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Abstract

1. Interactions among neighbours can alter demography and traits of commingled
species via adaptation or plasticity in phenotypic expression, and understanding
these two mechanisms in diverse communities is important for determining the
ecological and evolutionary consequences of plant-plant interactions.

2. We reciprocally transplanted perennial species (Arenaria armerina and Festuca
indigesta) among patches of two foundation shrub species and open ground
to assess whether origin microsite (defined as the spatially distinct abiotic and
biotic conditions associated with the two shrubs and open ground) determines
germination, recruitment and growth that, in turn, promotes fine-scale distri-
bution of species among microsites. In addition, we tested the effect of origin
microsite on traits, competitive ability, drought tolerance and outlier loci to assess
whether origin microsite conditions drove differences in traits, strategies and
adaptive loci.

3. Germination was consistently greater for seeds planted back into their origin mi-
crosite relative to seeds sourced from foreign microsites, although this effect was
weakened for recruitment. Plant growth was best in open sites regardless of origin
microsite. In the greenhouse, A. armerina had conserved traits within origin micro-
site but distinct trait values among environmental conditions, specifically plants
originating from the most productive microsite (e.g. sufficient light, high nutrients
and improved water availability) had distinct trait values. Festuca indigesta had con-
served trait responses among microsites while within microsite, individuals had sig-
nificant trait plasticity to different environmental conditions. The combined field
and greenhouse results suggest that fine-scale distributions are supported by local
adaptation among microsites of A. armerina and phenotypic plasticity of F. indigesta.

4. Synthesis. Adaptation or plasticity in phenotypic expression has different implica-
tions for demographic rate and persistence of species in changing environments.
Local adaptation to neighbours suggests that reductions in foundation species

diversity could concomitantly lead to reduced genetic diversity of commingled
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1 | INTRODUCTION

Interactions among plants, both direct and indirect, are funda-
mental drivers of community assembly (Kraft et al., 2015), species
coexistence (Adler et al., 2018) and responses to climatic changes
(Alexander, Diez, & Levine, 2015; O'Brien, Reynolds, Ong, &
Hector, 2017). Plants impact their neighbours via a range of interac-
tions including competition for resources (O'Brien, Reynolds, et al.,
2017), amelioration of stressful conditions through facilitation
(Schob, Butterfield, & Pugnaire, 2012) and by mediating mutualisms
such as pollinators (Losapio et al., 2019) and soil microbes (Hortal
et al., 2017). Ecological research has largely focused on the role of
plant interactions that drive ecosystem functioning and community
resilience (Tilman, Reich, & Knops, 2006; Wagg et al., 2017), while
there has been less emphasis on the effect of plant interactions for
structuring genetic diversity and species distributions, especially at
fine-spatial scales (Castellanos, Donat-Caerols, Gonzalez-Martinez,
& Verdud, 2014; Cheng Choon et al., 2016; Ehlers, Damgaard, &
Laroche, 2016; Thorpe, Aschehoug, Atwater, & Callaway, 2011).
Local adaptation is a process driving genetic diversity among
plant populations within species. Biotic interactions among plants
may promote local adaptation indirectly by altering local abiotic
conditions or directly through competition that selects for geno-
types with improved acquisitive strategies (Aarssen, 1989; Ehlers
et al., 2016; Germain, Williams, Schluter, & Angert, 2018; Hart,
Turcotte, & Levine, 2019; Turkington & Harper, 1979). However,
connecting local adaptation explicitly to plant interactions is chal-
lenging due to the presence of additional environmental and biotic
factors such as soil nutrients, soil microbes and climatic conditions
(Thorpe et al., 2011). Furthermore, alterations in species strategies
can simply stem from phenotypic plasticity without local adaptation
(Abakumova, Zobel, Lepik, & Semchenko, 2016). Despite these chal-
lenges, understanding whether plant-plant interactions cause local
adaptation is fundamental, since genetic diversity will be associated
with species diversity, which has implications for species persistence
under climate change (Alexander et al., 2015; Lawrence et al., 2012).
The lack of research on the evolutionary consequences of
plant-plant interactions is not surprising because of the difficulty
in explicitly testing interactions among plants in the presence
of other abiotic and biotic factors that may dilute the outcomes
of interactions (Thorpe et al., 2011). Indirect evidence for the role of
plant-plant interactions in natural selection has been found in some
systems (Aarssen & Turkington, 1985; Schéb, Brooker, & Zuppinger-
Dingley, 2018; Turkington & Harper, 1979; van Moorsel et al., 2019;
Zuppinger-Dingley et al., 2014) by interpreting genetic variation

species while a plastic response indicates a more robust and broad response to

changing climatic and biotic conditions.

