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individual, and quantified individual fitness. This method allowed us to fit mul-
tispecies competition models to fitness data, estimating interaction strengths
between focal B. hordeaceus populations and each of seven species that were
common in the interaction neighbourhoods, in each garden.

3. We found that interaction strengths significantly differed among local and
foreign source populations, but the direction and magnitude of evolution dif-
fered among common gardens and among neighbour species—in neither garden
were interactions experienced more strongly by foreign populations compared
to local populations. The fitness of local populations (relative to foreign pop-
ulations) decreased when neighbours were removed, strongly enough in one
garden to cause strong local maladaptation, and the local population did not
perform the best in either garden.

4. Synthesis. Together, our results demonstrate how species interactions evolve to
determine fitness in ecological communities, providing a richer view of adapta-
tion in natural systems. In our study, this richness included the unique challenges
populations face in nature: uneven abundances and a diffuseness of species in-
teractions, nonlinear density effects on fitness, and evidence of (mal)adaptation
that is conditional on local conditions. We conclude by hypothesizing the causes
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1 | INTRODUCTION

Ecological communities contain a diversity of species maintained
dynamically through space and time (Adler et al., 2006; Nuvoloni
et al.,, 2016). This is evident by studies showing how variable the com-
position of communities can be even among locations with similar
environments (e.g. due to dispersal and ecological drift, Chase, 2010;
Tuomisto et al., 2003). Given that populations exist and evolve within
multispecies communities, an important goal in evolutionary biology is
to understand how the community context contributes to adaptation
(terHorstetal.,2018; Urban etal., 2008). Theory supports the idea that
other species in ecological communities can impose strong evolution-
ary pressures on populations (e.g. Lankau, 2011; Vasseur et al., 2011).
However, many questions remain about when and in what way the
biotic community will influence local adaptation. For instance, interac-
tions with other community members (i.e. the biotic environment) can
decrease fitness, enough so as to cause the local extinction of popu-
lations that are otherwise well-suited to a given abiotic environment
(Germain, Mayfield, et al., 2018). Other studies, however, have found
that adaptation may be constrained by variable selection (Bell, 2010;
Connell, 1980) owing to high spatial and temporal variability in com-
munity composition. Resolving these alternate possibilities remains a
goal of evolutionary biology. To that end, we need more studies that
quantify if, how and why interspecific interaction strengths (i.e. the
degree to which population growth rates are depressed by increasing
densities of specific species) combine with the abiotic environment to
determine individual fitness (Mayfield & Stouffer, 2017) and drive evo-
lution as recent theory predicts (Pastore et al., 2021).

Most theories of how interaction strengths evolve among com-
petitors focus on pairs of strongly interacting, ecologically similar
species. Classic evolutionary theories predict that weak competitive
interactions should result from coevolution among competitors. For
instance, MacArthur and Levin's theory of limiting similarity (1967),
a corollary of Gause’s competitive exclusion principle (1932), posits
that competing species must differ sufficiently in resource use to co-
exist stably. If not, species must evolve sufficient differences in re-
source use or face local extinction. Importantly, ‘sufficient difference’
can either be defined as the amount of resource partitioning required
to overcome any differences in competitive ability (MacArthur &
Levins, 1967) or to overwhelm stochastic noise among nearly neutral
competitors (May & MacArthur, 1972). Although few experiments
explicitly test the evolution of interaction strengths among compet-
itors, existing evidence is equivocal: some studies find that interac-
tion strengths decrease with coevolution (Connell, 1980; Pritchard
& Schluter, 2001), whereas others find that interaction strengths ac-
tually increase (Hart et al., 2019; Hausch et al., 2017). For example,
in Richard Lenski’s long-term experimental evolution study, different
asexual Escherichia coli lineages were allowed to compete in a highly

simplified resource environment. In this setting, Gac et al. (2012)
found that niche differentiation evolved on short time-scales, only to
be overcome by the dominance of one lineage over the other over a
much longer time-scale. Based on the evidence above, the evolution
of competitive interactions clearly unfolds along a greater range of
trajectories than is often considered. Indeed, more recently, the pos-
sibility that competing species coevolve to interact more intensely has
been considered theoretically (Abrams, 1986; Pastore et al., 2021),
for example, when species compete asymmetrically prior to evolution
(e.g. native vs. invasive species; Germain, Williams, et al., 2018). We
do not yet, however, have a synthetic understanding of what char-
acteristics of species, communities or even abiotic environments set
those trajectories in nature.

In addition to our limited understanding of how pairwise competi-
tive interactions evolve, we also lack a comprehensive understanding
of how the evolution of interaction strengths is distributed among
interspecific competitors within communities (terHorst et al., 2018).
Interaction strengths might evolve evenly among all species in the
community or evolve between a select few species only (e.g. close
relatives or common species)—evolving interactions may increase in
strength among some species and decrease among others, or even
result in facilitative interactions (Bimler et al., 2018). If interaction
strengths evolve in opposing directions, they may cancel each other
out, resulting in no net change in the total amount of competition a
given species experiences. Knowing how interaction strengths evolve
and in which directions is critical to gaining a full understanding of ad-
aptation in dynamic natural communities. If, for instance, negative in-
teraction strengths generally weaken with evolution, local coevolved
populations would have higher fitness than naive foreign populations,
reinforcing local adaptation (fitness of local > fitness of foreign pop-
ulations). However, the evolution of increased negative interaction
strengths (e.g. through competitive dominance) would disadvantage
local populations, enough so as to generate local maladaptation (fit-
ness of local < fitness of foreign populations). Despite the potential
for biotic interactions to contribute to local adaptation, a recent meta-
analysis found that 57% of local adaptation studies altered biotic in-
teractions in their transplant gardens in some way (e.g. by weeding or
using herbicide; Hargreaves et al., 2020), which they argue, removes
potentially important biotic drivers of local adaptation.

An additional source of complexity relevant to adaptation is that
the strength of pairwise interactions among species can be modi-
fied by the environment (Germain, Williams, et al., 2018; Grainger
et al,, 2019). In nature, the environments that different populations
experience vary in several ways, such as in resource availability, envi-
ronmental stress (e.g. temperature) and the types of species present.
A given pair of species might interact strongly in one environment
but not in another, for example, if the latter contains a broader spec-
trum of resources that species can partition (Pastore et al., 2021),
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or is so stressful that population sizes are small, reducing encounter
rates. As a consequence, we might expect the strength of pairwise
interactions, and thus, the intensity of coevolution among compet-
itors, to vary spatially depending on geographical context, a phe-
nomenon referred to as ‘the conditionality of coevolution’ (O’Brien
et al., 2018). Moreover, increased competitive ability can come with
costs, such as reduced stress tolerance, and might actually be se-
lected against in some environments (Lancaster et al., 2017). If co-
evolution is conditional, then we would expect a given pair of species
to diverge and evolve along different, location-specific trajectories.

