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Abstract.  Where interspecific facilitation favors the establishment of high densities of a
beneficiary species, strong intraspecific competition may subsequently impede beneficiary per-
formance. Consequently, the negative influence of intraspecific competition between beneficiary
individuals could potentially outweigh the positive influence of interspecific facilitation when,
for example, higher densities of a beneficiary are negated by the negative effect of crowding on
beneficiary reproduction. The aim of this study was, therefore, to examine the impact of an
interspecific interaction on the outcome of intraspecific interactions within the context of
plant-plant facilitation. We used the cushion-forming Azorella selago and a commonly co-oc-
curring dominant perennial grass species, Agrostis magellanica, on sub-Antarctic Marion Island
as a model system. We assessed the impact of an interspecific interaction (between A. selago
and A. magellanica) on the outcome of intraspecific interactions (between A. magellanica indi-
viduals), by testing if the impact of A. magellanica density on A. magellanica performance is
mediated by its interaction with A. selago. We observed evidence for competition among A.
magellanica conspecifics, with a decreasing proportion of A. magellanica individuals being
reproductive under higher conspecific density. This negative intraspecific effect was greater on
A. selago than on the adjacent substrate, suggesting that the facilitative effect of A. selago
changes the intensity of intraspecific interactions between A. magellanica individuals. However,
experimentally reducing 4. magellanica density did not affect the species’ performance. We also
observed that the effect of A. selago on A. magellanica was positive, and despite the negative
effect of intraspecific density on the proportion of reproductive A. magellanica individuals, the
net reproductive effort of 4. magellanica (i.e., the density of reproductive individuals) was sig-
nificantly greater on A4. selago than on the adjacent substrate. These results highlight that, in
abiotically severe environments, the positive effects of interspecific facilitation by a benefactor
species may outweigh the negative effects of intraspecific competition among beneficiaries.
More broadly, these results suggest that both positive inter- and intraspecific biotic interactions
may be key to consider when examining spatial and temporal variation in species’ performance.

Key words: abiotic severity; alpine; biotic interactions; facilitation; intraspecific density; plant
communities; plant—plant interactions.

INTRODUCTION

Biotic interactions may strongly shape ecological com-
munities by affecting plant fitness, abundance, cover,
and survival (Cavieres et al. 2007, Kunstler et al. 2011,
Schob et al. 2013, Zhang and Wang 2016, Svanfeldt
et al. 2017). The impact of these interactions can vary
considerably with both extrinsic (e.g., environmental)
and intrinsic (e.g., density dependent) factors (Olsen
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et al. 2016, Svanfeldt et al. 2017, Kula et al. 2020, Zhang
and Tielborger 2020). For example, strong competition
is generally expected between individuals of the same
species because of greater niche overlap within species
than between species (e.g., Adler et al. 2018). Therefore,
if individuals of the same species are grown in high-den-
sity vs. low-density stands, individuals from the low-den-
sity stands may perform better than the individuals from
high-density stands (e.g., Tilman and Cowan 1989, Kufel
et al. 2018, Kula et al. 2020, but see in contrast, Leicht-
Young et al. 2011, Svanfeldt et al. 2017). Thus, it is gen-
erally assumed that intraspecific interactions will have
negative outcomes, with, for example, self-thinning
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reducing conspecific abundance. However, a switch from
negative density dependence to positive density depen-
dence (i.e., where survival and fecundity are enhanced at
high densities) may be observed as environmental stress
increases (see Goldenheim et al. 2008, Svanfeldt et al.
2017, Zhang and Tielborger 2020). Indeed, facilitation
can occur intraspecifically (Eranen and Kozlov 2008,
Goldenheim et al. 2008, Fajardo and Mclntire 2011,
Garcia-Cervigon et al. 2013, Zhang and Wang 2016,
Svanfeldt et al. 2017), with, for example, individuals of
the same plant species mitigating the impact of abiotic
stress on one another (thereby benefitting each another)
when growing in dense stands (e.g., Goldenheim et al.
2008, Zhang and Tielborger 2019; see also Zhang and
Tielborger 2020). Although many studies have docu-
mented the impact of density-dependent effects on the
survival and fecundity of individuals (e.g., Goldenheim
et al. 2008, Dochtermann and Peacock 2013, Svanfeldt
et al. 2017), few studies have documented density-depen-
dent effects within the context of interspecific facilitation
(but see, e.g., Tielbérger and Kadmon 2000, Zhang and
Tielborger 2020).