competition, drought tolerance, evolutionary ecology, facilitation, foundation species,

plant-plant interactions, trade-offs, trait plasticity

across plant neighbours or assessing plant performance in reciprocal
transplant studies (Ehlers et al., 2016; Kawecki & Ebert, 2004; Thorpe
et al., 2011; Turkington & Harper, 1979). Beyond demonstrating the
effect of plant-plant interactions on natural selection, questions
remain regarding the spatial scales at which adaptation can occur
(Leibold, Urban, De Meester, Vanoverbeke, & Klausmeier, 2019;
Richardson, Urban, Bolnick, & Skelly, 2014; Sutherland et al., 2013),
especially for organisms with high phenotypic plasticity in response
to environmental factors that may overshadow adaptive responses
(Abakumova et al., 2016; Chevin, Lande, & Mace, 2010). Evidence
that adaptation can occur at the neighbourhood scale in plant com-
munities exists from studies on old-pasture systems where indi-
viduals of Trifolium repens grew best when planted within patches
dominated by the grass species from which the individual originated
(Aarssen & Turkington, 1985; Turkington & Harper, 1979), likely
driven by the distinct soil microbial communities among species
(Lischer, Connolly, & Jacquard, 1992; Thompson, Turkington, &
Holl, 1990). Since fundamental trade-offs and genetic differentia-
tion were not demonstrated, those results only indirectly support
the selection of genotypes as the underlying driver that promotes
fine-scale distributions and improved demographic rates among
populations.

Here, we used a dry alpine system (characterized by patchy
vegetation created by foundation shrub species) as a model sys-
tem for testing the consequences of plant-plant interactions on
demographic trait variation and potentially adaptive genomic
differentiation. This system has aggregations of perennial herbs
growing within the foundation shrubs alongside nearby open
ground where the herbs grow in isolation. We reciprocally trans-
planted seeds sourced from different microsites (defined as the
spatially distinct abiotic and biotic conditions associated with the
two shrubs and open ground; Figure S1) to test for patterns of local
adaptation (i.e. improved germination, recruitment and growth of
seeds in their origin microsite) as a factor determining the fine-
scale distribution of individuals. We also used controlled green-
house experiments to examine trait expression of plants across
origin microsites to disentangle local adaptation from phenotypic
plasticity as mechanisms underlying the fine-scale distribution of
species. We further tested the effects of competition and drought
on plants originating from different microsites to examine the
potential trade-offs in response to these variables among micro-
sites. We expect that if local adaptation promotes the persistence
of perennial species growing within shrubs and gaps, then seeds
will perform better in their microsite of origin, and the species

will likely show distinct trait differences that are consistent with
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adaptation to the conditions of their origin microsite (e.g. traits
that improve stress tolerance in open ground versus traits for im-

proved competition in shrubs).

2 | MATERIALS AND METHODS
2.1 | Site description

Field work was conducted in the Sierra Nevada Mountains, SE Spain.
The field site (36.9845°N, 3.3232°W) used for the collection of
plants and the field experiment was situated on a gentle slope facing
southwest (225°) at 2,500 m a.s.l. Climate at the study site is alpine
Mediterranean, with dry and hot summers and average annual rainfall
of 690 mm and temperature of 3.9°C. The vegetation at the field site
is dominated by perennial dwarf shrubs including a cushion-forming
legume shrub endemic to the mountains of SE Spain (Cytisus galianoi
TALAVERA & GIBBS; 40% cover of the field site, estimated through
the intersection of the species canopy along five parallel transects
of 25 m, with 10-m distance between transects) and a spiny shrub
from the Brassicaceae family distributed over the west-Mediterranean
mountains (Hormathophylla spinosa (L.) P. KUPFER; 1.2% cover of the
field site). We used these two foundation shrub species (C. galianoi and
H. spinosa) and the surrounding open ground to assess the effect of
plant-plant interactions on smaller perennial plants that grow across
these three microsites.

During a vegetation survey at the study site in summer 2014,
we identified 21 vascular plant species within these microsites
using 150 plots of 400 cm? (50 per microsite) and visually esti-
mated their relative cover per plot. From this characterization, we
selected two focal plants that commonly occur in all three micro-
sites. The two focal plants were a polyploid tussock grass (Festuca
indigesta BOISS; with on average 6.7% cover in the open, 0.9%
cover beneath H. spinosa and 0.7% cover beneath C. galianoi) and
a diploid ligneous herb (Arenaria armerina BORY with on average
0.3% cover in all three microsites). Both species are long-lived
perennial plants, which mature slowly (i.e. reproductive matu-
rity occurs many years after establishment). They differ in their
pollination strategy whereby F. indigesta is wind-pollinated and

A. armerina is insect-pollinated.

2.2 | Field experiment

The field experiment consisted of a reciprocal sowing of F. indigesta and
A. armerina among the three microsites (the canopy areas of C. galianoi
and H. spinosa and the surrounding open ground). Between 15 and 19
August 2014, we collected seed material of the two species from >100
individuals per microsite across the entire study area (for F. indigesta
which clonally propagates in clumps, seeds were collected from sepa-
rate distinct clumps to ensure collection from multiple genets). Seeds
were not significantly different in mass within species across microsites

(see Table S1; Figure S2). The seeds were pooled by species and origin

microsite. Prior to sowing the seeds in each of the microsites, we estab-
lished 90 plots of approximately 10 x 10 cm (30 plots in each microsite)
within an area of approximately 0.3 ha. A group of three plots (one of
each microsite) was clustered together such that the three microsite
plots were available within approximately 4 m? and distances between
clusters were more than 5 m. Consequently, each plot was located
beneath a different shrub or in the open, and locations were chosen
randomly. Prior to sowing, sparsely occurring herbaceous vegetation
within the plot was removed and seeds were sown into bare soil to ho-
mogenize the soil environment across microsites. On 20 August 2014,
we sowed 100 seeds per species from each microsite in each of the 90
plots. Seedling counts for each species in each plot were recorded 1 (6
July 2015) and 2 (5-6 July 2016) years after sowing. Germination was
considered the maximum count recorded for the 2 years, and recruit-
ment was the number of germinates surviving after 2 years (average of
N =5 for species by origin microsite by sown microsite).

