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Abstract

1. Understanding the patterns of competitive and facilitative interactions within
and among species in plant communities is a central goal of plant ecology, because these
patterns determine species coexistence and community dynamics. Network theory
provides tools that allow these patterns to be quantified, and can provide greater
understanding of important community properties, including community stability, than
can documenting pairwise species interactions.

2. I characterized the interactions of multiple, co-occurring invasive and native
species in an old field woody plant community to build plant interaction networks at two
different life stages. With the goal of identifying structural features that may operate
to maintain species coexistence, I characterized the architecture of these networks at
multiple scales: the entire network, the substructures that compose the network, and
species’ roles within substructures.

3. I found that species-level pairwise interactions alone did not provide an accu-
rate or sufficiently detailed picture of community structure. Rather, using a network
approach, I identified substructures that have the potential to promote and hinder
species coexistence in interactions among seedlings. Characterizing the nuances of
network substructures was illuminating, as the size of the substructures and the pat-
tern of interaction intensities within substructures influence the expected effects on
species coexistence. Including interactions at multiple life stages was also important;
the seedling species that benefited most from the nested structure of facilitative inter-
actions with adults occupied subordinate roles in substructures with other seedlings.
This role reversal at different life stages is a potential factor promoting coexistence
in the community. Last, the network framework was useful for comparing species’
roles between native and invasive members of the community, and the three invasive
species in this system had different, life-stage dependent strategies in interactions with
co-occurring plants.

4. Synthesis. The interplay of network architecture and substructures within plant
communities and among plants at different life stages is important for understanding
species coexistence. In the plant community characterized in this study, there were
several features that may promote coexistence, and these features were not observ-
able in interactions within a single life stage or when considering pairwise interactions

independently.
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Introduction

Plant communities include both competitive and facilitative interactions, often occurring in
concert (Callaway & Walker, 1997), and these interactions have an important role in com-
munity structure and dynamics (Connell & Slatyer, 1977; Keddy, 2001). The balance of
competition and facilitation among and within species can promote or hinder coexistence
by influencing the niche and fitness differences among species (Chesson, 2000; Godoy, Bar-
tomeus, Rohr & Saavedra, 2018). An important goal of community ecology is to identify and
characterize stabilizing and destabilizing structural features in communities. For instance,
community structures in which intraspecific interactions are stronger than interspecific inter-
actions have been shown to promote stability (Chesson, 2000; Barabds, Michalska-Smith &
Allesina, 2017; Adler, Ellner & Levine, 2010), as have deviations from competitive hierar-
chies (Laird & Schamp, 2006; Allesina & Levine, 2011; Soliveres & Allan, 2018). One way to
identify these features that has frequently been used is to compare rankings of species’ inter-
action effects and responses in communities (e.g., Keddy, Twolan-Strutt & Wisheu, 1994;
Howard & Goldberg, 2001). However, this can be an inadequate approach, because these
metrics involve only pairwise effects and do not incorporate multispecies mechanisms that
can influence coexistence (Levine, Bascompte, Adler & Allesina, 2017). Methods used in the
past to study plant interactions at the community level have involved fitting parameters in a
dynamic model with empirical data. These parameters are then used to identify structural
features in the community (stabilizing niche differences, Godoy & Levine 2014; higher-order
interactions, Mayfield & Stouffer 2017). Currently, these models have only been developed
for annual plant systems, and have not been generalized to communities of perennial plants
at different life stages. Interactions among plants depend on life stage, and interactions
among plants of different life stages can have an important impact on community dynamics
(Armas & Pugnaire, 2009) and thus coexistence (Chu & Adler, 2015).

Network theory provides a set of tools to analyse and quantify the structure and dynamics
of complex systems with many interacting parts, and plant communities can be represented
as networks in which species are linked by competitive and facilitative interactions. With
plant interaction networks, it is possible to explore potential mechanisms driving community
dynamics and local diversity by quantifying emergent properties that cannot be determined
by metrics like species richness or comparisons of pairwise species interactions (Losapio &
Schob, 2017; Saiz, Gomez-Gardenes, Borda & Maestre, 2018; Losapio, Montesinos-Navarro
& Saiz, 2019; Kinlock, 2019). Networks are composed of smaller substructures, which are
the interactions among species subsets in the network (Milo et al., 2002). Past studies of

substructures in food webs (e.g., Stouffer, Camacho, Jiang & Nunes Amaral, 2007), animal



social networks (e.g., Waters & Fewell, 2012), and plant-pollinator networks (e.g., Cirtwill,
Roslin, Rasmussen, Olesen & Stouffer, 2018) provide system-specific quantitative measures of
community structure. Observed patterns of substructures found in ecological networks give
insight into community dynamics (Mersch, 2016; Stouffer & Bascompte, 2010) and assembly
(Baiser, Elhesha & Kahveci, 2016).

Three-species substructures in plant interaction networks have been previously analysed
in order to compare the frequency of transitive and intransitive substructures (Godoy, Stouf-
fer, Kraft & Levine, 2017; Saiz, Le Bagousse-Pinguet, Gross & Maestre, 2019). In a transitive
substructure, species form a competitive hierarchy and can be ranked by their competitive
ability, e.g., hypothetical species A outcompetes species B and C, and species B outcompetes
C. This pattern hinders coexistence in the absence of stabilizing niche differences, as species
A competitively excludes species B and C (Keddy & Shipley, 1989; Gallien, Zimmermann,
Levine & Adler, 2017). In an intransitive substructure, species deviate from a hierarchy,
forming a loop in which species A outcompetes species B, species B outcompetes C, but
species C outcompetes A. This pattern stabilizes species coexistence, even in the absence
of niche differences (Durrett & Levin, 1998; Laird & Schamp, 2006; Gallien et al., 2017).
Four-species substructures, which have not been previously measured in plant communities,
are more varied. Even though intransitivity is often cited as a stabilizing mechanism in com-
munities, four-species intransitive loops (and other even-numbered loops) have been found to
be destabilizing in theoretical studies (Allesina & Levine, 2011; Vandermeer, 2011; Gallien,
2017). Additionally, the degree of intransitivity in network substructures can vary continu-
ously, from strongly transitive to strongly intransitive, depending on the asymmetry of the
reciprocal interactions in the substructure (asymmetric interactions strengthen transitive or
intransitive patterns, Gallien et al., 2017; Gallien, Landi, Hui & Richardson, 2018). The
position of a given species in a particular substructure (sensu Stouffer, Sales-Pardo, Sirer
& Bascompte, 2012) is a quantitative species-level metric that incorporates network inter-
actions. For example, a transitive three-species substructure has three unique positions: the
top, middle, and bottom species in the hierarchy; and an intransitive three-species substruc-
ture has one unique position (all species are equally positioned in the loop). By including
information about direct and indirect interactions from network substructures, species’ po-
sitions are useful representations of species’ roles in communities (Cirtwill & Stouffer, 2015).