Interspecific facilitation is defined as an interaction
where one species (i.e., a benefactor species) modifies
the local microenvironment for another species (i.e.,
the beneficiary species) and either one or both of the
species benefit from the interaction through enhanced
growth, reproduction, and/or survival (Schob et al.
2014). Where interspecific facilitation by a benefactor
species increases beneficiary species’ density, size and/
or productivity (e.g., Tielborger and Kadmon 2000,
Maestre et al. 2004), it is possible that the negative
influence of competition between beneficiary individu-
als could outweigh the positive influence of

& Azorelia selago
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interspecific facilitation (Tielborger and Kadmon 2000,
Garcia-CerVig(;n et al. 2013, Schob et al. 2013; see also
Zhang and Tielborger 2020). For example, if the facili-
tative effects of benefactor species change the composi-
tion of associated beneficiary species, this may have
consequences for the interactions among the benefi-
ciary species (e.g., Saccone et al. 2010, Zhang and
Wang 2016, Llambi et al. 2018). The effects of interac-
tions among beneficiaries appear to be mostly compet-
itive, with negative impacts on plant growth and
survival (Aguiar and Sala 1994, Schob et al. 2013).
However, the outcome of these interactions can also
be positive where beneficiaries facilitate one another.
For example, beneficiary species can benefit from
enhanced pollination by attracting shared pollinators
(e.g.. Molina-Montenegro et al. 2008), or from greater
habitat amelioration at higher densities (e.g., Zhang
and Tielborger 2020). Therefore, facilitation among
beneficiaries may be nested within facilitation by a
benefactor in a facilitation cascade (Baumeister and
Callaway 2006; sce also Altieri et al. 2007 for the
related concept of hierarchical organization through
facilitation). Moreover, one species can facilitate other
species through the competitive suppression of a third
species (i.e., through indirect facilitation; Levine 1999,
Llambi et al. 2018). For example, adult plants can also
have a positive effect on conspecific seedlings through
the reduction of herbaceous competitors (e.g., through
intraspecific facilitation; see Saccone et al. 2010). Bene-
ficiary survival and/or performance is therefore depen-
dent on the effect of the benefactor species and the
effect of interactions among beneficiary species (inter-
specific interactions) and/or conspecific individuals (in-
traspecific interactions) themselves.

(B) Interspecific facilitative interaction enhances the growth
and productivity of A. magellanica and A. magelianica

\/  Agrostis magellanicaindividual | individuals compete with one another
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Fic. 1. Visual representation of the hypotheses considered in this study. (A, B) The facilitative effect of Azorella selago on
Agrostis magellanica will result in competition among 4. magellanica conspecifics, which will reduce 4. magellanica reproductive
performance (i.e., net reduction in fitness); or (A, C) the facilitative effect of A. selago on A. magellunica will indirectly result in
increased intraspecific facilitation among A. magellanica conspecifics, improving A. magellanica reproductive performance. [Color

figure can be viewed at wileyonlinelibrary.com]
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When a benefactor facilitates beneficiaries (Fig. 1A;
see also, e.g., Molenda et al. 2012, Schob et al. 2013,
Bonanomi et al. 2016, Hupp et al. 2017), the density of
beneficiaries may be higher in the presence of a benefac-
tor species, and consequently, beneficiaries may experi-
ence stronger intraspecific ~competition (Fig. 1B;
Tielborger and Kadmon 2000, Garcia-Cervigon et al.
2013). Thus, by increasing the productivity and/or den-
sity of Dbeneficiaries, interspecific interactions could
potentially mediate the outcome of interactions among
beneficiaries (see, e.g., Armas et al. 2008, Garcia-
Cervigon et al. 2013, Schob et al. 2013, Llambi et al.
2018). For example, the positive effect that a benefactor
has on the abundance of beneficiaries may be negated by
the negative effect of high conspecific density on benefi-
ciary reproduction. Thus, even if beneficiaries reach high
densities as a result of facilitation by a benefactor, unless
the beneficiaries are also able to reproduce, the net effect
of the benefactor on the beneficiaries will not be positive.
Alternatively, it is possible for interactions among bene-
ficiaries to be facilitative (see, e.g., Goldenheim et al.
2008, Saccone et al. 2010), where, for example, benefi-
ciary individuals could shield one another from strong
winds (Zhang and Wang 2016) and/or low temperatures
(Eranen and Kozlov 2008, Zhang and Wang 2016,
Zhang and Tielborger 2019), to a point where the posi-
tive effects of intraspecific facilitation outweigh the neg-
ative impacts of intraspecific competition (Fig. 1C;
Fajardo and Mclntire 2011, Garcia-Cervig(;n et al.
2013). Moreover, facilitation by a benefactor could over-
whelm the negative effects among beneficiaries, allowing
beneficiaries a greater degree of coexistence (at the com-
munity level) and/or higher fitness (at the species level)
than in the absence of the benefactor (Armas et al. 2008;
see also, e.g., Feldman and Morris 2011). For example,
when facilitation is absent, a stress-tolerant species may
have a competitive advantage over another species (see
Armas et al. 2008). However, where both species are
facilitated by a benefactor, they may be more likely to
coexist.