To examine how populations evolve in natural communities, we
performed two common garden experiments each using four pop-
ulations (at each garden: one local, three foreign) of an invasive an-
nual grass, Bromus hordeaceus. Bromus hordeaceus was introduced
to California from Europe ~200 years ago (Jackson, 1985); thus, any
differences among the four populations we used in this study most
likely have accumulated over this post-invasion timeframe. In this
study, we transplanted individuals of each focal population into each
common garden, quantified individual fitness in the following grow-
ing season, and characterized each individual’s ‘interaction neigh-
bourhood’ (i.e. identity of every neighbour occurring within 7.5 cm).
We used these data to fit multispecies competition models, yield-
ing interaction coefficients of the per capita impacts of neighbour
species on the fitnesses of each focal population in each common

garden. We used these data to ask:

1. How dependent is local adaptation on the presence of
neighbours?

2. How are pairwise impacts on B. hordeaceus distributed among
neighbour species, and do these impacts vary with microevolu-
tionary history?

3. Are (1) and (2) conditional on the local environment?

We predicted that local adaptation would be strongest when
tested in intact natural communities (Hargreaves et al., 2020), and
that the strength of competitive interactions exerted by neighbour-
ing species would be weaker on local versus foreign populations of
B. hordeaceus (a baseline expectation from classic theory; Brown &
Wilson, 1956; MacArthur & Levins, 1967). As we will discuss, what
we found instead was not consistent with any theory we are aware
of. Our results show an overriding influence of facilitation, nonlin-
ear density effects on fitness and instances of extreme maladapta-
tion, as well as a strong effect of neighbours on the strength of local

adaptation.

2 | MATERIALS AND METHODS

2.1 | Studysystem

Our fieldwork took place at McLaughlin Natural Reserve (https://
naturalreserves.ucdavis.edu/mclaughlin-reserve) in Northern
California, USA (38.8739°N, 122.4317°W). The reserve has a

Mediterranean climate, characterized by cool wet winters and
hot dry summers. We focused on grassland communities that as-
sociate with serpentine soils, a unique soil type characterized by
low Ca:Mg ratios, high heavy metal content and low productivity
(Anacker, 2014; Harrison & Rajakaruna, 2011). Serpentine soils are
formed by the emergence and erosion of the Earth’s mantle and tend
to exist as patches embedded within a non-serpentine matrix habi-
tat. Although conditions in serpentine soils are typically harmful to
plant growth, they support a hyper-diverse flora (Anacker, 2014) and
are hypothesized to act as refuge habitat for native plants to escape
invasive monoculture of Avena spp. which fill the non-serpentine
habitat matrix (Gilbert & Levine, 2013).

We used soft chess Bromus hordeaceus as our transplant species,
a primarily self-fertilizing winter annual grass that is widely distrib-
uted in California, both on and off serpentine soils (Dean, 2012). As
a winter annual, B. hordeaceus germinates with the onset of autumn
rains (~November) and completes its life cycle by late May. It was
introduced to North America by European colonists ~200 years ago
(Jackson, 1985). We chose B. hordeaceus as the focal species because
it tends to reach high abundances at McLaughlin Reserve, particu-
larly in wetter, more productive sites/years (Figure S1). Additionally,
our previous research suggests that genetic differentiation of pop-
ulations has occurred on small spatial scales at the reserve (100 s of
meters; Germain et al., 2020). Exploring the evolution of competitive
impacts on B. hordeaceus by species in its introduced range would
elucidate the coevolutionary processes that help or hinder the suc-

cess of B. hordeaceus as an invader.

2.2 | Experimental setup

Seeds of B. hordeaceus from four source populations at McLaughlin
Natural Reserve were collected in September 2017 from hundreds
of individuals, prior to the onset of the fall growing season and
following summer heat stratification. The source populations were
at least 1.1 km from one another and up to 7.8 km apart (mean
of 4.25 km) and were haphazardly selected from eight potential
populations we had records of from previous research (Germain
et al., 2020; see Discussion for an exposition of possible differ-
ences among populations). Two of these populations originated
from sites overlapping with our two common garden experiments
(garden details described below); thus, each garden included one
‘local’ population and three ‘foreign’ populations. Although we in-
tended to use seed grown in a common greenhouse environment
prior to our experiments (i.e. to standardize maternal growing
conditions), those greenhouse-grown seeds were seized at the US
border on our way to the field, forcing us to use field-collected
seed in our transplant experiments. To explore how maternal en-
vironmental effects might have impacted our results, we supple-
mented this study with a comparative study of greenhouse-grown
seeds and those of the same populations collected directly from
the field (see Supporting Information). The main effect of the ma-
ternal environment was an early growth advantage to one of the
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populations that did not cause populations to differ in success be-
yond the establishment phase (Figure S2).

In September 2017, we transplanted individuals into two com-
mon garden sites (i.e. not as a full reciprocal transplant design),
which were separated by 6.4 km. At each garden site, seeds were
individually planted into 0.5-inch diameter polypipe (i.e. one seed
per tube, since B. hordeaceus tends to have high germination rates)
that had been cut into 0.75-inch long tubes and filled with field soil.
This kept the transplanted seed from washing away from the trans-
plant site and from being contaminated by non-focal B. hordeaceus
seed. The tubes were unlikely to interfere with natural interactions
among species, as roots were free to grow to much deeper depths
than the 0.75-inch length of the tube. The tubes were pressed into
the ground at 15 cm intervals along seven transects with 60 tubes
per transect (see Figure S3 for a schematic).

Along each transect, seeds from the four source populations
were sown into tubes in a systematic order, with a single seed sown
per tube. A ‘neighbour removal’ treatment was laid out similarly, ex-
cept with three transects that lay parallel with a 30 cm buffer from
the intact community transect (two transects = 28 tubes each, one
transect = 24 tubes each; Figure S3). It was not logistically feasible
to randomize the ‘intact’ versus ‘neighbour removal’ treatments, but
prior to neighbour removal, there was no obvious visual difference
in plant communities between what would become different treat-
ments. Seeds in the ‘neighbour removal’ treatment were removed
with a rake and broom during the dry season. Although this method
effectively removed the majority of seed, some neighbour species
(including perennial species with below-ground regeneration struc-
tures) remained at low abundance despite removal efforts—their
presence had no effect on our ability to fit our models, which were
fit based on abundances and not by treatment groups (i.e. the inter-
cept is fitness in the absence of competitors). In total, there were
105 replicate tubes per source population per common garden (420
total) planted in the intact communities and 20 replicates per source
population per common garden (80 total) planted in the competitor
removal treatment (see Supporting Information for more details). The
high amount of replication and sampling effort per replicate needed
to characterize interaction coefficients at any one garden site pre-
cluded a full reciprocal transplant design (Johnson et al., 2021), but
our design still allows a test of how interactions evolve in the field.