In each plot, we determined photosynthetically active radiation
(PAR), soil moisture and soil C and N content. PAR was measured with
a PAR sensor connected to a MINI-PAM-II photosynthesis yield anal-
yser (Heinz Walz GmbH). Soil moisture was measured gravimetrically
by determining soil fresh weight of a sieved (2-mm mesh size) compos-
ite of three subsamples summing to 10 ml (tube of 100 x 16 mm) per
plot, followed by oven-drying the sample for 48 hr at 105°C before
determination of soil dry weight. Analyses of soil C and N content
was conducted on a CHN analyser (LECO Instrument GmbH) with air-
dried subsamples of the above-mentioned composite sample per plot.
These measurements showed three distinct environments. Open sites
had the highest light and lowest water and nutrients. Hormathophylla
spinosa had the lowest light but highest water and nutrients, and

C. galianoi was intermediate in all variables (see Table S2; Figure 1).

2.3 | Drought experiment

For the drought experiment, we grew 10 seeds per pot and 20 pots
of the two species from each of the three microsites in a common
garden experiment in the greenhouse located at the campus of the
University of Zurich (Zurich, Switzerland). Seeds of each species
and from each microsite were sown on 4 February 2015 on com-
mercial mineral soil (Rasenerde, Okohum GmbH) in 1-L pots in the
greenhouse. After germination, and due to low germination and high
mortality rates, we selected the most vigorous seedling—which was
commonly the only healthy individual—and removed all other seed-
lings from the pot. An additional group of A. armerina seeds were
sown on 7 December 2015 due to low germination and survival in
the first planting. Climatic conditions in the greenhouse were similar
between planting rounds with air temperature on average being 19.1
and 18.7°C and air humidity of 57.6% and 55.5% for the first and
second rounds respectively. Each pot was thinned to a single indi-
vidual and initially watered every 3 days to maintain sufficient water
availability for the plants to establish—volumetric soil moisture dur-
ing this establishment phase was 17% (6% SD) measured weekly with
a ML3 ThetaProbe, Delta-T Devices Ltd.
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FIGURE 1 Environmental conditions associated with the microsites. Mean with 95% ClI for (a) photosynthetically active radiation (PAR),
(b) gravimetric soil water content and (c) C:N ratio as a function of the three microsites. Small points represent individual plot measurements

Approximately 1 year after sowing (25 January 2016 for the first
round and 6 December 2016 for the second round), the drought treat-
ment was initiated. It consisted of a reduction of the irrigation frequency
by 66% of the control watering for 147 days (from watering every 3 days
in the control treatment to every 9 days in the drought treatment). The
control pots maintained 17% (6% SD) volumetric soil moisture, and
the drought treatment declined to 7% (6% SD). The second round of
planting received the drought treatment for 126 days. Volumetric soil
moisture of the control was higher during this round (32% with 4% SD)
relative to the first round, but the drought treatment was similar to the
first round of planting (7% with 4% SD). At harvest (20 June 2016 and
11 April 2017 respectively), we initially collected the largest, fully de-
veloped and healthy leaf, which was saturated with water in the dark
overnight and then weighed (i.e. rehydrated leaf mass), scanned for leaf
area measurements using the software ImageJ, then dried at 80°C for
48 hr and weighed again. Leaf dry matter content (LDMC) was then cal-
culated as the ratio of leaf dry mass to rehydrated leaf mass, while leaf
mass area (LMA) was calculated as the ratio of leaf dry mass to leaf area.

Afterwards, all remaining above-ground plant biomass was col-
lected, separated into living (green) and dead (brown) tissue, dried
at 80°C for at least 48 hr and weighed separately. For analyses, we
used only the mass of the living tissue. At the end of the experiment,
there were on average three individuals of A. armerina per microsite
per treatment level (drought and control), and on average nine indi-

viduals of F. indigesta per microsite per treatment level.