Here, we examine the impact of an interspecific inter-
action (Fig. 1A; between a benefactor and a beneficiary
species) on the outcome of intraspecific interactions
(Fig. 1B,C). We use Aczorella selago (Azorella hereafter),
a widespread cushion plant (i.e., compact, hemispherical
plants that create favorable microhabitats by ameliorat-
ing abiotic disturbances and stresses), and a dominant
perennial grass species, Agrostis magellanica (Agrostis
hereafter) as a model system on sub-Antarctic Marion
Island. Both experimental and observational approaches
are used to assess the relationship between Agrostis den-
sity and Agrostis performance (i.e., intraspecific interac-
tions), and how these interactions are modified by the
interaction between Azorella and Agrostis (i.e., the inter-
specific interaction). We ask two broad questions: given
that the outcome of the interspecific interaction between
Azorella and Agrostis is typically positive (le Roux and
McGeoch 2010, le Roux et al. 2013), (1) is higher
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Agrostis density, due to the interaction with Azorella,
correlated with poorer Agrostis performance?; and (2)
will Agrostis performance increase if conspecific density
is experimentally reduced? We hypothesize that the facil-
itative effect of Azorella on Agrostis (Fig. 1A) will
increase the density of Agrostis, resulting in strong com-
petition among Agrostis conspecifics. Consequently,
Agrostis performance will be reduced (Fig. 1B), possibly
even overwhelming the facilitative effect of Azorella on
Agrostis (following, e.g., Garcia-Cervigon et al. 2013).
Additionally, we hypothesize that experimentally thin-
ning Agrostis density will improve conspecific perfor-
mance. Our alternative hypothesis is that interactions
among Agrostis conspecifics on Azorella will be facilita-
tive (e.g., Goldenheim et al. 2008, Saccone et al. 2010; or
weak relative to the impact of the interspecific interac-
tion), in which case, Agrostis performance may be
improved by the interaction with A-zorella, irrespective
of the grass’s density (Fig. 1C). Although interactions
between beneficiaries that are a result of facilitation by
benefactors are infrequently considered in empirical
studies, they could have profound implications for com-
munities (Schob et al. 2013, Llambi et al. 2018).

METHODS

Study site and species

This study was conducted on sub-Antarctic Marion
Island (46°54' S, 32°45’ E; 290 km?), which is located in
the southern Indian Ocean (Chown and Froneman
2008). Marion Island has a hyperoceanic climate, with
low but very stable seasonal and daily temperatures,
along with high precipitation and humidity, cloud cover
on most days, and frequent strong winds (Smith and
Steenkamp 1990, le Roux 2008). Altitude represents an
important stress gradient on the island, as temperature
and substrate stability decrease with elevation and wind
speed increases (K. Goddard et al. unpublished data;
Boelhouwers et al. 2003, le Roux and McGeoch 2010).

The island supports 22 indigenous vascular plant spe-
cies and approximately 200 bryophyte and lichen species
(Greve et al. 2019). Here, we examine the interaction
between the two most widespread vascular plants on
Marion Island, Azorella selago Hook. (Apiaceae) and
Agrostis magellanica (Lam.) Vahl. (Poaceae). Azorella
selago is a cushion plant species occurring on multiple
sub-Antarctic islands and in many habitat types on those
islands. Because of its cushion growth form, Azorella
ameliorates stressful environmental conditions (see
McGeoch et al. 2008, Nyakatya and McGeoch 2008),
particularly in the cold, wind-exposed areas where the
species is commonly found. Consequently, Azorella hosts
an array of species, including invertebrates and other
plant species (Huntley 1971, Huntley 1972, Barendse
et al. 2002, Hugo et al. 2004), which makes the plant an
important ecosystem engineer and Kkeystone species
(Hugo et al. 2004). Indeed, cushion plants elsewhere
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have also been shown to impact other plant species posi-
tively (Badano and Cavieres 2006, Cavieres et al. 2007,
Hupp et al. 2017, Yang et al. 2017).

Agrostis magellanica is a dominant perennial grass
species on Marion Island and is the most common vas-
cular plant species growing on Azorella (Huntley 1971).
Agrostis magellanica is found in most habitats on Mar-
ion Island, occurring up to 600 m above sea level (a.s.l.;
le Roux and McGeoch 2008). The Azorella (benefac-
tor)-Agrostis (beneficiary) interaction on Marion Island
is positive (except at the lowest altitudes), where Azorella
presence has been shown to alter Agrostis population
structure and increase Agrostis reproductive output, bio-
mass, and abundance compared to surrounding areas
where Azorella is absent (le Roux and McGeoch 2010, le
Roux et al. 2013). Agrostis is the dominant plant grow-
ing on Azorella (mean cover + SE = 18.5 £ 1.3%; this
study), with all other vascular plants combined
(3.2 £+ 0.5%) and all bryophytes combined (5.3 + 0.9%)
having much lower cover on Azorella. On the adjacent
substrate type, bryophytes, and mosses (mean cover £
SE = 16.2 £ 1.6%) and other vascular plants (excluding
Agrostis; 13.0 & 2.2%) are more dominant, with cover
of Agrostis (8.6 + 0.8%) being lower than on Azorella.