There are additional metrics that can characterize the network structure of interactions in
plant communities. Interactions which are effectively one-sided (e.g., interactions between
adult shrubs/trees and seedlings) can be represented with a bipartite network. Different
network metrics are used to estimate structure in bipartite networks, such as nestedness.

In a nested network, for example, most interactions are between a few adult and seedling



species, and other species share nested subsets of those interactions. Nestedness in facilita-
tion networks of nurse plants and seedlings has been positively associated with the resistance
of the community to extinction (Verdi & Valiente-Banuet, 2008; Losapio & Schéb, 2017).
Species’ interaction diversities can be also be measured in plant communities. Interaction
diversity is a metric (based on Shannon entropy) that is a measure of how equally distributed
interactions are in a community (Montoya & Yvon-Durocher, 2007). Thus, while species’
interaction effects and responses are measures of the mean intensity of species interactions,
interaction diversity is a measure of the distribution of species interactions, and it reflects
whether a species has very different interactions with different species (species-specific inter-
actions, low interaction diversity) or similar interactions with all species (high interaction
diversity) (Bliithgen, Friind, Vazquez & Menzel, 2008).

Invasive species have altered community composition, ecosystem functioning, and biotic
interactions, exerting impacts worldwide (Ehrenfeld, 2010; Vila et al., 2011; Catford, Vesk,
Richardson & Pysek, 2012). Competition and facilitation are central forces in biological inva-
sions (Simberloff & Von Holle, 1999; Levine, Vila, Antonio, Dukes, Grigulis & Lavorel, 2003).
The way in which these interactions influence invasive establishment and dominance is not
clear, as evidence does not support an overwhelming competitive strategy shared by invasive
species (e.g., competitive superiority, Levine et al. 2003; Vila & Weiner 2004; Maron & Mar-
ler 2008), but rather a suite of interaction types occurring among invasive and native species
(including facilitation, Maron & Connors 1996; Cavieres, Quiroz & Molina-Montenegro 2008;
Saccone, Pages, Girel, Brun & Michalet 2010; Tecco et al. 2007). In addition, interactions
among multiple invaders are understudied (Kuebbing, Nunez & Simberloff, 2013), which is
problematic because co-occurring invaders may benefit one another, leading to increasing
invader impacts (Simberloff & Von Holle, 1999). Using a network approach to characterize a
plant community with multiple native and invasive species allows for a holistic understanding
of the composite interaction strategies as embedded within the larger community:.

I investigated community structure of an old field plant community at multiple life his-
tory stages using an experimental study, and I used network analysis as a way to account for
the direct and indirect effects of interactions in the community. I characterized community
structure in terms of networks of competitive and facilitative interactions in order to identify
and quantify features of community architecture that promote or hinder species coexistence.
These features and their predicted effects on species coexistence and exclusion are detailed
in Table 1. I conducted a manipulative field experiment and a garden experiment including
seven woody native and invasive species, and used these to quantify pairwise interactions at
two different life stages: among seedling pairs (the seedling-seedling network) and between

adult shrubs and seedlings (the adult-seedling network). This dual network description of



the community allowed for the identification of species that undergo a role reversal between
the seedling and adult life stages, which is a feature that can contribute to community stabil-
ity (Gallien, 2017). I constructed networks using interaction weights from the experimental
results, and calculated species-level and network-level metrics. Species-level metrics included
measures of interaction effect and response (which involve only pairwise effects), species’ po-
sitions in network substructures, and species’ interaction diversities (both of which involve
network effects). Network-level metrics included network substructure analysis and nested-
ness. The goals of this study were (1) to detect the prevalence and strength of competitive
and facilitative interactions in the community, (2) to compare species’ pairwise effects with
species’ network effects, (3) to compare species-level and network-level metrics at different
life stages, and (4) to compare species-level effects of invasive and native species in this
community. I found that while measuring only species’ pairwise effects reveals destabilizing,
hierarchical patterns in the community, the more detailed network analysis, which involves
both pairwise and indirect network effects, reveals a richer system of substructures under-
lying the community’s architecture and dynamics. Identifying, quantifying, and analysing
the interplay of such community substructures is crucial for furthering our understanding of

plant communities.



Table 1. Features of network architecture and their expected influence on species coexistence

or exclusion

Network feature Description and expected impacts on coexistence References

Intraspecific ¢® @) Intraspecific competition that is stronger than Chesson

and interspecific It 11 interspecific competition reflects stabilizing niche (2000); Adler

competition ¢ 0@ differences among species and promotes coexistence. et al. (2010)

Transitive Hierarchical patterns in which species can be ranked  Keddy &

structures A by their ability to outcompete others. Destabilizes Shipley
species coexistence because species with lower (1989); Gallien

competitive abilities are excluded (in the absence of et al. (2017)

stabilizing niche differences).

Intransitive 0 Species outcompete one another in a loop and cannot  Durrett &

structures with be ranked by their competitive abilities. This Levin (1998);

odd numbers of pattern creates negative frequency-dependent growth Laird &

species

Intransitive
structures with
even numbers of
species

Interaction
asymmetry

Weak

intransitivity

Nestedness

Interaction
diversity

Life stage
differences in
competitive
ability
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rates that can stabilize species coexistence (even in
the absence of sufficient niche differences), as species
in the loop alternately increase and decrease growth
rates.