We returned to each common garden in the following growing
season, at peak flowering (May 2018), to characterize the interaction
neighbourhood around each focal individual of B. hordeaceus and to
quantify each individual’s fitness. We placed a circular (15-cm di-
ameter) sampling frame around each focal individual and quantified
the abundance of every species in the circle (Figure S3). We then
scored whether the focal B. hordeaceus individual germinated (‘no’
if no plant in tube), survived to reproduce (‘no’ if a senesced plant
was present but with no seed) and collected all seeds (if any). We
use the term ‘individual fitness’ to refer to the lifetime reproduc-
tive success of germinated individuals, which includes survival (i.e.
0 seeds produced) and reproduction (see Analysis for treatment of
ungerminated seeds). Our B. hordeaceus transplants had 2.3x higher

reproductive success in one garden compared to the other; thus, we
refer to these gardens as ‘high fitness’ and ‘low fitness’ to aid our
discussion. The low-fitness garden was characterized by low pro-
ductivity, high species diversity and high species evenness, relative
to the high-fitness garden (Figure S4). For 48 and 54 experimental
units in the high-fitness and low-fitness gardens, respectively, tubes
were missing (e.g. pulled by gophers) or data were missing for at least
one neighbour species (e.g. recording error), and thus were excluded

from analysis.

2.3 | Analysis

All analyses were performed in R v. 3.5.2 (2018). All analyses re-
ported below were generalized linear mixed effects (glme) models,
implemented using R package ctMmMTMB (Magnusson et al., 2017).
Response variables were the number of seeds produced per trans-
planted individual modelled with an ‘nbinom2’ error distribution
(with a log link) and zero inflation, as this distribution was selected
as the best fit to our data after AIC-based model comparison (using
the function ‘anova’). We included ‘population’ as a random factor
to statistically account for three replicate foreign populations, and
performed separate analyses for each common garden site (i.e. two
analyses total). We focus our main analyses on transplanted individ-
uals that germinated (including germinants that did not survive be-
yond the seedling stage), as only germinated individuals experience
competition. Regardless, the ungerminated component contributed
little to patterns we observed (see Results, Table S2; Figure S7).

To test our first question of whether there was evidence of local
adaptation, and if local adaptation changed in the presence or absence
of neighbours, the explanatory variables of our glme were microevo-
lutionary history (local vs. foreign), neighbours (present vs. absent),
and their interaction. To visually represent these data, for each gar-
den and neighbour treatment, we calculated log-response ratios of
local versus foreign fitness, as per previous authors (Hargreaves
et al., 2020), based on fitted means and error estimates (extracted
via the ‘ggeffects”:‘ggpredict’ function of type ‘fe.zi’, which includes
the zero-inflated component) from our statistical models. When local
and foreign populations perform equally, the log-response ratio is O.
Values >0 indicate local adaptation (i.e. local advantage) and values
<0 indicate local maladaptation (i.e. foreign advantage).

Although we predicted that neighbours would impact the
strength of local adaptation (i.e. the degree to which log-response
ratios were >0), we did not find statistical support for this hypoth-
esis and instead found something entirely unexpected, warranting
additional analyses to provide clarity. Specifically, in the low-fitness
garden, removing neighbours resulted in extreme local maladapta-
tion (i.e. the local population performed worse; Figure 1b). We de-
scribe and interpret this finding later, but by instead visualizing our
data by creating a log-response ratio of fitness with versus without
neighbours, we found that maladaptation was caused by neighbours
having facilitative effects at low densities (i.e. values >0) and com-
petitive effects at high densities (i.e. values <0; Figure S5). To better
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FIGURE 1 The effect of neighbours
on the strength of local adaptation (log
fitness ratio of local/foreign populations)
and average absolute fitness of
individuals, in the ‘high fitness’ (a, c) and
in ‘low fitness’ (b, d) common gardens.

In panels (a) and (b), the dashed grey
lines are the boundary between local
adaptation (local > foreign fitness) and
local maladaptation (local < foreign
fitness). Panels (c) and (d) show responses
of individual fitness to neighbourhood
density (summed across all species),
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understand this result, we compared the density dependence of in-
dividual fitness among local and foreign populations. To do so, we
used the same model as above, except instead of comparing neigh-
bour treatments, we included total neighbour density as a continu-
ous nonlinear predictor (2° using ‘poly’ function in R). A switching
from positive density dependence to negative density dependence
would be interpreted as evidence of positive effects of neighbours at
low densities (e.g. facilitation) transitioning into competition (hence
nonlinear dependence on density).

To test our second question of how the evolution of pairwise
interactions is distributed among community members, we first fit
competition models to our fitness data. Our models are modified

Ricker models as used in Mayfield and Stouffer (2017), specifically,
i = Aehiedm, ()

where the fitness (@) of individual m from focal population i is de-
termined by the intrinsic rate of increase of population i (1) modified
by interactions with neighbours (I, ) and overall effects of neighbour
density (D,,). I,.; is described by the linear function:

S
’mi = Zi=1 a’,'ij, (2)

where each neighbour species j impacts the fitness of individual
m by the product of its per capita impact on focal population i (aij)
and its abundance (Nj), summed across all species in the interaction

100 0 30 60 90
Neighbour density

neighbourhood. When we refer to ‘interaction strengths’, we are refer-
ring to the magnitude of a; (weaker when closer to O; Hart et al., 2018).
a; are competitive when values are negative and facilitative when val-
ues are positive. For example, if a; is negative and of value x, then we
would interpret this value to represent the magnitude of decrease in
log(fitness) of population i for each added individual of species j. Thus,
a; is species specific, and need not be symmetric between two species
(i.e. species i may impact species j more than species j impacts species
i). I; can be viewed as the total effect of all neighbours in the neigh-
bourhood surrounding individual m.