Data collection

Observational study.— Azorella cushions and adjacent
soil substrate were sampled using a paired approach at
20-m elevational intervals along six altitudinal transects
(altitudes between 18 m a.sl.) and 650 m a.sl.; data
from two transects from le Roux and McGeoch 2010). A
wire ring was molded around the outer edge of each
sampled cushion plant to reproduce the size and shape
of the plant. The wire ring was then placed 0.1 m in a
random direction from the cushion to sample Agrostis
from the adjacent substrate (following the methods of le
Roux and McGeoch 2010). Another random direction
was chosen if this area overlapped with, or was within
0.1 m of, another Azorella cushion. Cushion plant sur-
face area was calculated from each cushion plant’s maxi-
mum diameter and diameter perpendicular to its
maximum diameter.

Agrostis abundance and cover (as a percentage of the
sample area) were recorded. The percentage cover of other
vascular plant species, bryophytes, and mosses on each
Azorella cushion plant and on the adjacent substrate sam-
ple areas were also recorded. Additionally, the percentage
rock cover on each cushion and adjacent substrate was
also recorded. All Agrostis individuals were harvested and
dried at 60°C for 48 h. For each Agrostis individual, size
(i.e., maximum length of the longest leaf and basal diame-
ter), biomass, and reproductive effort (i.e., the number of
reproductive individuals) were recorded.

Experimental study.—For the experimental component
of this study, three sites dominated by Azorella and
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Agrostis were sampled on the eastern side of the island
(at altitudes of 65-145m a.sl; separated by
0.4-1.2 km). Three substrate types (i.e.,, cushion plant
center, cushion plant edge, and soil) were sampled using
10 x 20 cm sampling quadrats (Appendix S1: Fig. S1).
Data were collected separately from both the edges and
the centers of cushion plants because there can be pro-
nounced variation in facilitation within cushion plants
(i.e.. at the intraindividual level; see Anthelme et al.
2017). Data from cushion centers and cushion edges
were collected from different cushion plant individuals,
which were separated by >0.5 m. For the cushion plant
edges, the sampling quadrat was placed to cover the
cushion’s edge and surrounding soil (representing the
area immediately affected by the cushion plant) approxi-
mately equally. For all substrate types, the percentage
rock cover within the plot was visually estimated, and
the percentage cover of other vascular plant species and
bryophytes recorded. Cushion plant size was recorded
by measuring the height of the cushion plant, maximum
diameter, and the diameter perpendicular to maximum
diameter.

Prior to the implementation of the experimental treat-
ment, Agrostis abundance was recorded within all sam-
pling quadrats. Agrostis abundance was on average
higher at the centers of Azorella (mean = SE =
33.02 + 1.9) and on the edges of Azorella (30.2 + 1.4)
than on the adjacent substrate (14.1 & 0.7). Then, for
each substrate type, samples were split by Agrostis den-
sity: high density (i.e., the plots with the highest two-
thirds of Agrostis abundance values) and low density
(i.e., the plots with the lowest third of Agrostis abun-
dance; Appendix S1: Table S1). Half of the high-density
plots were randomly assigned to a thinned density
Agrostis treatment (Appendix S1: Table S2), where
Agrostis abundance was reduced to the average Agrostis
abundance of the low-density treatment plots of that site
and substrate type (Appendix S1: Table S1).

Up to three Agrostis individuals (termed “focal indi-
viduals” hereafter) per sampling quadrat were then ran-
domly selected and monitored for a whole growing
season (June 2016-March 2017) to determine their sur-
vival, growth, and reproductive effort. At the start of the
growing season (September 2016) the maximum leaf
height and number of inflorescences were recorded for
each focal individual. All inflorescences were initially
removed from these individuals to ensure that all new
inflorescences could be identified (additionally, 4. mag-
ellanica does not appear to preform flower buds). At the
end of the 10-month period, the same measurements
were repeated. All Agrostis individuals were harvested,
dried at 60°C for 48 h, and weighed (obtaining shoot
biomass). Only 4 focal individuals died during the moni-
toring period, and only 10 focal individuals produced
inflorescences during the monitoring period. Therefore,
analyses of survival and reproduction were not con-
ducted.
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Data analysis

Observational study.— A generalized linear mixed effects
model (GLMM) was used to model the proportion of
reproductive Agrostis individuals as a function of
whether grasses were located on a cushion plant or the
adjacent substrate (i.e., the interspecific interaction of
interest), Agrostis density (the intraspecific interaction of
interest; continuous density data), and altitude (m a.sl.;
a proxy for environmental severity), and the three pair-
wise interactions between these variables, because these
predictors may mediate each other’s effects on Agrostis
performance. The combined cover of other vascular
plants and mosses was included into these models to
account for the effect of the other, subordinate species.
To account for the spatial structure of the data, a ran-
dom effect of “pair” (representing each pair of cushion
and adjacent substrate samples) nested within “transect”
(representing the different transects along which samples
were collected) was included in all models. Therefore,
data were analyzed using the following model:

INTERACTIONS AMONG BENEFICIARIES
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Both models were implemented using the glmmTMB
package (Brooks et al. 2017) in R version 4.0.2 (R Core
Team 2018).