In an intransitive loop with an even number of
species, the same pattern in which species in the loop
alternately increase and decrease growth rates can
destabilize species coexistence, as species’ growth
rates are exacerbated rather than limited.

Reciprocal interactions can be symmetric or
asymmetric in intensity. Increasingly asymmetric
interactions reflect increasing differences in
competitive ability. Asymmetric interactions
strengthen network-level patterns.

Deviation from strongly transitive or intransitive
structures; for example, a relatively weak interaction
between the top and bottom species in an otherwise
hierarchical transitive structure. These deviations
can stabilize species coexistence by reducing
differences in competitive abilities among species.

A pattern in which a few species have most of the
interactions, and other species have nested subsets of
those interactions. In nurse plant facilitation
networks, nested patterns are associated with
community resistance to extinction.

The number and evenness of interactions directed
towards or away from a species. In mutualistic
networks, higher interaction diversity means that
interactions are more redundant, which may stabilize
coexistence.

Species competitive abilities vary at different life
stages and species cannot competitively exclude one
another in all contexts, a pattern that can stabilize
species coexistence.

Schamp (2006)

Allesina &
Levine (2011);
Vandermeer
(2011); Gallien
(2017)

Gallien et al.
(2017)

Gallien et al.
(2018)

Verdu &
Valiente-
Banuet (2008);
Losapio &
Schob (2017)

Bliithgen et al.
(2008)

Zhang &
Lamb (2012);
Gallien (2017)




Materials and Methods

Study site and focal species

I characterized the pairwise interactions between seedling pairs and between adult plants and
seedlings among focal species in an old field plant community in New England. The field
experiment was conducted in an old field in the Yale-Myers Research Forest in northeastern
Connecticut, USA, which has a humid temperate climate. The field was used for agriculture
until the 1960s, and has been periodically mowed since. The field exists in a matrix of mixed
deciduous-coniferous forest stands that were abandoned in the mid 19" century after having
been used for pasturing or agriculture (Meyer & Plusnin, 1945). Soil at the site is sandy loam
(Web Soil Survey, 2017). The site is dominated by herbaceous species, including Solidago
rugosa Mill., Poa pratensis L., Daucus carota L., Erigeron L. spp., and Symphyotrichum
Nees spp., and by small trees and shrubs (personal observation). There were seven shrub
and small tree species in the field site with substantial populations (i.e., more than one or
two isolated individuals) that were the focal species in this study. Invasive species included:
Rosa multiflora Thunb. (Rosaceae), an invasive shrub in northeast and Midwest North
America that was purposely introduced from eastern Asia in the 19th century for horticul-
ture; Elaeagnus umbellata Thunb. (Elaeagnaceae), an invasive nitrogen-fixing shrub/small
tree in eastern North America that was introduced from Asia c. 1830 for horticulture (Black,
Fordham & Perkins-Veazie, 2005); and Berberis thunbergii DC. (Berberidaceae), an invasive
shrub in eastern North America that was purposely introduced in 1875 from east Asia for
ornamental horticulture (Silander & Klepeis, 1999). Species native to eastern North Amer-
ica included: Rubus occidentalis L. (Rosaceae), Cornus racemosa Lam. (Cornaceae) (both
shrubs), Rhus typhina L. (Anacardiaceae) (multi-stemmed tree or large shrub), and Pinus
strobus L. (Pinaceae) (tree that is a pioneer species in old fields). I will use the genus names

to refer to each species for convenience.

Experimental design

Seed sources and species-specific germination treatments (stratification and scarification) are
described in Appendix B, Table S1. In April 2016, I germinated seeds in trays with 10 cm of
Sunshine Mix #4 potting medium (Sun Gro Horticulture, 60% peat moss and 40% perlite)
in a greenhouse. Once the seeds germinated, I transplanted each seedling in a cone-tainer
(Stuewe & Sons, Inc., Corvallis, OR) with a diameter of 38 mm and a depth of 140 mm.
Germination success was uneven among species and was very low for both Pinus and Rosa.

Seedlings were transplanted in the field after the last killing frost in mid May 2016.



For the seedling-seedling experiment, I measured all possible intra- and interspecific pair-
wise combinations of seedlings to determine interaction intensity between each species pair
using a target-neighbour design (Goldberg & Werner, 1983). In 7.6 litre pots (22 cm in both
diameter and depth), a central target plant was surrounded by four evenly spaced neigh-
bouring plants approximately 10 cm away to ensure interaction (see Appendix B, Fig. S2).
Control pots with a central target plant and no neighbours were also planted, for a total of 56
treatments (7 species x 8 neighbour treatments). The number of replicates was unequal due
to low germination rates for Pinus and Rosa. There were two replicates for each treatment
with Rosa as the neighbour species, three replicates for each treatment with Pinus as the
neighbour species, and five replicates for all other treatments. A majority of Rosa seedlings
were equal-aged transplants from the field site (81 Rosa transplants, six germinated from
seeds). Soil was taken from the field site to maintain consistency in soil environments be-
tween the seedling-seedling and the adult-seedling experiments. I placed pots randomly in
a grid to control for microclimate variation and re-randomized the position three times over
the course of the experiment. The pots were placed outdoors at the field site and remained
outside for the duration of the experiments. I watered the pots to field capacity as needed.

For the adult-seedling experiment, I only measured interactions directed towards the
seedlings, as I can assume that the seedlings have no significant effect on the adult plant
given the size disparity (e.g., Lortie & Turkington 2008, but see Schob et al. 2014). At the old
field site, I planted seedlings of all target species under the canopy of five adult individuals
each of Rosa, Elaeagnus, Berberis, Rubus, and Pinus. Adults were approximately 1-2 meters
tall and similarly wide. Rhus and Cornus adults were localized to one area of the field
outside of the experimental area and were not included as adult study species. Underneath
the canopy of each adult, I cleared aboveground vegetation from four perpendicular wedges 1
m from the centre of the plant and kept these wedges clear for the duration of the experiment
(see Appendix B, Fig. S3). This kept the area around the seedlings free of regrowth and
establishment while maintaining patches of natural vegetation around the adult individual
to prevent an unnatural response of the adult to the absence of competition. In five control
patches with no adult individual, I cleared four wedges and planted all seedlings in an
identical pattern.