2.4 | Competition experiment

For the competition experiment, the target species (A. armerina

and F. indigesta) were grown from seeds in a greenhouse with an

average temperature of 19.6°C and humidity of 57.5%. Seeds were
sown on 7 December 2015 in 1-L pots filled with commercial mineral
soil (Rasenerde, Okohum GmbH). After germination, on 3 February
2016, we thinned pots to one individual per pot (keeping again the
most vigorous individual due to low germination and high mortality
rates) and assigned individuals of each species from each microsite
(F. indigesta: 20 pots per microsite; A. armerina: 17 pots for C. galianoi,
14 for H. spinosa and 11 for the open) into control conditions with no
competitor and competition with a neighbour plant from one of three
species (Dactylis glomerata L., Festuca nigrescens LAM. and Poa prat-
ensis L.). We aimed at more than one competitor species to avoid
potentially species-specific effects of the competitor on one of the
target species (Gaudet & Keddy, 1988). Furthermore, we selected
competitor species previously used as such in competition studies
(e.g. Reader et al., 1994; Wang, Stieglitz, Zhou, & Cahill, 2010). Four
seeds of a competitor were sown and, after germination, were re-
duced to one individual per pot where necessary. On 24 October
2016 (264 days after sowing of the competitors), all above-ground
biomass of individuals per pot was harvested, dried at 80°C for at
least 48 hr and weighed. At the end of the experiment, there were
on average five individuals of A. armerina per microsite per treat-
ment level (competition and no competition), and on average nine
individuals of F. indigesta per microsite per treatment level.

2.5 | Population genomic data generation and
analysis

Population genomic data for A. armerina were obtained using a modi-
fied genotyping-by-sequencing (GBS) protocol (Elshire et al., 2011).

Paired-end Illumina HiSeq 2500 sequence data from leaves of 55
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individuals (17 individuals from C. galianoi, 19 H. spinosa and 19 from
open areas remained) were analysed as described in Annex Al of the
Supporting Information. To summarize, single nucleotide polymor-
phisms (SNPs) were identified using STACKS 2.0 (Catchen, Amores,
Hohenlohe, Cresko, & Postlethwait, 2011). The VCF file of SNPs was
filtered based on a minimum read depth of 10, a minimum of 10,000
variants per individual and a minimum 20% coverage of individuals per
loci. We identified outlier loci with elevated F¢; using Bayescan 2.1
(Falush, Stephens, & Pritchard, 2003). Because genome-wide differ-
entiation among populations was not expected, we used the outliers
to calculate a distance matrix between individuals using an unphased
diploid SNP distance (Foll & Gaggiotti, 2008) using snpdist 0.1 from the
biOP library (https://sourceforge.net/projects/biop/). Detailed meth-
ods of GBS can be found in Annex A1 of the Supporting Information.

2.6 | Statistical analyses

The reciprocal transplant experiment tested the patterns of local
adaptation in seedling germination (maximum count per species per
plot), recruitment (abundance of plant surviving a year) and growth
(biomass). Analysis used generalized linear mixed-effects models
with a Poisson distribution and a log link function for germination
and recruitment and a Gaussian distribution and identity link func-
tion for biomass (see Tables S3-S5). All three variables were analysed
with a model designed to test the response of the local seed planted
into its origin microsite versus foreign-sourced seeds from the other
microsites planted into that same microsite, that is, our main factor
of interest. Each response variable was analysed as a function of spe-
cies (a fixed factor with two levels: A. armerina and F. indigesta), sown
microsite (a fixed factor with three levels: C. galianoi, H. spinosa and
open), a local versus foreign seed source contrast (a fixed factor with
two levels: local and foreign), all possible two-way interactions and
the three-way interaction (see Tables S4-S6).

A significant effect of the local versus foreign term is interpreted
as evidence for local adaptation (Kawecki & Ebert, 2004). A significant
interaction between species and the local versus foreign contrast sug-
gests the magnitude of local adaptation varied by species. A significant
interaction between sown microsite and local versus foreign contrast
suggests sown microsite effects on the magnitude of local adaptation.
Finally, a significant three-way interaction among these terms indi-
cates local adaptation is altered by specific species and sown microsite
relationships. Random terms were defined as block (a factor with 30
levels) and plot (a factor with 90 levels). The model for biomass was
also weighted by abundance to account for variation in seedling den-
sity and variance was estimated separately for each species to account
for heterogeneity. Biomass was log transformed to meet assumptions
of linearity. We also tested a contrast for shrub versus open fit before
sown microsite, but this contrast was not significant, which indicates
sown microsite explains additional variation beyond the shrub and
open categories alone.

Leaf mass area and LDMC from the greenhouse experiments

were analysed separately for each species. Each trait was modelled

as a function of origin microsite (a fixed factor with three levels:
C. galianoi, H. spinosa and open), watering treatment (a fixed factor
with two levels: drought and control) and the two-way interaction
using a linear model with a Gaussian distribution and an identity link
function (see Table S6). LMA was log transformed to meet assump-
tions of linearity. These analyses tested for phenotypic variation
between control and drought conditions among individuals of a spe-
cies from a microsite as well as phenotypic variation within species
among microsites. If traits were statistically different between treat-
ments within microsite but statistically indistinguishable between
microsites, then we assumed phenotypic plasticity in response to
environment. Alternatively, if traits were statistically indistinguish-
able between treatments but different among microsites, then we
assumed genetic differentiation in phenotypes.