Experimental study.— Generalized linear mixed effects
models (GLMMs) were used to test for differences in
Agrostis performance measures (i.e., shoot mass, maxi-
mum leaf height, and basal diameter) taken at the end of
the monitoring period in 2017 as a function of density
treatments (representing the intraspecific interaction;
categorical density data), whether grasses were located
on the ‘cushion’ or ‘soil’ substrate types (representing
the interspecific interaction of interest), the pairwise
interaction between these two variables, and the corre-
sponding initial Agrostis performance measure taken at
the start of the experiment in 2016. Because up to three
grass individuals were collected from each individual
plot per site, plot identity nested within site was included
into each model as a random effect. These models were
built using the glmmTMB package in R, using a Gaus-
sian distribution.

Proportion of reproductive Agrostis individuals ~ Altitude+ Location

+Agrostis density + cover of other plants + (Altitude x Location)

+ (Altitude x Agrostis density )+ (Location x Agrostis density)

+(1|Transect/Pair).

To determine the effect of these predictor variables on
the net reproductive effort of Agrostis, a second, comple-
mentary GLMM was run using the number of reproduc-
tive Agrostis individuals as a response variable. In this
model, the proportion of the sampled area covered by
rock was additionally accounted for by including (1 —
rock cover; i.e., sample area available for Agrostis) as an
offset variable, because large rocks reduce the potentially
suitable area for Agrostis to grow. The proportion and
number of reproductive Agrostis individuals were used
as the response variables instead of measures of Agrostis
growth because reproduction is a more direct measure of
fitness.

The first model (Eq. 1) was fitted using a binomial dis-
tribution and the logit-link function. When analyzing
the number of reproductive Agrostis individuals as a
response variable (i.e., in the second model), count data
for number of reproductive individuals were zero-in-
flated but not overdispersed. Therefore, the second
model was run as a generalized linear mixed effects hur-
dle model using a truncated negative binomial distribu-
tion with a log-link function. Hurdle models involve two
separate analyses (Rose et al. 2000); one analysis assesses
the positive (count) data with a lincar model (condi-
tional model), whereas the other compares samples with
reproductive individuals to samples lacking reproductive
individuals with a binary model (zero-inflation model).

REsuLTS

Observational study

A total of 12,109 Agrostis individuals were sampled
from 125 pairs of cushion and soil plots along six altitu-
dinal transects. The proportion of reproductive Agrostis
individuals was significantly greater on Azorella (mean
+ SE = 0.25 4+ 0.02) than on the adjacent substrate
(mean + SE = 0.11 £ 0.02; Table 1). However, the pro-
portion of reproductive Agrostis individuals was signifi-
cantly negatively related to conspecific density, with this
decrease in Agrostis performance with conspecific den-
sity being greater on Azorella than on the adjacent sub-
strate, suggesting that the facilitative effect of the
Azorella changes the intensity of intraspecific interac-
tions between Agrostis individuals (Fig. 2).

The total reproductive effort of Agrostis (i.e., the den-
sity of reproductive Agrostis individuals per sample) was
significantly greater on Azorella (mean +£ SE =
6.4 + 0.6) than in the adjacent substrate plots (mean +
SE = 1.3 £ 0.2; Appendix SI: Table S3, conditional
model). The number of reproductive Agrostis individuals
was also significantly positively related to conspecific
density, with this increase in Agrostis performance with
conspecific density being significantly greater on Azor-
ella than on the adjacent substrate (Fig. 3).
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TasLe 1. The proportion of reproductive Agrostis magellanica
individuals (from observational data, n = 250 samples) in
relation to fixed and random effects (model P < 0.001).

Fixed effects  Level Estimate SE z P
(Intercept) - -2.113 0.292 =-7.250 <0.001
Altitude - 0.003 0.001 3.830 <0.001
Location C>S -1.008 0.351 -2.871 0.004
(Soil)
Agrostis - -0.079 0.022  -3.558 <0.001
density
Cover of - 0.008 0.004 2.283 0.022
other plants
Altitude * - -0.002 0.001 -1.645 0.100
Location
(Soil)
Altitude * - 0.000 0.000 —0.342 0.733
Agrostis
density
Location - -0.021 0.043 -0.479 0.632
(Soil) *
Agrostis
density
Random Variance SD
effect
Pair:Transect 0.3947 0.6282
Transect 0.24 0.4899

Note: C = cushion, S = soil. Asterisks indicate interactions.
P < 0.05 indicated in bold.
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Proportion of reproductive Agrostis individuals

Low (0-4) Med (4-8) High (=8)
Agrostis density

Fic. 2. Mean (£SE) proportion of reproductive Agrostis
magellanica individuals in the observational study at low (0-4
individuals/em?®), medium (4-8 individuals/em?), and high (>8
individuals/cm®) conspecific categorical densities on and away
from Azorella selago. Agrostis magellanica density is represented
here categorically for clarity, but in the associated statistical
analyses was analyzed as a continuous variable. [Color figure
can be viewed at wileyonlinelibrary.com]