Aboveground biomass of target seedlings from the seedling-seedling and adult-seedling
experiments was harvested in September 2016. The numbers of replicates for each treatment
at the end of the experiment are in Appendix B, Table S2. Death by herbivory appeared to
affect only three of the seedlings in the seedling-seedling experiment, and two seedlings in
the adult-seedling experiment; all other deaths were attributable to other stressors, primarily

water stress. Harvested biomass was dried to constant mass at 60°C and weighed.



Constructing plant interaction networks

I constructed plant interaction networks from the seedling-seedling experiment and the adult-
seedling experiment. I estimated plant performance in all species combinations with an
interaction index, relative interaction intensity (RII). In each network, interactions were di-
rected edges from the neighbour/adult species node toward the target species node, where
RII,; represents the effect of neighbour/adult species j on target species i. RII is an index
ranging between (—1, 1) that can represent both competitive and facilitative interactions
without assuming either competition or facilitation a priori (Armas, Ordiales & Pugnaire,
2004). To determine RII for interactions in the seedling-seedling experiment, I calculated
the mean performance of the target species in the treatment with the target seedling growing
with neighbouring seedlings in an interspecific or intraspecific mixture (Pp;) and compared
that to the mean performance of the target species in the treatment without neighbour-
ing seedlings (Peontro1)- 1 calculated RII similarly for the adult-seedling experiment, except
that P, was seedling performance under the canopy of the adult and P01 Was seedling
performance in open control plots. I estimated plant performance as the final aboveground
biomass at harvest (in g). Variance for RII was estimated as in Armas et al. (2004), as-
suming unequal variances within treatment and control groups. For treatments with too few
surviving replicates to estimate variance, variance was imputed using a Bayesian gamma gen-
eralized linear regression (methods in Appendix A). A negative RII indicates that the target
species performed worse in interspecific/intraspecific mixture than alone, and a positive RII
indicates that the target species performed better in interspecific/intraspecific mixture than

alone.

Network metrics

On each network, I calculated multiple network metrics that characterized the structure
of the community. To measure the interaction effect of each species, I calculated out-
strength, and to measure the interaction response for each species, I calculated in-strength.
Mean out-strength for species ¢ is %Z?:Lj 2; RILj;, and mean in-strength of species i is
%Z?:L i RIL;;. These metrics are analogous to indices of mean competitive effect and re-
sponse (e.g., Goldberg & Fleetwood, 1987). Strengths and their variances were estimated
using the Markov-chain Monte Carlo (MCMC) sampler JAGS (Plummer, 2003) function
‘dsum’, where observed RIIs were assumed to be normally distributed with known variances
(i.e., RITgpserved ~ N (RIL, varopservea), and the prior distribution for estimated RII was con-
strained to be Uniform[—1, 1]. All Bayesian analyses were conducted using the package
‘R2jags’ in the R environment, version 3.5.2 (Su & Yajima, 2015; R Core Team, 2018),
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with three chains of 500,000 MCMC iterations sampling every 10th iteration, and discarding
the first 50,000 samples as burn in. Convergence was determined using thresholds for the
Gelman-Rubin diagnostic <1.1 and effective sample size >1000 (Gelman & Rubin, 1992).

I measured the nestedness of the adult-seedling network including only competitive inter-
actions and including only facilitative interactions. I used the weighted nestedness based on
overlap and decreasing abundance metric (WNODA, Pinheiro, Felix, Dormann & Mello, 2019;
Almeida-Neto & Ulrich, 2011), calculated using the R package ‘bipartite’ (Dormann, 2011;
Dormann, Frund, Bluthgen & Gruber, 2009; Dormann, Gruber & Friind, 2008). wNODA
can range from 0 (non-nested) to 100 (perfectly nested).

I calculated species’ interaction diversities (measured as Shannon entropy) in both net-
works (Bersier, Banasek-Richter & Cattin, 2002) (equations are in Appendix A). Diversities
of interactions directed towards species and directed away from species were calculated.
Interaction diversity was measured including only competitive interactions and including
only facilitative interactions.

Observed network metrics were compared to network metrics that were measured with
null models of network configurations, as are commonly implemented in studies of ecological
networks (Vazquez & Aizen, 2003). As there is no universally accepted null model appro-
priate for all types of ecological networks, it is convention to compare several null models
that manipulate structural features of interest. For null model I, network weights were ran-
domly shuffled using the ‘shuffie.web’ algorithm in the ‘bipartite’ package. This preserves the
connectivity, the number of facilitative and competitive interactions, and the distribution of
weights in the network. Thus with null model [, it is assumed that there are no characteristic
differences in interactions among species. For null models ITA and IIB, the connectivity and
the number of facilitative and competitive interactions were conserved, as were the marginal
sums of the network. For these null models, binary interactions were assigned given the
‘vaznull’ algorithm in the ‘bipartite’ package, and weights were assigned as random uniform
variates that summed to species’ in-strengths (null model ITA) and out-strengths (null model
IIB) in the empirical networks. While it is possible to conserve all marginal sums for pos-
itive integer weighted networks, e.g., with the Patefield algorithm (Patefield, 1981), there
is no such algorithm for signed noninteger weighted networks. Nestedness and interaction
diversity calculated on the empirical network were compared to the distribution calculated
on 1,000 randomized networks constructed using null models I, ITA, and IIB. Confidence
intervals and P-values were calculated directly from the distributions under the null models
(Veech, 2012).