Drought and competition responses were assessed by first cal-
culating the relative response to these two treatments using the
relative interaction index (RIl), which is the difference between
an individual biomass in a treatment and the mean biomass in the
respective control treatment (biomass without a neighbour and
biomass in well-watered conditions respectively) divided by the
sum of those two terms. The RIl was then analysed as a function
of species, origin microsite, treatment (a factor with two levels:
competition and drought), all possible two-way interactions and
the three-way interaction using a linear mixed-effects model with
a Gaussian distribution and an identity link function (see Table S7).
Values significantly indistinguishable from or above zero indicate
equal or improved performance under competition or drought,
whereas values significantly below zero indicate reduced perfor-
mance under competition or drought. Because variation was het-
erogeneous between treatments, it was estimated separately for
the two treatments.

We performed constrained analysis of proximities on the distance
matrix of A. armerina outlier loci to test the effect of the constrain-
ing term, origin microsite (a fixed factor with three levels: C. galianoi,
H. spinosa and open), on marker loci dissimilarity. We tested the sig-
nificance of the constraining term with a permutation test against
a null model with no terms. If the inertia in the permuted models
was lower than in the constrained model, then the association was
considered statistically significant. To assess relationships between
outlier loci and traits, we compared a trait matrix of LMA, LDMC,
final height and final biomass (measured on plants in the controlled
greenhouse environment) with a matrix of the allele frequency of
outlier loci across individuals using redundancy analysis (RDA). This
analysis was done on 1,000 resamples of the trait data randomly as-
signed to each genotype because trait variables were not collected
for the plants analysed by GBS. Therefore, the RDA and permutation
test were repeated for the 1,000 resamples.

All mixed and linear models were performed with the AsREML-rR
package (ASReml 4, VSN International) in the R statistical soft-
ware (version 3.6.3; http:/r-project.org). Model R? values were
calculated with the rsquared function in the piEcewiseSEM package
(Lefcheck, 2016) and partial R? values were calculated with the r2beta
function in rR2cLMm package (Jaeger, Edwards, Das, & Sen, 2017).
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The constrained analysis of proximity analysis was done using the
capscale function (Legendre & Anderson, 1999), and the permuta-
tion test was done with the ANOVA function in the vecan package
(Oksanen et al., 2019). The allele frequencies of outlier loci were cal-
culated with the AD_frequency function in the vcrR package (Knaus
& Griinwald, 2017). The RDA was done with the rda function in the
VEGAN package.

3 | RESULTS
Germination of A. armerina showed the patterns of local adaptation
to foundation shrubs with approximately double germination of local
versus foreign seeds (Figure 2a) under C. galianoi (local = 3.8 germi-
nates; 95% Cl: 2.0-7.1 and foreign = 1.9 germinates; 95% Cl: 1.1-3.2)
and nearly double under H. spinosa (local = 2.6 germinates; 95% Cl:
1.3-5.2 and foreign = 1.4 germinates; 95% Cl: 0.8-2.3). However,
germination was not statistically different between local and for-
eign seeds in open microsites. Germination of F. indigesta was simi-
lar between local and foreign seeds for open microsites and under
C. galianoi (Figure 2b) but was significantly greater for local-sourced
seeds under H. spinosa (local = 10.2 germinates; 95% Cl: 5.7-18.2
and foreign = 3.7 germinates; 95% Cl: 2.4-5.8).

There was no pattern of local adaptation for recruitment of
A. armerina (Figure 3a). For F. indigesta, individuals under H. spinosa
still showed local adaptation patterns with local recruitment more

than four times that of foreign individuals (local = 3.7 recruits; 95%

(a) Arenaria

Cl: 1.9-7.1 and foreign = 0.8 recruits; 95% Cl: 0.4-1.6; Figure 3b).
This result suggests that survival of F. indigesta in the first year
under H. spinosa is ~40% for local individuals versus ~20% for for-
eign-sourced individuals.

Biomass of individuals did not show a pattern of local adaptation
but instead had increased growth in open sites regardless of origin
microsite (Figure 4). Biomass of A. armerina in open microsite was
11.0 mg (95% Cl: 7.1-17.0) in contrast to only 4.2 mg (95% Cl: 2.9-6.4)
under C. galianoi and 2.7 mg (95% Cl: 1.7-4.2) under H. spinosa. Open
site individuals of F. indigesta were also larger (25.2 mg, 95% Cl: 15.3-
41.4) relative to individuals under C. galianoi (8.4 mg, 95% Cl: 4.2-17.2)
and H. spinosa (2.6 mg, 95% Cl: 1.5-4.3). Biomass trends across micro-
sites tracked the relative light conditions of the microsite (Figure 1).