Term D, ; is needed because we detected nonlinear effects of
density on fitness, which may reflect a common effect of density
(e.g. through effects on microclimate, conspicuousness to herbi-
vores) that is not attributable to any one neighbour species. D, . is
defined by:

D=L 21‘5:1 N +Q (ziil Nj>2’ ¥

where L; is the linear effect of total neighbour density (i.e. summed den-
sities of all species) and Q; is the quadratic effect; L;and Q, are computed
using the ‘poly’ function in R, as described earlier. Note the absence
of subscript j means that density effects are not species specific, as
species-specific effects are absorbed by I, .. Models that included term
D, significantly improved model fit compared to one without this term,
and was thus retained in our final model, for the low-fitness garden only
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(AAIC = 0.7, Adeviance = 16.7, p = 0.034). Some species in the commu-
nity occurred at very low relative abundances (Figure S4), meaning that
there was not sufficient statistical power to fit a separate a;. For this
reason, for each common garden, we fit separate a; values for seven
of the most abundant species, which made up 95.1% (high-fitness gar-
den) and 96.2% (low-fitness garden) of total abundance—the remaining
species were included in D, ; as contributing to total neighbour density.

Using Equation 1 as our base model, we used glme models to

test whether 4, a;, L; (linear effect defined in Equation 2), and Q,

i
(quadratic effect éefined in Equation 3) differed among local and
foreign populations (i.e. by including microevolutionary history as an
interaction term with each). Here we are specifically interested in
whether there are instances of significant a; X microevolutionary
history interactions, which species j they occur for, and whether a;

is higher or lower for populations with local versus foreign histories.

3 | RESULTS

3.1 | Summary

We found strong effects of evolutionary history on fitness and in-
teractions with populations of B. hordeaceus that differed among
our two common garden sites (Figures 1 and 2). As such, below, we

describe the results from each common garden separately, and, in
our Discussion, explore explanations for differences we observed
between the gardens. Our findings run contrary to classic theory
of coevolution among competitors, which predict a general weak-
ening of interaction strengths as coevolution proceeds (Brown &
Wilson, 1956).

3.2 | Local (mal)adaptation

Evidence of local adaptation differed between the common gardens,
and the strength of this effect depended on the presence or absence
of neighbours. At the high-fitness site, in contrast to our hypoth-
eses, local adaptation was statistically unaffected by the presence
of neighbours [i.e. insignificant neighbours x microevolutionary his-
tory interaction (;(2 = 2.5, p =0.118); Figure 1a], in part because we
did not find any evidence of local adaptation at all [i.e. local fitness
# foreign fitness (;(2 = 2.0, p = 0.159)]. This was true even though
average fitness of all populations was significantly reduced when
neighbours were present (> = 68.8, p < 0.001), indicating that
neighbours strongly competed with B. hordeaceus (Figure S5) even if
local B. hordeaceus did not perform best in this competitive environ-
ment. By contrast, at the low-fitness site (Figure 1b), local and for-
eign populations performed equally in intact communities, whereas
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FIGURE 2 Differences in the strength of per capita impacts of each neighbour species on the conditional component of fitness of local
versus foreign Bromus hordeaceus individuals. (a, c) The per capita direct interaction coefficients of each neighbour species on the fitness of
foreign (F) versus local (L) B. hordeaceus populations, with 95% confidence intervals. Interaction coefficients are plotted for all species on
the same y-axis scales and are fitted estimates from our glmmTMB models. Negative coefficients are competitive interactions and positive
coefficients are facilitative interactions. (b, d) The density dependence of B. hordeaceus fitness in response to the density of conspecific
neighbours, contrasting among contrasted among local (blue, solid line) and foreign (red, dashed line) populations. These graphs correspond
exactly to the blue subpanels in (a, c). Data from the high-fitness garden (a, b) and low-fitness garden (c, d) are shown separately. Point
colours correspond to different species, shown in Figure 3. Dots at the top of panels indicate significance of differences among local and
foreign populations (" = p < 0.10, ‘.. = p < 0.05). See Figure 3 for outputs from the conditional component
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the removal of neighbours led to extreme maladaptation of the local
population [i.e. neighbours x microevolutionary history interaction
(;(2 = 4.4, p = 0.035); Figure 1b]. Fitness of local populations de-
creased when neighbours were removed, indicating that neighbours
had a facilitative effect, whereas the fitness of foreign populations
declined in the presence of neighbours (Figure S5).

We additionally tested how fitness was affected by neighbours
when neighbours were treated as a continuous predictor variable
(Figure 1c,d; Figure S6). Although these analyses reveal the same
general insights as our analyses based on the presence or absence
of neighbours, they additionally show that fitness responds non-
linearly to neighbour density. For nearly all populations in both
gardens, fitness decreased with increasing neighbour density (i.e.
significant neighbour density effect in both gardens [p < 0.001]), and
these density effects were most pronounced (i.e. steepest slope) at
low to intermediate densities. However, there was one interesting
exception—fitness of the local population in the low-fitness garden
experienced positive-density dependence at low densities, peaking
at a density of ~70 neighbours, then transitioned to negative-density
dependence at greater densities. This form of nonlinearity, where
density dependence is positive at low densities, is characteristic of
facilitation due to microsite amelioration.

Lastly and interestingly, because zero-inflated models best fit
our data, we were able to decompose the reproductive success of
germinated individuals into the conditional and zero-inflated com-
ponents (Table S1); here, the closest biological interpretation of
these two components is seed production of plants that survived
to reproduce versus those that died before reproducing, with the
latter causing an excess of zeros beyond those predicted by a nega-
tive binomial distribution (Blasco-Moreno et al., 2019). At both sites,
both the conditional and zero-inflated components were negatively
affected by neighbour density. However, in the low-fitness garden,
the significantly reduced fitness at low densities of the local popula-
tions was driven by the zero-inflated component only (i.e. significant
microevolutionary history effect; ;(2 = 1.0, p = 0.003), whereas the
difference in response to neighbour density among local and foreign
populations was caused by the conditional (i.e. count) component
only (i.e. significant neighbour density x microevolutionary history
effect; ;(2 = 9.8, p = 0.023). Note that these analyses were per-
formed on individuals that germinated. If we repeat our analyses to
include non-germinated individuals, which further inflates the non-
zero component, our results are qualitatively unchanged (Table S2).
Germination rates were unaffected by microevolutionary history
(Table S3; Figure S7).