I measured the frequencies of all three- and four-species substructures in the seedling-

seedling network. The seedling-seedling network was converted to a binary competitive
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outcomes matrix (Laird & Schamp, 2006). Binary competitive outcomes were determined
by comparing reciprocal species interactions, i.e., species ¢ outcompetes species j if RII; <
RII;;. Competitive outcomes were also measured using stricter criteria, which I will refer to
as relevant competitive outcomes, in which one species outcompetes another only if its inter-
specific effect was stronger than its intraspecific effect (i.e., species i outcompetes species
j if RIL; < RII; and RIL; < RIL;). The frequencies of unique network substructures were
measured with the binary competitive outcomes and relevant competitive outcomes matrices
(substructures are shown in Fig. 3). The seedling-seedling network was also converted to
a weighted competitive outcomes matrix, where nonzero elements were equal to the mean
absolute difference in interaction intensity between the winning and losing species. This pre-
serves information about the asymmetry of the interactions between species pairs. Species’
roles were measured as the frequency at which a species occupied a particular position in a
substructure (positions are shown in Fig. 3). Additionally, the mean competitive asymme-
try for a given species in a given position was measured. The frequencies of substructures
and species’ positions in the seedling-seedling network were compared with the frequencies
in 10,000 null networks in which interactions were randomly shuffled (null model I). This
makes it possible to determine whether particular substructures or positions are over- or
under-represented in the observed network relative to a network in which the species-level
variation has been randomized (Stouffer et al., 2007, 2012). Confidence intervals and P-
values were calculated using the distributions of test statistics (frequency and competitive
asymmetry) under the null model.

To measure the degree of intransitivity in three-species substructures, I used the intrans-
itivity indicator index (IC) developed by Gallien and colleagues (2018). The index was

calculated using normalized net interaction effects in each three-species substructure. The

(RIT;;—RII,;)
max(RII)

imum interaction intensity in the substructure (the signs of RIls were inverted to calculate

normalized net effect of species j on species i, e;;, is , where max(RII) is the max-
this metric). For substructures including facilitative interactions, the range of RII was used
instead of the maximum. This way, normalized net effects were bounded between —1 and
1. The IC for a given three-species substructure (with species i, j, and k) was calculated as,
IC = e;; + eji — eix. The index, which is bounded between —1 and 3, measures the degree
of intransitivity in a network substructure: IC < 0 is strongly transitive, 0 < IC < 2 weakly
intransitive, and IC > 2 strongly intransitive.

I also calculated the relative intransitivity (RI) index using the binary competitive out-
comes matrix. The RI index was calculated using the variance of the column sums in the
network, and comparing this to the minimum and maximum possible variances of the col-

umn sums for an equal-sized matrix, RI = 1 — (vargps — varmn) / (varmayx — varm,) (Laird &
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Schamp, 2006). Transitive networks have high variance and intransitive networks have low
variance. An RI index of 0 describes a maximally transitive community and 1 describes a
maximally intransitive community. The RI of the seedling-seedling network was compared

with the RI of 10,000 null networks in which interactions were randomly shuffied (null model

1).

Results

In the seedling-seedling experiment, all 49 pairwise interactions among the seven study
species were quantified (Fig. 1a, b). A majority of the interactions (94%) in the seedling-
seedling network were competitive. Three facilitative interactions were measured, and in
all cases Rosa was the recipient species. Interspecific interaction intensities (RIL;) ranged
from —0.90 (competitive) to 0.45 (facilitative), with a mean of —0.40. All intraspecific inter-
actions (RII;) were competitive, but varied in intensity; they were relatively strong for Rubus
(—0.67) and Rhus (—0.66), moderate for Cornus (—0.46), and weak for Berberis (—0.21),
FElaeagnus (—0.16), Pinus (—0.13), and Rosa (—0.05).

In the adult-seedling field experiment, 34 pairwise interactions between adults and seedlings
were measured, missing one interaction in which FElaeagnus was both the adult and the
seedling species (seedlings died in all replicates) (Fig. lc, d). There were 24 competitive
interactions and 10 facilitative interactions in the network. Fight of the 10 facilitative
interactions were directed towards invasive FElaeagnus and Berberis seedlings. Interaction

intensities ranged from —0.67 to 0.77 with a mean of —0.14.

Competitive effects and responses

All seedling species had negative mean out-strengths, meaning that they had competitive
mean effects on other seedlings in the community (Fig. 2a). Native Rhus had the strongest
competitive mean effect, followed by invasive Rosa, native Pinus, and Rubus, all relatively
equal in competitive mean effect (i.e., their credible intervals overlapped considerably). Last,
native Cornus and invasive Elaeagnus and Berberis had the weakest (relatively equal) com-
petitive mean effects. Native seedlings had negative mean responses (i.e., negative mean
in-strengths) that were similar to one another in intensity, while the three invasive seedling
species had divergent responses (Fig. 2a). Berberis seedlings had strongly negative mean re-
sponses, Flaeagnus seedlings moderately negative mean responses, and Rosa seedlings had no
significant response. In contrast, the four native species had moderately strong competitive

mean responses to other seedlings.
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Figure 1. Seedling-seedling (a, b) and adult-seedling (c, d) interaction networks. Network
visualizations (a, ¢): nodes are species (light grey nodes are invasive at the study site), edges
are interaction intensities, RII;;. Edge widths are proportional to interaction intensity. Ar-
rows point from the neighbour /adult species towards the target species. Blue edges represent
facilitative interactions (RII > 0) and red edges represent competitive interactions (RII <
0). Bold genus names are adults, and all other nodes are seedlings. Matrix visualizations
(b, d): the colour of the matrix element is the interaction intensity, RII;; of neighbour/adult
species j on target species i. Species are abbreviated as the first two letters in the genus
name. One interaction in which seedlings died in all replicates is shown in grey.
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seedling and (b) adult-seedling networks. Error bars are 95% credible intervals (CRIs).
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Adults had similar competitive effects on species, i.e., the 95% CRIs of their mean
out-strengths overlapped one another. Adult Elaeagnus, Rosa, and Rubus had no signifi-
cant mean effect on the seedling community, meaning that their 95% CRIs overlapped zero
(Fig. 2b). Berberis and Pinus adults had significantly competitive mean effects on seedlings.
Seedling species differed in their responses to adults. On average, invasive Elaeagnus and
Berberis were facilitated by adults (i.e., had positive mean in-strengths), while all native

species and invasive Rosa had negative mean responses to adults (Fig. 2b).