In the controlled greenhouse environment, the two species
showed different trends within microsites in response to control
and drought conditions and among origin microsites. LMA and
LDMC of A. armerina were different among microsites but con-
served between treatments within microsites (Figure 5a,c). In par-
ticular, individuals of A. armerina originating from C. galianoi had
lower average LMA (0.03 mg/mm?, 95% Cl: 0.02-0.05) than the
other two microsite conditions (H. spinosa = 0.06 mg/mmz, 95% Cl:
0.03-0.14 and open = 0.07 mg/mm?, 95% Cl: 0.04-0.13). Average
LDMC was also lower for individuals of A. armerina originating
from C. galianoi (177 mg/g, 95% Cl: 100-254) than the other two
microsite conditions (H. spinosa = 300 mg/g2, 95% Cl: 207-395
and open = 303 mg/g?, 95% Cl: 231-375). However, within micro-

site conditions the traits were not significantly different between

(b) Festuca

12.5

Germination (counts)

|

0.0 - ° . o

e

0
fold
o
\,\ 9

Sown microsite

Germination (counts)

30

20 4

o 2
Qa\\”“ 59\605
G

o

Sown microsite

FIGURE 2 Reciprocal transplant germination. The germination of seedlings of Arenaria armerina (a) and Festuca indigesta (b) sown into
each microsite from that same microsite (@ local) or from the other two microsites (0 foreign). Large points are mean estimates from all plots
with 95% Cls. For the corresponding results of the statistical analyses see Table S3. Data are back-transformed from the log scale for the
figure. Comparisons of Cls for local adaptation patterns should be made between local and foreign microsites within a microsite



O'BRIEN ET AL. Journal of Ecology 197

(a) Arenaria (b) Festuca
15
75
) 2
5 E 10
8 8
5 5
£ E
2 2
3 3
['s o
5
25

2 0
00° ot®

o 0s? o )
. q,{,\\6 “ " oe . ga\‘a o &

Sown microsite Sown microsite

FIGURE 3 Reciprocal transplant recruitment. The recruitment of seedlings of Arenaria armerina (a) and Festuca indigesta (b) after 2 years
planted into each microsite from the same microsite (e local) or from the other two microsites (0 foreign). Large points are mean estimates
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FIGURE 5 Trait differences among plants from the microsites. The leaf mass area (LMA) and leaf dry matter content (LDMC) of Arenaria
armerina (a and c) and Festuca indigesta (b and d) as a function of origin microsite for control (0) and drought (e) treatments from individuals
in a greenhouse with a standard soil, temperature and humidity (e are average values per microsite). If traits were statistically different
between treatments within microsite but statistically indistinguishable between microsites, then we assumed phenotypic plasticity

in response to environment. Alternatively, if traits were statistically indistinguishable between treatments but statistically different

among microsites, then we assumed genetic differentiation in phenotypes. Large points are mean estimates from all plots with 95% Cls.
Observations were left off the graph for readability. For the corresponding results of the statistical analyses see Table S6

treatments for either trait (95% Cls overlap means between
drought and control for each microsite condition Figure 5a,c). The
partial R? values for both LMA and LDMC (see Table Sé for partial
R?) further indicate the importance of origin for determining trait
variation of A. armerina.

In contrast, F. indigesta showed conserved traits among microsites

but significant differences between treatments (Figure 5b,d). Leaf

mass area was similar across all microsites (C. galianoi = 0.3 mg/mm?,
95% Cl: 0.22-0.35; H. spinosa = 0.25 mg/mm?, 95% Cl: 0.20-0.32
and open = 0.25 mg/mm?, 95% Cl: 0.20-0.32). The same was true
for LDMC from all microsites (C. galianoi = 456 mg/g?, 95% Cl: 388-
524; H. spinosa = 432 mg/g?, 95% Cl: 364-499 and open = 443 mg/
g% 95% Cl: 375-510). However, traits were always significantly dif-

ferent between control and drought treatments within microsite,
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except for LMA under C. galianoi (Figure 5b). The partial R? values
for both LMA and LDMC (see Table Sé for partial R?) further indicate
the importance of water treatment for determining trait variation of
F. indigesta.

The competition and drought manipulations showed two dis-

tinct responses from the species. Origin microsite of A. armerina

(a) Arenaria

determined the response to competitors (Figure 6) whereby the
growth of individuals from C. galianoi was better in the presence of
competitors (0.2 RIl, 95% Cl: 0.1-0.4) but the response shifted to
a significantly negative effect on individuals from H. spinosa (-0.4
RIl, 95% Cl: -0.7 to -0.2) and open (-0.6 RIl, 95% Cl: -0.8 to -0.4)
microsites. These results show a pattern of decreasing competitive

(b) Festuca
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FIGURE 6 Response to competition and drought of individuals from the microsites. The response of Arenaria armerina (a) and Festuca
indigesta (b) to competition (0) with other species or reduced water availability (). The large points represent the average relative interaction
index (RIl; 95% Cl) between control and competition or drought treatments, and small points are individual Rlls. Confidence intervals that

do not overlap zero are statistically different from control biomass and significantly negative values suggest sensitivity to competition or
drought. For the corresponding results of the statistical analyses see Table S7
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polymorphisms (SNPs) of all loci (a; 69,623 SNPs) and with elevated F¢; loci (b; 46 SNPs). Text are centroids of the population, and small
points are individual samples. Microsites were significantly different in elevated F; loci based on a permutation test against a null model

of no differences (p = 0.001). The matrix of allele frequency (c) was not significantly associated with the matrix of traits measured in the
controlled greenhouse conditions
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tolerance of A. armerina from the most (C. galianoi) to the least (open)
productive microsite. In contrast, the effect of drought was statis-
tically indistinguishable among microsites (C. galianoi = -0.5 RII,
95% Cl: -0.8 to -0.3; H. spinosa = -0.3 RIl, 95% CI: -0.7 to 0.04
and open = -0.3 RIl, 95% Cl: -0.6 to -0.1), and A. armerina from H.
spinosa was unaffected by drought. All microsites of F. indigesta re-
sponded similar to competition (all 95% Cls overlap all means across
microsite conditions; Figure 6b) and drought (all 95% Cls overlap all
means across microsite conditions; Figure 6b).