The proportion of reproductive Agrostis individuals
also increased significantly with altitude, and the effect
of altitude on Agrostis performance was independent of
Agrostis density (i.e., the intraspecific interaction;
Table 1). The proportion of reproductive Agrostis indi-
viduals was, however, consistently higher at low con-
specific densities compared to medium and high
conspecific densities across the altitudinal range (Fig. 4).
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* Azorella selago
© Adjacent substrate

o

Low (0-4) Med (4-8) High (>8)
Agrostis density

MNumber of reproductive Agrostis individuals

FiG. 3. Mean (+£SE) number of reproductive Agrostis mag-
ellanica individuals in the observational study at low (0—4 indi-
viduals/em?), medium (4-8 individuals/cm®), and high (>8
individuals/cm?) conspecific densities on and away from Azor-
ella selago. [Color figure can be viewed at wileyonlinelibrary.c
om]

| £ Low (0-4)
a -+ Med (4-8)
03 £+ High (=8) <
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Proportion of reproductive Agrostis individuals

Low Mid High
Altitude

Fic. 4. Mean (+ SE) proportion of reproductive Agrostis
magellanica individuals in the observational study at low (04
individuals/em?). medium (4-8 individuals/cm?), and high (>8
individuals/cm®) conspecific densities across the altitudinal
range: low (18-160 m above sea level [a.sl.]), medium
(161-302 m a.s.1.), and high (307-535 m a.s.l.) altitudes. There
were no reproductive 4. magellanica individuals at high alti-
tudes when A. magellanica density exceeded eight individuals
per unit area. [Color figure can be viewed at wileyonlinelibra
ry.com]

Similarly, the effect of Azorella on the proportion of
reproductive Agrostis individuals (i.e., the interspecific
interaction) did not vary significantly across the altitudi-
nal range (Table 1). However, the proportion of repro-
ductive Agrostis individuals was greater on Azorella than
on the adjacent substrate, with the highest proportion of
reproductive Agrostis individuals occurring on Azorella
at high altitudes (Fig. 5).

Experimental study.—In the experiment, a total of 520
Agrostis individuals were monitored for a growing
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@ Azorella selago
< Adjacent substrate

0.4

0.3

0.2

0.1

Proportion of reproductive Agrostis individuals

Low Mid High
Altitude

FiG. 5. Mean (£SE) proportion of reproductive Agrostis
magellanica individuals in the observational study growing on

zorella selago cushion plants vs. on the adjacent substrate
across an altitudinal gradient (low altitude: <160 m a.s.l., mid:
161-302 m a.s.l., high: >307 m a.s.l.). [Color figure can be
viewed at wileyonlinelibrary.com]

season. Experimentally reducing Agrostis density had no
significant effect on Agrostis shoot mass, and the effect
of Agrostis density on conspecific performance was not
dependent on whether the grass was growing on vs away
from Azorella (Table 2). Agrostis individuals growing on
the edge of A-orella plants were significantly heavier
than Agrostis individuals in the center of Azorella and
on the adjacent substrate (Table 2; Fig. 6), and Agrostis
shoot mass was greatest on the edges of Azorella at low
conspecific densities (mean &= SE = 0.23 &+ 0.04) than
any other density treatment per substrate type (Appen-
dix S1: Table S4). The other two Agrostis characteristics
examined, maximum leaf height and basal diameter,
were both not significantly related to either intra- or
interspecific interactions (Appendix S1: Tables S5, S6).

DiscussioN

Where facilitation by a benefactor increases benefi-
ciary species density (e.g., Tielborger and Kadmon
2000), beneficiary species may experience strong

INTERACTIONS AMONG BENEFICIARIES

Article €03200; page 7

(b)

0.06 1T
5 1=
{72}
] (@) (C)
E 0.04 g T
§ = = J_
]
(73]
a
£ 002
S
=]
<

0.00

Azorellacenter Azorellaedge Adjacent substrate

Location

Fic. 6. Mean (£+SE) total Agrostis magellanica shoot mass
growing in the center of Azorella selago cushion plants, on the
edges of cushion plants, and in the adjacent bare soil substrate
in the experimental study.

competition, and because of crowding (i.c.. negative den-
sity dependence) reproduction of the beneficiary species
may be inhibited (e.g., as individuals may not be able to
reach reproductive size; Tielborger and Kadmon 2000,
Garcia-Cervigon et al. 2013, Schob et al. 2013). Here, we
tested this idea by examining the impact of Agrostis den-
sity on conspecific performance within the context of
interspecific facilitation. Our results provide evidence for
intraspecific competition because the proportion of
reproductive Agrostis individuals was significantly lower
at higher conspecific densities. However, in contrast to
the results from the observational component of this
research, experimentally thinning Agrostis density did
not have an effect on conspecific performance.

The first key finding from this study is that, when
examining the impact of Agrostis density on Agrostis
performance (i.e., the impact of intraspecific interac-
tions), we observed evidence for intraspecific competi-
tion among Agrostis conspecifics. Although some
studies have demonstrated positive density-dependent
effects (especially under stressful conditions, where low
plant densities may be insufficient for habitat ameliora-
tion; e.g., Goldenheim et al. 2008, Zhang and Ticlborger

TaBLE 2.  Agrostis magellanica shoot mass at the end of the monitoring period (from experimental study, » = 519 samples) in
relation to fixed and random effects (model P < 0.001; treatment = high density vs. low density vs. thinned density).