Network architecture

Table 2. Frequencies of three- and four-species network substructures observed in the
seedling-seedling network, compared with frequencies estimated using a null model of net-
work structure.

1D Substructure description Obs. Null Freq.* P
Competitive outcomes, interspecific interactions only

T3 Transitive 30 26.2 [22, 32] 0.134
13 Intransitive 5 8.8 [3, 13] 0.217
T4 Transitive 22 13.1 [5,25] 0.111
LL4 Lower intransitive 3-spp loop outcompeted by fourth sp 3 4.4 10, 9] 0.605
UL4 Upper intransitive 3-spp loop outcompetes fourth sp 3 4.4 [0, 9] 0.606
14 Intransitive 7 13.1 [2,22] 0.342
Relevant competitive outcomes, account for intraspecific interactions

T3 Transitive 14 9.3 [1, 22 0.348
C3 Three-species chain 1 6.2 [1, 11] 0.062
PT3A Partial transitive, top/middle spp do not outcompete 4 2.3 [0, 6] 0.236
PT3B Partial transitive, two bottom spp do not outcompete 8 4.7 [1, 10] 0.127
I3 Intransitive 5 2.6 [0, §] 0.227
PT4A Partial transitive, two bottom spp do not outcompete 5 1.1 [0, 5] 0.040
PT4B Partial transitive, two middle spp do not outcompete 5 0.5 [0, 3] 0.001
P14 Partial intransitive, two intransitive sub-loops 3 1.2 [0, 5] 0.199
14 Intransitive 4 1.7 [0, 9] 0.225

* Null frequency shown as mean [95% CI]

On the whole, the seedling-seedling network was neither fully transitive nor intransitive
(RI = 0.36; null RI mean [95% CI] = 0.62 [0.21, 0.93]). Looking in depth at the frequencies
of the three- and four-species substructures that composed the network, most substructures
were transitive (86% of three-species substructures and 63% of four-species substructures).

There were more transitive substructures than expected and fewer intransitive substruc-
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Figure 3. Three- and four-species substructures observed in the seedling-seedling competitive
outcomes network. Arrows point from the “winning” species to the “losing” species in the
pairwise interaction. Unique positions in each substructure are numbered. Substructure IDs
are described in Table 2. Substructures to the right of the vertical line were only observed
when competitive outcomes accounted for intraspecific interactions (relevant competitive
outcomes).

tures than expected under the null model (Table 2). The frequencies of three-species and
four-species intransitive substructures were similar. A considerable number of four-species
substructures were partially transitive/intransitive (31%, substructure IDs LL4 and UL4),
meaning that they were composed of a mixture of transitive and intransitive three-species
substructures. In comparison, looking at substructure frequencies using relevant compet-
itive outcomes (in which a species outcompetes another only if its interspecific effect was
stronger than its intraspecific effect), intransitive substructures were actually more common
than expected under the null model (Table 2). While transitive three-species substructures
were more common than expected using relevant competitive outcomes, completely transitive
four-species substructures were relatively rare (6%) and most four-species substructures were
partially transitive (i.e., otherwise transitive substructures that were missing interactions,
substructure IDs PT4A and PT4B).

Invasive Rosa and native Rhus were significantly overrepresented in the top positions
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competitive asymmetry of species in each position, measured as the mean amount by which
the species outcompeted “losing” species. The expected values and P-values under null
model T are shown.
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of transitive hierarchical substructures (Fig. 4a). While Rosa was overrepresented in the
top positions of both three- and four-species transitive hierarchies, Rhus was only overrepre-
sented in three-species transitive hierarchies. Native Rubus and Cornus were overrepresented
in the middle positions of transitive substructures, and invasive Berberis and FElaeagnus in
the bottom positions of transitive substructures. Looking at species’ positions using rele-
vant competitive outcomes, Berberis and Pinus were overrepresented in the loop positions
in intransitive three- and four-species substructures (Appendix B, Fig. S4). Interaction
asymmetry varied considerably among species, and interactions with Rosa were significantly
more asymmetric relative to interactions with other species (Fig. 4b).

The facilitative relationships in the adult-seedling network were significantly nested (wN-
ODA = 53.9) relative to null model I, but not null models ITA or IIB (null model I wNODA
= 28.8 [12.6, 44.1], P = 0.007; null model ITA = 46.6 [23.8, 69.5], P = 0.247; null model
IIB = 36.4 [15.0, 57.9], P = 0.068; Appendix B, Fig. Sba). Thus, the nestedness of fa-
cilitative interactions was attributable to species-level interaction effects rather than to the
distribution of interactions for a species. The species at the core of the facilitative inter-
action network were adults Rubus and Rosa and seedlings FElaecagnus and Berberis. The
competitive relationships in the adult-seedling network were significantly nested relative to
all null models (WNODA = 76.0, null model I = 53.2 [42.5, 63.9], P < 0.001; null model ITA
= 61.6 [42.5, 64.0], P = 0.009; null model 1IB = 56.1 [41.4, 70.8], P = 0.004; Appendix B,
Fig. S5b). Competitive interactions were therefore nested as a result of both species-level
effects and the distribution of interaction weights within a species. The interactions most
deeply nested in the network of competitive interactions were adult Berberis, Pinus, and
Rosa acting on seedlings Rubus, Rosa, and Cornus.