3.3 | Evolution of interaction strengths

We asked whether the evolution of interaction strengths evolved
evenly and consistently across all community members, or if evo-
lution was caused by a few species with disproportionately strong
effects. Evidence from our study was most consistent with the hy-
pothesis that the evolution of interaction strengths is driven by a

few species with disproportionately strong effects, though patterns
differed somewhat between the two gardens. In the high-fitness
garden, two of seven species had distinguishable impacts on the
fitness of B. hordeaceus [one via the conditional model component
(Figure 2a), one via the zero-inflated model component (Figure S8a)].
The nature of these impacts depended on whether B. hordeaceus
was local or foreign to the garden site (i.e. significant species x mi-
croevolutionary history interaction; Table S1). Competition with
a non-native exotic congener Bromus diandrus (magenta points;
p = 0.006) was more intense for the local B. hordeaceus population
compared to foreign populations (Figure 2a), whereas with a non-
native herb Centaurea melitensis (purple points; p = 0.032), competi-
tion was significantly weaker (Figure S8a). Three other species had
marginally significant differences in impact on local versus foreign
populations (Figure 2a; Figure S8a), some of which involved a weak-
ening or strengthening of facilitation.

In the low-fitness garden, we obtained two main results, which
contrast those of the high-fitness garden. First, local populations
were impacted by competition more strongly than foreign popula-
tions by nearly every neighbour species (Figure 2b)—in other words,
the direction of evolved differences was consistent. For two neigh-
bour species, these differences inimpact were significant differences
(p < 0.05), specifically, Clarkia gracilis (yellow points; p = 0.0346) and
Hemizonia congesta (red points; p = 0.024). Two additional species
exhibited marginally significant higher impacts on local populations
of B. hordeaceus [i.e. Bromus hordeaceus (blue points; p = 0.057) and
Lolium multiflorum (purple points; p = 0.089)]. Second, unlike in the
high-fitness garden, significant differences in impacts among local
and foreign B. hordeaceus populations were only observed through
the conditional model component and not through the zero-inflated
model component (Figure S8b). As described earlier, the biological
interpretation of the conditional model component in our dataset
can be thought of as the probability that plants that successfully
reached reproductive maturity produced x number of seeds. By
contrast, the zero-inflated component relates to the probability that
plants failed to reach reproductive maturity at all, causing an excess
of zeros.

4 | DISCUSSION

An unresolved question in evolutionary biology is how evolution
proceeds in diverse ecological communities (Strauss et al., 2005;
Thompson, 1999). Ecological theory recognizes that the main-
tenance of species depends on species' interaction strengths—
whether populations are more strongly influenced by many weak or
a few strong interactions (Levine et al., 2017; McCann et al., 1998).
We applied this theory to an experiment conducted in diverse natu-
ral communities to show that interaction strengths depend on spe-
cies' microevolutionary histories. We show that the strength of local
(mal)adaptation within populations depends on whether fitness was
tested in the presence or absence (or more generally, with density) of
neighbours, as well as on the environmental conditions of common



8 Journal of Ecology

GERMAIN ET AL.

gardens. As we will describe, our findings are not consistent with
common theories in interesting ways, generating new, general hy-
potheses that emerge from our specific findings.

Arecent meta-analysis of 125 local adaptation studies performed
under natural field conditions found that, on average, biotic interac-
tions had no effect on the strength of local adaptation (Hargreaves
et al., 2020), a finding with two alternative explanations that can be
distinguished with our data. The first explanation is that biotic inter-
actions simply do not influence local adaptation, whereas the sec-
ond is that biotic interactions have opposing (and thus averaged out)
effects, both between gardens within studies and across different
studies, helping local adaptation in some cases and hindering it in
others. Our results point towards the latter explanation: the pres-
ence of neighbours impacted the strength of local adaptation at only
one common garden site and in an unexpected way (Figure 1b), with
two levels of inference. First, differences between common gardens
arose even though local adaptation was tested at each site using the
same four populations in the same year at the same reserve. This
suggests that details of the environment are hugely important for
whether local adaptation is observed or not (O'Brien et al., 2018),
and that across an environmental gradient, one might find opposing
outcomes for local adaptation. Second, as an extension, the scope of
studies included in a meta-analysis, performed with different spe-
cies in many different parts of the world, would likely yield an even
greater diversity of outcomes, a reality that is likely to show an aver-
age of no difference when taken together.

Classic evolutionary theory predicts a weakening of competitive
interactions as competitors evolve in each other’s presence (Brown
& Wilson, 1956; Grant, 1972), an outcome that has been countered
by more recent theory (Abrams, 1986; Fox & Vasseur, 2008) and ex-
periments that compete pairs of species (Germain et al., 2020; Hart
etal.,2019). In our study, instances in which local populations evolved
weaker interspecific interactions with some species were matched
by those that evolved stronger interactions. Several neighbour spe-
cies did not differ in their impacts on local and foreign B. hordeaceus,
and some were facilitative instead of competitive; note that we can-
not predict the ultimate outcome of evolution for the persistence
of B. hordeaceus populations, as doing so would require knowledge
of evolved differences in B. hordeaceus’s impact on other species
(Levine et al., 2017; Pastore et al., 2021). Neighbour species evolved
similarly consistent effects in one garden (the low-fitness garden) but
not the other (the high-fitness garden). Despite a clear understand-
ing that the biotic and abiotic environment influence evolution, our
understanding of how and in what ways evolutionary outcomes will
differ among neighbour species and environments remains surpris-
ingly understudied (O'Brien et al., 2018). Although answering this
question would require many replicated gardens and enough species
to perform statistical tests, at its core are two interrelated factors: (a)
per-capita interaction strengths (a,.j) and (b) total abundances of indi-
viduals (Nj; Billick & Case, 1994; Germain, Williams, et al., 2018; Hart
et al., 2019). Mathematically, we know that a; and Nj determine the
total amount of competition species j exerts on speciesi (i.e. a; X Nj),
which by extension, affects how strongly a given species at a given

site imposes selection pressures on another species. Whether inter-
action strengths evolve to increase or decrease depends on whether
the greatest fitness gains are to be made by specializing to better
compete for the same or a different set of resources/microsites
used by a competitor (see figure 2 in Germain et al., 2020), which
in part depends on the resource environment itself (Germain, Hart,
et al., 2021; Pastore et al., 2021).