We identified 69,623 marker loci of A. armerina after filtering
the total SNPs for read depth and coverage, of which 46 showed
elevated F¢; values among individuals from the three microsites (F¢;
of neutral loci = 0.01 and F¢; of outlier loci = 0.12). Five individ-
uals were also removed after filtering due to low coverage leaving
50 individuals (15 individuals from C. galianoi, 18 H. spinosa and 17
from open areas). The constrained analysis of proximities of the total
loci showed that pairwise distances between individuals from the
three microsites were not significantly different from the null model
(Figure 7a). However, outlier loci of A. armerina were significantly dif-
ferentiated among microsite conditions, which support the likelihood
of differences in adaptive loci among these microsites (Figure 7b;
p = 0.001). In particular, axis 1 explained 25% of the variation and
showed a clear separation between outlier loci from H. spinosa and
the other two microsites while axis 2 highlighted differences in the
centroids of C. galianoi and open microsites (Figure 7b). The trait ma-
trix was not significantly related with the allele frequency of outlier
loci (mean permutation p-value from 1,000 resampled trait matri-
ces = 0.48, 95% Cl: 0.02-0.94), indicating there was limited connec-
tion between outlier loci and the phenotypic traits measured in the

greenhouse experiment.

4 | DISCUSSION

Our reciprocal transplant of seeds among foundation shrubs and
open ground showed that individuals of A. armerina from shrubs
had higher germination in their origin microsite relative to foreign
seeds from the other two microsites, which supports a pattern of
local adaptation (Kawecki & Ebert, 2004), although this pattern
was not evident in open microsites. Individual biomass tracked the
light conditions of the three microsite conditions whereby biomass
was greatest for seedlings planted in open microsites followed by
C. galianoi microsites and finally H. spinosa microsites. This pat-
tern suggests that shrubs limited growth relative to open microsite
conditions. The contrasting response of germination with biomass
between foundation shrubs and open sites shows that shrubs facil-
itate the understorey perennial plants in these semi-arid systems
while also inhibiting growth via reduced light (O'Brien, Pugnaire,
Armas, Rodriguez-Echeverria, & Schob, 2017; Schob, Armas, &
Pugnaire, 2013). The trait assessment in the greenhouse indicated
that A. armerina traits were more conserved among individuals of
the same microsite but varied among microsites, while F. indigesta

traits varied within each microsite in response to environmental

conditions but were conserved across microsites. Furthermore,
outlier loci of A. armerina were dissimilar among origin microsites,
and dissimilarity showed distinct differences between the lowest
light origin (H. spinosa) and the two higher light sites. This con-
sistent pattern of demographic, trait and allele frequency differ-
ences provides evidence for local adaptation of A. armerina among
microsites. It suggests the selection of locally adapted genotypes
during germination within the microhabitats, which is supported
by significant differences in potentially adaptive loci among
microhabitats.

Despite the reduction of growth under shrubs relative to open
microsites, foundation shrubs supported greater germination and
equal or greater recruitment of local relative to foreign individuals.
This response was strongest for germination, which suggests a selec-
tive force on local genotypes at this stage of development. Although
our reciprocal transplant experiment cannot determine the mecha-
nism driving adaptation, based on the environmental conditions of
the site, we propose a process that first separates shrub and open
microsites and then distinguishes between the foundation shrubs.
Light—and likely temperature due to shading (O'Brien, Pugnaire,
et al., 2017)—decreases from open to C. galianoi to H. spinosa micro-
sites (Figure 1). Therefore, seeds originating from the shrubs likely
germinate better than open sites in darker and cooler conditions.
Light may then have a further impact between the shaded condi-
tions under C. galianoi (30% direct sunlight) versus the dark condi-
tions under H. spinosa (2% direct sunlight)—that is, local seeds from
H. spinosa germinate well in very low light and temperature condi-
tions. The large dissimilarity between outlier alleles from the dark-
est microsite conditions of H. spinosa and the other two microsites
provides evidence for light as an important mechanism promoting
local adaptation—suggesting dark conditions are potentially select-
ing specific adaptations.