For several species, interaction diversities were reversed between the seedling-seedling
and adult-seedling networks (Appendix B, Fig. S6). The competitive interactions directed
towards invasive Berberis and FElaeagnus in the seedling-seedling network were significantly

more evenly distributed than expected, while the diversities of their competitive interactions
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with adults were zero. Thus, Berberis and Flaeagnus experienced homogeneous competitive
effects from other seedlings, but not adults. In contrast, the competitive interactions di-
rected towards invasive Rosa in the seedling-seedling network were significantly less evenly
distributed than expected (i.e., other seedlings had variable, species-specific effects on Rosa
seedlings), while the diversity of competitive effects of adults on Rosa seedlings was very
close to the expected value (i.e., adults had similarly competitive effects on Rosa seedlings).
Competitive interactions directed towards and away from native Rubus seedlings (and native
Rhus and Pinus, to a lesser extent) were significantly more evenly distributed than expected

in all contexts.

Discussion

In this study, I sought to identify and characterize the structural features that promote or
hinder species coexistence in an invaded woody plant community at different life stages, and
to compare structural features apparent at the species level and at the network level. Con-
sidering only species-level pairwise interactions among seedlings, species could be roughly
ranked into three categories by their mean competitive effects. Only Rhus and Rubus had
strong, limiting intraspecific competition. Adults had effectively indistinguishable, neutral
mean effects on seedlings, which varied from competitive to facilitative depending on the
seedling species. Among seedlings, invasive Elaeagnus and Berberis were the only species
consistently facilitated by adults. By considering the interactions among seedlings and be-
tween adults and seedlings in a network framework, novel insight into the structure of these
interactions was gained, and species that seemed to take on similar roles at the pairwise level
were clearly differentiable.

Considering the matrix of interactions among seedlings as a whole, it was clear that
the species could not be ranked strictly by their competitive abilities, as the RI of the

seedling-seedling network was not zero. Without further analysis, this would suggest that
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the community had intransitive loops that may stabilize the dynamics among seedlings in
the community, promoting coexistence. However, by breaking down the network into sub-
structures, characteristic patterns and species’ roles were apparent, and these structures
were neither exclusively stabilizing nor destabilizing. Both three-species and four-species
transitive substructures were overrepresented in the seedling-seedling network even when
intraspecific interactions were taken into account, as most species tended to have stronger
effects on other species than they had on conspecifics. In the absence of stabilizing niche dif-
ferences like strong intraspecific competition, transitive patterns lead to exclusion of species
in the hierarchy and are thus destabilizing (Soliveres & Allan, 2018). Three-species and
four-species intransitive substructures were present, and were relatively more common when
accounting for intraspecific interactions. Three-species (and other odd numbers of species)
intransitive patterns are stabilizing in communities, as they have the potential to gener-
ate negative frequency dependent population growth rates that promote species coexistence
(Durrett & Levin, 1998; Allesina & Levine, 2011). In contrast, four-species (and other even
numbers of species) intransitive substructures are destabilizing, as competition compounds
through the system to alternatively increase and decrease species’ abundances (Allesina &
Levine, 2011; Vandermeer, 2011; Gallien, 2017). In this and other real plant communities,
odd- and even-numbered intransitive patterns occur together, and the expected influence of
intransitivity on species coexistence should be considered in this context.

However, there is additional layer of detail important in characterizing the substructures
that make up plant communities. There are varying degrees of transitivity and intransitivity
contingent on (1) the asymmetry of pairwise interactions (Gallien et al., 2017), and (2)
whether the transitive hierarchy is strong or weak (Gallien et al., 2018). Three-species
(odd) intransitive loops only have the potential to be stabilizing if pairwise interactions are
asymmetric, meaning the effect of the winner species on the loser is much stronger than
the effect of the loser species on the winner (Gallien, 2017). Interaction asymmetry varied

considerably, especially across species (e.g., interactions with Rosa were very asymmetric,
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Fig. 4b). Second, a transitive substructure is considered strong if the top species in the
hierarchy has a very intense effect on the bottom species and a moderate effect on the
middle species, and the middle species has a moderate effect on the bottom species (Gallien
et al., 2018). If this pattern differs, for example, if the top species has a weak effect on
the bottom species, the transitive substructure is weakened (this pattern is known as weak
intransitivity, Gallien et al., 2018). Weak intransitive patterns delay or prevent competitive
exclusion, making stable coexistence more likely (Gallien et al., 2018). In this study, many
transitive substructures were in fact weakly intransitive, i.e., IC was between 0 and 1 for
the majority of transitive substructures (Fig. 5). Also, intransitive substructures in the
seedling-seedling network were not strongly intransitive (IC of all intransitive substructures
< 2, Fig. 5).

Network structure in the adult-seedling network was strikingly different from the seedling-
seedling network. Interactions with adults favoured seedling species that were dispropor-
tionately found in the bottom position in hierarchical network substructures in the seedling-

seedling network, and for several species, the diversity of competitive and facilitative inter-
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actions showed opposite patterns in the two networks. Though there was little difference
among adults when comparing their pairwise, species-level effects on seedlings, a nested ar-
chitecture was apparent for both facilitative and competitive interactions at the network
level, thus differentiating the adult species. In contexts where facilitation by adult plants is
a dominant interaction, e.g., desert or alpine ecosystems, nested patterns describe communi-
ties in which a generalist core of adult nurse species facilitate both generalist and specialist
(including rare) seedlings, and in these contexts, nestedness is positively related to the re-
sistance of plant communities to extinction (Verdd & Valiente-Banuet, 2008; Losapio &
Schob, 2017; Losapio, Pugnaire, O’Brien & Schob, 2018). In this study, however, the nested
pattern between adults and seedlings describes a core of adult and seedling species which
have the strongest facilitative interactions, and a different core of adult and seedling species
which have the strongest competitive interactions. The near reversal of species’ roles in the
seedling-seedling and adult-seedling network may be a force promoting species coexistence
in this community (Gallien et al., 2017), similar to what was suggested in a study find-
ing changes in species competitive rankings at different life stages (Zhang & Lamb, 2012).
While facilitation itself will not necessarily promote coexistence (Bulleri, Bruno, Silliman &
Stachowicz, 2016), the divergent responses of seedlings to adults may.