Fixed effects Level Estimate SE z P
(Intercept) - -0.020 0.007 -2.854 0.004
Treatment L=T=H 0.006 0.009 0.712 0.477
Location E>C=S<E 0.007 0.009 0.794 0.06
Initial size 0.002 0.000 14.008 <0.01
Treatment:Location - 0.016 0.012 1.302 0.08
Random effect Variance SD

Plot identity: Site <0.001 <0.001

Site <0.001 <0.001

Note: L = low density, T = thinned density, H = high density, C = cushion, S = soil, and E = cushion edge. P < 0.05 indicated

in bold.
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2020), our results align with the more common pattern
of negative interactions (i.e., negative density-dependent
effects) among beneficiaries (Aguiar and Sala 1994,
Maestre et al. 2004, Armas et al. 2008, Schob et al.
2013) and can be explained by, at least in part, competi-
tion for space and/or resources supplied by benefactors
(see, e.g., Armas et al. 2008, Schob et al. 2013). There-
fore, increased density and/or productivity of beneficia-
ries as a result of facilitation by a benefactor can cause a
reduction in beneficiary reproductive output (Aguiar
and Sala 1994, Garcia-Cervigon et al. 2013, Schob et al.
2013).

More interestingly, our results suggest that competi-
tion among beneficiaries may be strongly linked to (i.e.,
mediated by) the interaction with a benefactor (see, e.g.,
Schob et al. 2013), as our observational data suggest that
the facilitative effect of Azorella changes the intensity of
intraspecific interactions between Agrostis individuals
because the decrease in Agrostis performance with con-
specific density was greater on Azorella than on the adja-
cent substrate. Therefore, facilitative interactions
between species may alter the frequency and intensity of
interactions among beneficiaries. We only consider a sin-
gle benefactor species here, but the magnitude (or even
the nature) of the impact of a benefactor on intraspecific
beneficiary interactions may potentially vary depending
on the strength of the facilitative interaction. For exam-
ple, if one benefactor species (or benefactor individual)
is able to modify limiting factors more positively than
another (Hupp et al. 2017, Schob et al. 2017, Yang et al.
2017), the former may result in a greater positive change
in the composition, abundance, and performance of ben-
eficiaries, which in turn may more negatively influence
the outcome of interactions among beneficiaries.

Our second key finding is that, for both the experi-
mental and observational components, the number of
reproductive Agrostis individuals was on average higher
on Azorella cushion plants than on the adjacent sub-
strate, across the entire altitudinal range. Therefore, in
agreement with previous findings, the interspecific
Azorella—Agrostis interaction positively affected Agrostis
performance (le Roux and McGeoch 2010, le Roux et al.
2013). These results also mirror the generally positive
impact of vascular plants in abiotically severe environ-
ments from other studies, including the observed nurse
effects of other cushion plant species in the same family
as Aczorella, that is, Laretia and Bolax spp. (Molina-
Montenegro et al. 2000, Badano and Cavieres 2006,
Bonanomi et al. 2016, Hupp et al. 2017, Yang et al.
2017). Specifically, the strongest positive effect on Agros-
tis performance was observed on the edges of cushion
plants. This is in agreement with Anthelme et al. (2017),
who showed that facilitation by the congeneric cushion
plant, Azorella compacta, was higher at the periphery of
the cushion plant than at the centers of the cushion
plants (see also the Pescador et al. 2014 “facilitation in
the halo” concept).

M. J. RAATH-KR uGER ET AL,

Ecology, Vol. 102, No. 1

Our third key finding is that despite the negative effect
of intraspecific density on the proportion of reproduc-
tive Agrostis individuals, the total reproductive effort of
Agrostis (i.e., the density of reproductive individuals per
sample) was significantly greater on Azorella than on the
adjacent substrate. Therefore, even though high
intraspecific Agrostis densities due to interspecific facili-
tation result in a lower proportion of individuals being
reproductive, the total reproductive effort of Agrostis is
still greater when Agrostis is facilitated by Azorella. This
significant positive effect of Azorella on the density of
reproductive Agrostis individuals may be driven by two
mechanisms. First, these results may reflect both Agros-
tis abundance and net reproduction responding to an
unmeasured variable. For example, Agrostis density and
total inflorescence production may both be positively
related to Azorella compactness, because compact cush-
ion plants are typically associated with higher soil nutri-
ent contents, more effective heat trapping, and greater
stability than more lax cushion plants (Schob et al. 2017,
Yang et al. 2017). However, in this study system there
are no a priori data to suggest that density and fecundity
are responding in the same way to an unmeasured vari-
able. Second, our results may reflect that the negative
influence of intraspecific Agrostis density on the propor-
tion of reproductive individuals is outweighed by the
positive effect of interspecific facilitation by Azorella on
the total reproductive effort of Agrostis. This explana-
tion is in line with, for example, Armas et al. (2008),
who found that although two beneficiary species com-
peted for resources, the effect of facilitation by a bene-
factor exceeded competition among the beneficiary
species, allowing the beneficiaries to coexist. This effect
(i.e., of interspecific facilitation having a greater influ-
ence than intraspecific competition) may be greater as
abiotic stress increases (i.e., along altitudinal gradients;
see also, e.g., Garcia-Cervigon et al. 2013). Therefore,
our results suggest that the positive effects of interspeci-
fic facilitation (which increases total plant abundance/
density) may outweigh the negative effects of intraspeci-
fic competition (which decrease the average performance
of individual plants).