Alternative processes, like inhibited germination of open micro-
site seed by the additional nutrients and water associated with the
shrub microsites, seem unlikely. However, other studies have shown
the benefits of local soil environments for improving germination
(O'Brien et al., 2018), which may, for example, be due to specific in-
teractions with the rhizobial bacteria cultivated by the foundation
shrubs (Delshadi, Ebrahimi, & Shirmohammadi, 2017; Lozano, Armas,
Hortal, Casanoves, & Pugnaire, 2017; Shweta et al., 2008). Maternal
effects may also promote differences in germination, especially if
offspring are produced under higher water availability and nutrient
conditions (Donohue, 2009; Roach & Waulff, 1987). Our data do not
provide direct evidence of maternal effects in that no differences
in seed mass existed among origin microsites nor were there con-
sistently higher germination of a single origin microsite (a common
pattern of a maternal effect). Therefore, we suggest temperature and
light strongly influence the adaptive patterns with indirect influence
from soil variables.

The field study suggests that local individuals of A. armerina
germinate best back in their origin microsite for both foundation
shrub species, and the greenhouse traits, competition and drought

responses provided reasoning for this adaptive benefit under
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C. galianoi. However, the mechanistic support under H. spinosa is
less clear, which may be due to the different forces driving se-
lection under these two shrub species. The environment created
by C. galianoi has increased nutrients and water relative to open
microsite conditions without being light limiting (Figure 1) while
H. spinosa provides the greatest soil nutrients and water but
with very low light conditions (Figure 1). Therefore, selection of
A. armerina under C. galianoi may be associated with competition
due to the productive conditions—more light than under H. spinosa
and more water and nutrients than open microsites—while under
H. spinosa selection may be due to tolerance to low light (Von
Wettberg, Remington, & Schmitt, 2008) and competition for
soil resources. Our trait measurements were focused on above-
ground variables which may have overlooked important adaptive
traits under selection in the environment under H. spinosa. The
benefit of locally sourced F. indigesta under H. spinosa may also be
due to below-ground traits. This bias also explains the clear con-
trast of traits between individuals of A. armerina from C. galianoi
and open sites in a controlled setting, which were consistent with
adaptation to these two distinct environments.

Two distinct mechanisms appear to be governing the demography
and fine-scale distributions of these two species. Origin microsite pro-
moted distinct leaf phenotypes of A. armerina, which led to divergent
competitive ability of individuals, especially between C. galianoi and
open microsites. These results, therefore, suggest evolutionary ad-
aptation to microsites associated with species-specific interactions
with shrubs (Baron, Richirt, Villoutreix, Amsellem, & Roux, 2015;
Brachi et al., 2013; Hart et al., 2019), particularly along the decreasing
light environment from open to C. galianoi to H. spinosa microsites.
Alternatively, F. indigesta expressed similar leaf phenotypes and toler-
ances to competition and drought among individuals sourced across
the three microsites in the controlled setting, which indicates the pres-
ence of this species within these three microsites is due, in part, to
phenotypic plasticity of individuals sourced from all three microsites.
The major force exerting selection on A. armerina at these fine-scales
appears to be light (and its association with temperature), but, in ad-
dition to the selection on germination, a possible explanation can be
attributed to the differences in the pollinators associated with foun-
dation shrubs and isolated patches. In an independent study at nearby
site, Losapio et al. (2019) found more than 60% dissimilarity between
pollinator communities visiting the flowers of herbaceous plant spe-
cies growing in the presence and absence of foundation species.
Distinct pollinators may decrease gene flow between plant popula-
tions across these microsites and facilitate reproductive barriers that
may contribute to isolation and divergence of sympatric plant popula-
tions. Arenaria armerina is an insect-pollinated species suggesting pol-
linator difference could promote local adaptation while F. indigesta is a
wind-pollinated species that is not subject to this gene flow limitation.

These different strategies in response to foundation shrubs
have implications for understanding the responses of species to
climate change and for the maintenance of biodiversity. For ex-
ample, the relationship between A. armerina genotypes and foun-

dation shrubs suggests these biotic interactions may maintain

specific genotypes of this species under hotter and drier conditions
(O'Brien, Pugnaire, et al., 2017). Therefore, the loss of foundation
shrub species may result in the loss of within-species genetic di-
versity (i.e. greater species diversity promotes greater genotypic
diversity within species), which supports predictions for the plant
communities in Sierra Nevada (Losapio & Schéb, 2017) and trends
in other systems (Cheng Choon et al., 2016). Alternatively, in the
controlled setting, F. indigesta showed a conserved trait response
to drought across microsite conditions (i.e. plants from all origins
responded similar to drought) but plastic phenotypes within mi-
crosite condition. This suggests that individuals of this species
may be more tolerant to climate fluctuations and less sensitive to
losses in genotypic diversity because populations have a broader
range of phenotypic expression in response to environmental con-
ditions than A. armerina.

Our study supports the argument that fine-scale plant-plant in-
teractions can contribute to local adaptation within species thereby
promoting genetic diversity. We demonstrate that stress-amelio-
rating foundation shrubs can induce a shift along the competition-
stress tolerance trade-off axis towards more competitive ability and
less drought tolerance of understorey perennial plants. However, we
also show that phenotypic plasticity is an alternative mechanism for
species persistence in these diverse neighbourhoods. Importantly
though, the response of species to climate change and biodiversity
shifts will depend on the process driving the fine-scale distribution,
whereby species differentiated across microsite conditions are likely

susceptible to reduced genetic diversity if foundation species are lost.
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