Old fields are a novel habitat in eastern North America and exist in their current state
because abandoned agricultural fields have been prevalent in this region since the mid 19th
century (Foster, Motzkin & Slater, 1998; Hall, Motzkin, Foster, Syfert & Burk, 2002). The
native woody species that inhabit old fields in eastern North America were thought to have
been restricted to permanently open habitats in the pre-European colonization landscape
(Marks, 1983), thus there is no characteristic co-evolved native old field woody plant com-
munity. Finding a mixture of structural features that promote and hinder species coexis-
tence should perhaps be expected in a relatively novel habitat with species that have only
co-occurred in modern times. In fact, weak intransitivity is a potential mechanism by which

stronger network-level patterns can assemble in ecological communities over time (e.g., strong
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intransitivity, Gallien et al., 2018).

Using this network-based framework allows for a quantitative comparison of species roles,
comparing invasive and native species within the community (n.b., this is not a compari-
son of invasive and native species more broadly). Notably, the rankings among seedlings
apparent by looking only at pairwise effects did not align with the species’ roles taking
network structure into account. Invasive Rosa was overrepresented in the top position of
transitive hierarchies, and had strongly asymmetric competitive effects in this position. Rosa
is an invasive species in northeast and Midwest North America that can become dominant in
mid-successional old fields, forest edges, and gaps in forest understories (Banasiak & Meiners,
2009). Unlike the native species that occupied the top position in transitive substructures
(Rhus), Rosa had very weak intraspecific competition. Though Rhus typhina is native to
eastern North America, it is invasive in central Europe (Mollerovd, 2019) and in China
(Zhang, Jiang, Zhang, Zhang & Shi, 2009), where its competitive ability may influence its
success (Du et al., 2017). While Berberis and Elaeagnus are pervasive invaders in eastern
North America, they were overrepresented in the bottom positions of hierarchical network
substructures in interactions among seedlings. However, both species were facilitated by
adults. Berberis can inhabit fully shaded forest understory (DeGasperis & Motzkin, 2007)
and FElaeagnus can inhabit partially shaded forest edges (Dornbos, Martzke, Gries & Hes-
selink, 2016), thus adult species may have facilitated seedlings by microclimate amelioration
(creating shade, reducing temperature). In contrast, the other species in this study are not
known to be shade tolerant, including invasive Rosa (Dlugos, Collins, Bartelme & Drenovsky,
2015). Adult Rosa was central in the nested structure of facilitative interactions, facilitat-
ing both Berberis and Elaeagnus. Facilitation among co-occurring invaders could lead to
increasing invader impacts (Simberloff & Von Holle, 1999), though the complex network of
interactions in which the facilitative interactions occur may buffer these impacts.

In this study, I have identified features in the community that represent a mixture of

both stabilizing and destabilizing characteristics, given current theoretical understanding
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(e.g., Allesina & Levine, 2011; Gallien et al., 2018). While the interplay of such features may
provide a useful explanatory framework for understanding community stability and species
coexistence, a direct, causal interpretation of the role these network features have is difficult
for several reasons. First, I did not explicitly test for coexistence using invasion analy-
sis (e.g., Carroll, Cardinale & Nisbet, 2011) or stability analysis (e.g., structural stability
analysis, Saavedra et al., 2017). Also, the networks in this study were composed of inter-
action indices, which are proxies of per capita competitive effects of species on populations
of other species that may not adequately represent population-level responses. Including
more species in future studies of plant interaction networks is important. In this study, most
interactions among seedlings were moderately strong and competitive (though adults and
seedlings had weaker interactions). Weak interactions have been found to promote species
coexistence in ecological communities (McCann, Hastings & Huxel, 1998), and including
additional (and rare) species may therefore illuminate additional stabilizing features in plant
communities. Only a single community was characterized in this study; similar comparisons
of plant interaction substructures and species’ roles across communities are necessary to
understand whether these features are consistent across contexts. Species’ roles have been
found to be conserved across temporal, spatial, or phylogenetic contexts in other types of
ecological networks (Stouffer et al., 2012; Baker, Kaartinen, Roslin & Stouffer, 2015), but
this is not known for plant interaction networks. Last, the experimental method by which
interactions among seedlings were measured may have removed potential stabilizing niche
mechanisms (e.g., indirect interactions with co-occurring species not included in the study,
or plant-soil feedbacks, Ke & Wan, 2020) that could occur in a more realistic field setting
(but see Tuck, Porter, Rees & Turnbull, 2018).
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Conclusions

I quantified the complex structure of a plant community by measuring interactions among
woody plant species at two different life stages, among seedlings and between seedlings and
adults, using a series of field and garden experiments. I sought to identify structural features
of the seedling-seedling and adult-seedling networks that were associated with community
stability, given current theoretical understanding, at different scales of network analysis.
Measures of pairwise species-level effects and responses suggested that seedling species could
be ranked in a hierarchy of competitive effects and that adult species had similar, weak
effects on seedlings. In contrast, the use of a network approach revealed that interactions
among seedlings were neither strictly transitive nor intransitive. Though three- and four-
species transitive substructures were common, they were not composed of strongly asymmet-
ric interactions and many were weakly intransitive (Gallien et al., 2018). There were both
three-species and four-species intransitive loops, and while three-species loops are expected
to promote diversity in communities, four-species loops may destabilize species coexistence
(Allesina & Levine, 2011; Gallien et al., 2017). In general, future studies of community
structure in plant communities should incorporate the nuances of transitive and intransitive
substructures, measuring substructures of different sizes and quantifying interaction asym-
metry. Interaction patterns between adults and seedlings were also only apparent using a
network approach, as adults tended to facilitate or harm seedlings in a nested pattern. Addi-
tionally, interactions with adults in the adult-seedling network favoured species that dispro-
portionately occupied the bottom roles in hierarchical substructures in the seedling-seedling
network, which is a potential mechanism promoting species coexistence. The careful analysis
of the network architecture of plant communities is important for understanding species coex-
istence, and in this study, network analysis revealed multiple potentially stabilizing features

that were not observable when considering pairwise interactions independently.
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