Although we expect the above arguments to apply to any in-
teraction involving two or more species, when applied to diverse
communities, one additional factor complicates the evolution of
interaction strengths. Connell (1980) and Hubbell (2006) predicted
that the possibility of coevolution between pairs of interacting spe-
cies declines as competition becomes increasingly diffuse. Diffuse
competition is defined as ‘the combined, usually weak, effects
of many or most members of a community upon a given species’
(Moen, 1989). In order for interaction strengths to evolve between
a given pair of species in a community, they must interact often
enough and strongly enough for selection to be consistent. The
consistency of selection between any pair of species decreases as
diversity increases (both species richness and evenness), especially
if one or both species are relatively rare (Pease, 1984). We can make
some inferences about the consistency of selection by looking at
two aspects of community structure at both gardens. First, at each,
the abundances of species varied dramatically in space, even among
adjacent neighbourhoods (Figure 3a,b) and certainly below the spa-
tial scale of dispersal (Richardson et al., 2014). This means that, for a
hypothetical example, B. hordeaceus individuals with genotypes able
to compete well against V. microstachys may be positively selected
for in one neighbourhood but selected against in another, caus-
ing variation in the strength of selection across neighbourhoods.
Second, at both gardens, B. hordeaceus was by far the most abun-
dant species, making up over half (low-fitness garden) to two-thirds
(high-fitness garden) of all neighbours in an average neighbourhood
(Figure 3). As a consequence, every species had a high probability
of interacting with B. hordeaceus, including B. hordeaceus itself, and
rarer species might have additionally been more subject to genetic
drift. Under these conditions, we might hypothesize that neighbour
species would experience selection pressure to better contend with
local B. hordeaceus (Lankau, 2011), to a much stronger degree than
the selection pressure B. hordeaceus would experience to contend
with specific (rarer) neighbour species. This would explain why evo-
lution was frequently to the detriment of local B. hordeaceus (causing
local maladaptation) and why several of the strongest differences
in neighbour impacts on local versus foreign B. hordeaceus popu-
lations we observed came from neighbour species that, relative to
B. hordeaceus, were rare (e.g. Centaurea melitensis).

In the low-fitness garden, our process of analysis to understand
an unintuitive result has led to a new hypothesis on the possible
scale of biological organization to which populations are evolving
in communities (e.g. species specific vs. community specific). As
described earlier, adding nonlinear effects of total density on fit-
ness into our model significantly improved model fit. The question
now becomes, are species-specific interaction coefficients truly
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nonlinear or have B. hordeaceus populations evolved to an environ-
ment that is defined by a specific composition of neighbours? Said
another way, if individuals perform poorly at low densities (e.g.
suboptimal microclimate, conspicuous to herbivores), then does it
matter if individuals are surrounded by specific neighbour species x
versus neighbour species y, or by a general community of neighbour
species? This work highlights the need for a more nuanced biological
interpretation of an interaction coefficient: that positive and nega-
tive interactions are not simply indicative of facilitation or competi-
tion, respectively, but their net balance (Martyn et al., 2021; O'Brien
et al., 2018). Although disentangling negative and positive interac-
tions are not necessary to understand the dynamical consequences
of a given interaction, doing so may be crucial if the goal is to under-
stand why interactions change in strength in different environments
(e.g. does an interaction weaken with evolution in a certain envi-
ronment because competition is weakening or because facilitation
is strengthening?). Unfortunately, we do not have environmental
or community data for all four source populations, but anecdotally,

both foreign populations were from sites similarly or more ‘harsh’
abiotically (from the perspective of our non-native B. hordeaceus)
than the low-fitness garden. This suggests that the facilitative effect
of neighbours on the fithess of the local population is not purely a
consequence of adaptation to harsh conditions, but rather, how that
abiotic harshness is experienced within that garden’s specific biotic
community. Recovery from low densities is an important strategy
for persistence in our study system (Levine & Rees, 2004), a system
that is subject to extreme episodic drought and made more difficult
by harsh soil substrates that lack a protective litter layer and hinder
survival (hence, strongest effects through the zero-inflated model
component; Armstrong et al., 1992; ElImendorf & Harrison, 2013).

In sum, we provide a rare glimpse into how the evolution of pair-
wise interactions is distributed among species in natural, heteroge-
neous ecological communities. We began with simple predictions of
how interspecific interactions might have evolved in ecological com-
munities and how past evolution might influence local adaptation,
with clear alternative expectations of where and why our predictions
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might fail. Our predictions were derived from a multispecies exten-
sion of what has been learned from individual studies involving spe-
cies pairs. What we found instead was not consistent with any theory
we are aware of—maladaptation, non-linear density effects, large
differences in outcomes among garden sites, and microevolutionary
history having some of the strongest effects on interactions with rare
species. Future research could consider repeating our experiments
with many source populations in a reciprocal transplant design, to
better identify characteristics of source and garden populations that
combine to shape interaction strengths. An additional point worth
making is that the link between absolute individual fitness and per
capita population growth rates is often described as a natural bridge
for eco-evolutionary research (Edelaar & Bolnick, 2019); however, it
is not often acknowledged that when we are dealing with average fit-
ness of individuals in populations, these two quantities are one in the
same. In other words, we are able to understand dynamical feedbacks
that regulate populations through individual fitness.

Although our findings open up more new questions than they

answer, here is what we have learnt in our system:

1. testing local adaptation in the absence of neighbours can result
in erroneous estimates of its strength under natural conditions

2. the evolution of pairwise interactions is conditional on site condi-
tions and unfolds differently among species

3. density dependence can be shaped by recent microevolutionary

history

We view these results as evidence expanding our knowledge
of what can happen in evolving communities, not of what happens
most of the time or of why it happened. In general, the complexity
and nuance of our results, and their lack of alignment with any the-
ory we know of, highlights the need for a more extensive, integra-
tive, and eventually, reductionist theory of how evolution unfolds
in diverse natural communities. Such a theory should examine eco-
logical processes that determine how strongly interactions are real-
ized between any two species across space and through time (Poisot
et al., 2015), affecting the strength, direction and consistency of

selection acting on populations.

ACKNOWLEDGEMENTS

This research was supported by funding to R.M.G. by the Killam Trust,
the UBC Biodiversity Research Centre and an NSERC Discovery
Grant (2019-04872). We thank the Germain lab, the Angert lab, Trace
Martyn, Malyon Bimler, Jeannette Whitton and anonymous reviewers
for helpful comments on an earlier version of this manuscript. We also

thank Cathy Koehler and Paul Aigner for field assistance.

CONFLICT OF INTEREST

The authors have no conflicts of interest to declare.

AUTHORS' CONTRIBUTIONS
R.M.G. conceived of this research and its design; R.M.G., M.U.-C.
and N.T.J. performed all the fieldwork; R.M.G., M.R. and N.T.J.

analysed the data; R.M.G. wrote the first draft of the paper, and all

authors provided substantial feedback and revisions.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/1365-2745.13838.

DATA AVAILABILITY STATEMENT

All data and code are publicly archived via Zenodo https://doi.org/
10.5281/zenodo0.5818024 (Germain, Urquhart-Cronish, et al., 2021).
Please contact R. Germain if interested in using the data.

