. A. (2006). Quantitative esti-
mation of phenotypic plasticity: bridging the gap between the evolu-
tionary conceptandits ecological applications. Journal of Ecology, 94(6),
1103-1116. https://doi.org/10.1111/j.1365-2745.2006.01176.x

van Kleunen, M., & Fischer, M. (2005). Constraints on the evolution of
adaptive phenotypic plasticity in plants. New Phytologist, 166, 49-
60. https://doi.org/10.1111/j.1469-8137.2004.01296.x

Venables, W. N., & Ripley, B. D. (2002). Modern Applied Statistics with S,
4th ed. Springer.

Visscher, P. M., Hill, W. G., & Wray, N. R. (2008). Heritability in the ge-
nomics era- concepts and misconceptions. Genetics Reviews, 9,
255-266. https://doi.org/10.1038/nrg2322

Visty, H., Wilson, S., Germain, R., Krippel, J.,, & Arcese, P. (2018).
Demography of sooty fox sparrows (Passerella unalaschcensis) follow-
ing a shift from a migratory to resident life history. Canadian Journal of
Zoology, 96, 436-440. https://doi.org/10.1139/cjz-2017-0102

Vourc'h, G., Martin, J.-L., Duncan, P., Escarré, J., & Clausen, T. P. (2001).
Defensive adaptations of Thuja plicata to ungulate browsing: A com-
parative study between mainland and island populations. Oecologia,
126(1), 84-93. https://doi.org/10.1007/s004420000491

Walsh, J., Benham, P. M., Deane-Coe, P. E., Arcese, P., Butcher, B. G,
Chan, Y. L., Cheviron, Z. A,, Elphick, C. S., Kovach, A. I., Olsen, B.
J., Shriver, W. G., Winder, V. L., & Lovette, I. J. (2019). Genomics
of rapid ecological divergence and parallel adaptation in four
tidal marsh sparrows. Evolution Letters, 3, 224-338. https://doi.
org/10.1002/evI3.126

Weeks, A. R., Sgro, C. M,, Young, A. G., Frankham, R., Mitchell, N. J.,
Miller, K. A., Byrne, M., Coates, D. J., Eldridge, M. D. B., Sunnucks,
P., Breed, M. F., James, E. A., & Hoffmann, A. A. (2011). Assessing
the benefits and risks of translocations in changing environments: A
genetic perspective. Evolutionary Applications, 4, 709-725. https://
doi.org/10.1111/j.1752-4571.2011.00192.x

Wenk, E. H., & Falster, D. S. (2015). Quantifying and understanding re-
productive allocation schedules in plants. Ecology and Evolution, 5,
5521-5538. https://doi.org/10.1002/ece3.1802

Willmore, K. E., Leamy, L., & Hallgrimsson, B. (2006). Effects of devel-
opments; and functional interactions on mouse cranial variability
through late ontogeny. Evolution and Development, 8, 550-567.
https://doi.org/10.1111/j.1525-142X.2006.00127.x

Wright, S. (1982). The shifting balance theory and macroevolution.
Annual Review of Genetics, 16, 1-19. https://doi.org/10.1146/annur
ev.ge.16.120182.000245

Yeaman, S., & Whitlock, M. C. (2011). The genetic architecture of adap-
tation under migration-selection balance. Evolution, 65, 1897-1911.
https://doi.org/10.1111/j.1558-5646.2011.01269.x

Zust, T., & Agrawal, A. A. (2017). Trade-offs between plant growth and
defense against insect herbivory: An emerging mechanistic synthe-
sis. Annual Review of Plant Biology, 68(1), 513-534.

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Skaien, C. L., & Arcese, P. (2022). On
the capacity for rapid adaptation and plastic responses to
herbivory and intraspecific competition in insular populations
of Plectritis congesta. Evolutionary Applications, 15, 804-816.
https://doi.org/10.1111/eva.13371



https://doi.org/10.1126/science.aav6962
https://doi.org/10.1002/evl3.200
https://doi.org/10.1104/pp.111.187831
https://doi.org/10.1104/pp.111.187831
https://doi.org/10.1002/ece3.4995
https://doi.org/10.1002/ece3.4995
https://doi.org/10.3955/046.085.0221
https://doi.org/10.3955/046.085.0221
https://doi.org/10.1086/700565
https://doi.org/10.1111/1365-2745.12982
https://doi.org/10.1002/ecy.3054
https://doi.org/10.1126/sciadv.1603080
https://doi.org/10.1016/j.foreco.2008.03.039
https://doi.org/10.1016/j.foreco.2008.03.039
https://doi.org/10.1126/science.1257008
https://doi.org/10.1126/science.1257008
https://doi.org/10.1086/668075
https://doi.org/10.1111/j.1365-2745.2006.01176.x
https://doi.org/10.1111/j.1469-8137.2004.01296.x
https://doi.org/10.1038/nrg2322
https://doi.org/10.1139/cjz-2017-0102
https://doi.org/10.1007/s004420000491
https://doi.org/10.1002/evl3.126
https://doi.org/10.1002/evl3.126
https://doi.org/10.1111/j.1752-4571.2011.00192.x
https://doi.org/10.1111/j.1752-4571.2011.00192.x
https://doi.org/10.1002/ece3.1802
https://doi.org/10.1111/j.1525-142X.2006.00127.x
https://doi.org/10.1146/annurev.ge.16.120182.000245
https://doi.org/10.1146/annurev.ge.16.120182.000245
https://doi.org/10.1111/j.1558-5646.2011.01269.x
https://doi.org/10.1111/eva.13371

	On the capacity for rapid adaptation and plastic responses to herbivory and intraspecific competition in insular populations of Plectritis congesta
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Fruit collection
	2.2|Experimental design
	2.3|Genetic variance, heritability, coefficients of variation and evolvability
	2.4|Trait variation relative to ungulate herbivory
	2.5|Intraspecific Competition, growth form, and plant height
	2.6|Plasticity, fecundity and flowering height

	3|RESULTS
	3.1|Genetic variance, heritability, coefficients of variation and evolvability
	3.2|Trait variation and herbivory
	3.3|Intraspecific competition and trait values

	4|DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