Our last finding is that the proportion of reproductive
Agrostis individuals increased significantly with altitude,
with a trend for a greater proportion of reproductive
Agrostis individuals on Azorella at higher altitudes than
on the adjacent substrate. Indeed, Azorella is known to
facilitate Agrostis increasingly strongly along gradients
of abiotic severity (i.e., in line with the stress gradient
hypothesis: Bertness and Callaway 1994, le Roux and
McGeoch 2010, He et al. 2013). Therefore, the signifi-
cant increase in Agrostis performance with altitude may
be reflective of an increase in the frequency and intensity
of interspecific facilitation by Azorella along the altitudi-
nal stress gradient. Alternatively, this result might just
reflect that as a result of fewer Agrostis individuals at
higher altitudes, the grasses experience less intraspecific
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competition, resulting in more Agrostis individuals
reaching reproductive size. Irrespective of the mecha-
nism driving this pattern, our results show that benefac-
tor-beneficiary systems are controlled by both the effect
of benefactors on beneficiaries and by environmental
conditions.

In this study we see that some of our key findings were
not supported by the mensuration component of the
study; for example, although we see that the impact of
Azorella on Agrostis is positive, experimentally reducing
Agrostis density had no significant effect on Agrostis
performance, suggesting neither facilitation nor compe-
tition within species. This difference between the experi-
mental and observational study may be due to the
monitoring only being conducted for one season after
the experimental reduction of Agrostis density, poten-
tially reflecting that the species may respond slowly to
changes in this biotic interaction or preallocate some
resources in the previous season. Contradictions
between experimental and observational approaches
have been documented from other studies, with, for
example, Metz and Tielborger (2016) observing contra-
dictory findings in the outcome of plant—plant interac-
tions between spatial, temporal, and experimental
approaches (see also Dormann and Brooker 2002).
Despite our contradictory results, our findings still sug-
gest that it is important to consider both intra- and
interspecific interactions when examining plant—plant
interactions in relation to abiotic stress (e.g., Garcia-
Cervigon et al. 2013).

More broadly, this study reveals four issues that could
be considered to improve our understanding of the
impact of interspecific interactions on the outcome of
intraspecific interactions within the context of facilita-
tion. First, the nature of the gradient being examined
may be important (as suggested by Maestre et al. 2009,
albeit in a different perspective). Specifically, we hypoth-
esize that intraspecific competition between plants will
more likely outweigh the effects interspecific facilitation
along resource gradients, as opposed to along nonre-
source gradients (e.g., as in this study). Second, the out-
come of biotic interactions could vary with individuals’
ontogenetic stages (Eranen and Kozlov 2008, le Roux
et al. 2013, Zhang and Tielborger 2020). We hypothesize
that as Agrostis individuals grow, the effects of
intraspecific interactions are likely to become more neg-
ative, to the point where the effects of intraspecific com-
petition surpass the positive effect of interspecific
facilitation with decreasing space or resources. Third,
the strength and/or outcome of interspecific facilitation
might be related to the outcome of the intraspecific
interaction. For example, different cushion plant species
vary in their impact on associated beneficiary species
(e.g., Hupp et al. 2017), and therefore, intraspecific com-
petition may be greater on cushion plants that have
stronger facilitative effects. Fourth, although this study
focuses on intraspecific interactions, we expect the
observed results to be general to plant species that grow
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on cushion plants, especially in abiotically severe envi-
ronments, with interspecific interactions between benefi-
ciaries also potentially being negative (see, e.g., Llambi
et al. 2018).

More generally, our results suggest that both inter- and
intraspecific biotic interactions may be crucial for the
performance and survival of plant species in extreme
environments. Within the context of facilitation, the over-
all performance and abundance of beneficiary species
may be dependent on the combined effects of the benefac-
tor species on the beneficiaries, the indirect interactions
among beneficiaries themselves, and the interaction of
the benefactor and beneficiaries with their environment
(e.g., Schob et al. 2013, Llambi et al. 2018). Indeed,
although other recent research (e.g., Garcia-Cervigon
et al. 2013, Zhang and Tielborger 2020) has highlighted
the importance of intraspecific interactions, this study
emphasizes that there are several mechanisms that could
drive the outcome of intraspecific interactions, and both
inter- and intraspecific interactions could be important
to consider when understanding variation in species’ per-
formance and community processes.
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