ORCID

Rachel M. Germain "= https://orcid.org/0000-0002-1270-6639

Natalie T. Jones " https://orcid.org/0000-0001-5114-7123
Margaret M. Mayfield " https://orcid.org/0000-0002-5101-6542

REFERENCES

Abrams, P. A. (1986). Character displacement and niche shift analyzed
using consumer-resource models of competition. Theoretical
Population Biology, 29(1), 107-160.

Adler, P. B., HilleRisLambers, J., Kyriakidis, P. C., Guan, Q., & Levine, J.
M. (2006). Climate variability has a stabilizing effect on the coex-
istence of prairie grasses. Proceedings of the National Academy of
Sciences of the United States of America, 103(34), 12793-12798.

Anacker, B. L. (2014). The nature of serpentine endemism. American
Journal of Botany, 101(2), 219-224.

Armstrong, J. K. & Huenneke, L. F. (1992). Spatial and temporal variation
in species composition in California grasslands: The interaction of
drought and substratum. The vegetation of ultramafic (serpentine)
soils. First international conference on serpentine ecology (pp.
213-233). Intercept Ltd.

Bell, G. (2010). Fluctuating selection: The perpetual renewal of adap-
tation in variable environments. Philosophical Transactions of the
Royal Society of London, Series B, Biological Sciences, 365(1537),
87-97.

Billick, I., & Case, T. J. (1994). Higher order interactions in ecological com-
munities: What are they and how can they be detected? Ecology,
75(6), 1529-1543.

Bimler, M. D., Stouffer, D. B., Lai, H. R., & Mayfield, M. M. (2018). Accurate
predictions of coexistence in natural systems require the inclusion
of facilitative interactions and environmental dependency. The
Journal of Ecology, 106(5), 1839-1852.

Blasco-Moreno, A., Pérez-Casany, M., Puig, P., Morante, M., & Castells,
E. (2019). What does a zero mean? Understanding false, random
and structural zeros in ecology. Methods in Ecology and Evolution,
10(7), 949-959.

Brown, W. L., & Wilson, E. O. (1956). Character displacement. Systematic
Zoology, 5(2), 49-64.

Chase, J. M. (2010). Stochastic community assembly causes higher bio-
diversity in more productive environments. Science, 328(5984),
1388-1391.

Connell, J. H. (1980). Diversity and the coevolution of competitors, or the
ghost of competition past. Oikos, 35(2), 131.

Dean, E. (2012). In B. G. Baldwin, D. H. Goldman, D. J. Keil, R. Patterson,
T. J. Rosatti, & D. H. Wilken (Eds.), The Jepson manual vascular plants
of California (Vol. 58, 2nd ed., pp. 273-274). University of California
Press.

Edelaar, P., & Bolnick, D. I. (2019). Appreciating the multiple processes
increasing individual or population fitness. Trends in Ecology &
Evolution, 34(5), 435-446.


https://publons.com/publon/10.1111/1365-2745.13838
https://publons.com/publon/10.1111/1365-2745.13838
https://doi.org/10.5281/zenodo.5818024
https://doi.org/10.5281/zenodo.5818024
https://orcid.org/0000-0002-1270-6639
https://orcid.org/0000-0002-1270-6639
https://orcid.org/0000-0001-5114-7123
https://orcid.org/0000-0001-5114-7123
https://orcid.org/0000-0002-5101-6542
https://orcid.org/0000-0002-5101-6542

GERMAIN ET AL.

Journal of Ecology 11

Elmendorf, S. C., & Harrison, S. P. (2013). Temporal variability and nest-
edness in California grassland species composition. Ecology, 90(6),
1492-1497.

Fox, J. W., & Vasseur, D. A. (2008). Character convergence under compe-
tition for nutritionally essential resources. The American Naturalist,
172(5), 667-680.

Gac, M. L., Plucain, J., Hindre, T., Lenski, R. E., & Schneider, D. (2012).
Ecological and evolutionary dynamics of coexisting lineages
during a long-term experiment with Escherichia coli. Proceedings
of the National Academy of Sciences of the United States of America,
109(24), 9487-9492.

Gause, G. F. (1932). Experimental studies on the struggle for exis-
tence. |. Mixed populations of two species of yeast. The Journal of
Experimental Biology, 9, 389-402.

Germain, R. M., Hart, S. P,, Turcotte, M. M., Otto, S. P., Sakarchi, J.,
Rolland, J., Usui, T., Angert, A. L., Schluter, D., Bassar, R. D.,
Waters, M. T., Henao-Diaz, F., & Siepielski, A. M. (2021). On the
origin of coexisting species. Trends in Ecology & Evolution, 36(4),
284-293.

Germain, R. M., Mayfield, M. M., & Gilbert, B. (2018). The ‘filtering’ meta-
phor revisited: Competition and environment jointly structure inva-
sibility and coexistence. Biology Letters, 14(8), 201804 60.

Germain, R. M., Srivastava, D., & Angert, A. L. (2020). Evolution of an in-
ferior competitor increases resistance to biological invasion. Nature
Ecology & Evolution, 4(3), 419-425.

Germain, R. M., Urquhart-Cronish, M., Jones, N. T., Mayfield, M. M., &
Raymundo, M.. (2021). Data from: The strength and direction of
local (mal)adaptation depends on neighbour density and the envi-
ronment. Zenodo, https://doi.org/10.5281/zenodo.5818024

Germain, R. M., Williams, J. L., Schluter, D., & Angert, A. L. (2018).
Moving character displacement beyond characters using con-
temporary coexistence theory. Trends in Ecology & Evolution,
33(2), 74-84.

Gilbert, B., & Levine, J. M. (2013). Plant invasions and extinction debts.
Proceedings of the National Academy of Sciences of the United States
of America, 110(5), 1744-1749.

Grainger, T. N., Letten, A. D., Gilbert, B., & Fukami, T. (2019). Applying
modern coexistence theory to priority effects. Proceedings of the
National Academy of Sciences of the United States of America, 116(13),
6205-6210.

Grant, P. R. (1972). Convergent and divergent character displacement.
Biological Journal of the Linnean Society. Linnean Society of London,
4(1), 39-68.

Hargreaves, A. L., Germain, R. M., Bontrager, M., Persi, J., & Angert, A.
L. (2020). Local adaptation to biotic Interactions: A meta-analysis
across latitudes. The American Naturalist, 195(3), 395-411.

Harrison, S., & Rajakaruna, R. (2011). Serpentine: The evolution and ecol-
ogy of a model system. University of California Press.

Hart, S. P, Freckleton, R. P., & Levine, J. M. (2018). How to quantify com-
petitive ability. Journal of Ecology, 106(5), 1902-1909.

Hart, S., Turcotte, M., & Levine, J. (2019). Effects of rapid evolution on
species coexistence. Proceedings of the National Academy of Sciences
of the United States of America, 116, 2112-2117.

Hausch, S. J., Fox, J. W., & Vamosi, S. M. (2017). Coevolution of compet-
ing Callosobruchus species does not stabilize coexistence. Ecology
and Evolution, 7(16), 6540-6548.

Hubbell, S. P. (2006). Neutral theory and the evolution of ecological
equivalence. Ecology, 87(6), 1387-1398.

Jackson, L. E. (1985). Ecological origins of California’'s Mediterranean
grasses. Journal of Biogeography, 12(4), 349-361.

Johnson, L. C., Galliart, M. B., Alsdurf, J. D., Maricle, B. R., Baer, S. G,,
Bello, N. M., Gibson, D. J., & Smith, A. B. (2021). Reciprocal trans-
plant gardens as gold standard to detect local adaptation in grass-
land species: New opportunities moving into the 21st century. The
Journal of Ecology, 1-18. https://doi.org/10.1111/1365-2745.13695

Lancaster, L. T., Morrison, G., & Fitt, R. N. (2017). Life history trade-offs,
the intensity of competition, and coexistence in novel and evolving
communities under climate change. Philosophical Transactions of
the Royal Society of London. Series B, Biological Sciences, 372(1712),
1-10.

Lankau, R. A. (2011). Rapid evolutionary change and the coexistence of
species. Annual Review of Ecology, Evolution, and Systematics, 42(1),
335-354.

Levine, J. M., Bascompte, J., Adler, P. B., & Allesina, S. (2017). Beyond
pairwise mechanisms of species coexistence in complex communi-
ties. Nature, 546, 56-64.

Levine, J. M., & Rees, M. (2004). Effects of temporal variability on rare
plant persistence in annual systems. The American Naturalist,
164(3), 350.

MacArthur, R., & Levins, R. (1967). The limiting similarity, convergence,
and divergence of coexisting species. The American Naturalist, 101,
377-385.

Magnusson, A., Skaug, H., Nielsen, A., Berg, C., Kristensen, K., Maechler,
M., van Bentham, K. J., Bolker, B. M., & Brooks, M. E. (2017). glm-
mTMB: Generalized linear mixed models using template model builder.
R Package Version 0. 1, 3. R Core Team.

Martyn, T. E., Stouffer, D. B., Godoy, O., Bartomeus, |., Pastore, A. |,
& Mayfield, M. M. (2021). Identifying ‘useful’ fitness models:
Balancing the benefits of added complexity with realistic data
requirements in models of individual plant fitness. The American
Naturalist, 197(4), 415-433.

May, R. M., & MacArthur, R. H. (1972). Niche overlap as a function of
environmental variability. Proceedings of the National Academy of
Sciences of the United States of America, 69(5), 1109-1113.

Mayfield, M. M., & Stouffer, D. B. (2017). Higher-order interactions
capture unexplained complexity in diverse communities. Nature
Ecology & Evolution, 1(3), 62.

McCann, K., Hastings, A., & Huxel, G. R. (1998). Weak trophic interac-
tions and the balance of nature. Nature, 395, 794.

Moen, J. (1989). Diffuse competition: A diffuse concept. Oikos, 54,
260-263.

Nuvoloni, F. M., Feres, R. J. F., & Gilbert, B. (2016). Species turnover
through time: Colonization and extinction dynamics across meta-
communities. The American Naturalist, 187(6), 786-796.

O’Brien, A. M., Sawers, R. J. H., Ross-Ibarra, J., & Strauss, S. Y. (2018).
Evolutionary responses to conditionality in species interactions
across environmental gradients. The American Naturalist, 192(6),
715-730.

Pastore, A. |, Barabas, G., Bimler, M. D., Mayfield, M. M., & Miller, T. E.
(2021). The evolution of niche overlap and competitive differences.
Nature Ecology & Evolution, 5(3), 330-337.

Pease, C. M. (1984). On the evolutionary reversal of competitive dom-
inance. Evolution; International Journal of Organic Evolution, 38(5),
1099-1115.

Poisot, T., Stouffer, D. B., & Gravel, D. (2015). Beyond species: Why eco-
logical interaction networks vary through space and time. Oikos,
124(3), 243-251.

Pritchard, J. R., & Schluter, D. (2001). Declining interspecific competition
during character displacement: Summoning the ghost of competi-
tion past. Evolutionary Ecology Research, 3, 209-220.

Richardson, J. L., Urban, M. C,, Bolnick, D. I., & Skelly, D. K. (2014).
Microgeographic adaptation and the spatial scale of evolution.
Trends in Ecology & Evolution, 29(3), 165-176.

Strauss, S. Y., Sahli, H., & Conner, J. K. (2005). Toward a more trait-
centered approach to diffuse (co)evolution. The New Phytologist,
165(1), 81-89.

terHorst, C. P, Zee, P. C., Heath, K. D., Miller, T. E., Pastore, A. |, Patel,
S., Schreiber, S. J., Wade, M. J., & Walsh, M. R. (2018). Evolution in
a community context: Trait responses to multiple species interac-
tions. The American Naturalist, 191(3), 368-380.


https://doi.org/10.1111/1365-2745.13695

12 Journal of Ecology

GERMAIN ET AL.

Thompson, J. N. (1999). The evolution of species interactions. Science,
284,2116-2119.

Tuomisto, H., Ruokolainen, K., & Yli-Halla, M. (2003). Dispersal, environ-
ment, and floristic variation of western Amazonian forests. Science,
299(5604), 241-244.

Urban, M. C., Leibold, M. A., Amarasekare, P., De Meester, L.,
Gomulkiewicz, R., Hochberg, M. E., Klausmeier, C. A., Loeuille, N.,
de Mazancourt, C., Norberg, J., Pantel, J. H., Strauss, S. Y., Vellend,
M., & Wade, M. J. (2008). The evolutionary ecology of metacom-
munities. Trends in Ecology & Evolution, 23(6), 311-317.

Vasseur, D. A., Amarasekare, P., Rudolf, V. H. W., & Levine, J. M. (2011).
Eco-evolutionary dynamics enable coexistence via neighbor-
dependent selection. The American Naturalist, 178(5), E96-E109.

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: Germain, R. M., Urquhart-Cronish,
M., Jones, N. T., Mayfield, M. M., & Raymundo, M. (2022).
The strength and direction of local (mal)adaptation depends
on neighbour density and the environment. Journal of
Ecology, 00, 1-12. https://doi.org/10.1111/1365-2745.13838



https://doi.org/10.1111/1365-2745.13838

