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Abstract.  Species introductions have the potential to affect the functionality and stability
of ecological communities, but because little is known about how introduced species form
novel interactions, these impacts are difficult to predict. We quantified the impacts of species
introductions on species interaction networks using five different model scenarios of how a
novel species might form plant—pollinator interactions. The network structure was based on
experimental manipulations on a community of plants and pollinators and shows that the
community was more diverse, ordered, and compartmentalized, but less complex when an
invasive plant generalist was present. Our models of species introductions reliably predicted
several aspects of novel network structure in the field study. We found that introduced species
that become incorporated into the community as generalists (both in the number and
frequency of their interactions) have a much larger impact on the structure of plant—pollinator
communities than introduced species that integrate into the community with few interactions.
Average degree is strongly affected by the number of interactions the novel species forms and
whether it competes for interactions, whereas connectance is affected by whether the novel
species competes for interactions or adds new interaction partners. The number and size of
compartments in the network change only when the novel species adds new interaction
partners, while modularity and nestedness respond most to the number of interactions formed
by the novel species. We provide a new approach for understanding the impacts of introduced
and invasive species on plant—pollinator communities and demonstrate that it is critical to
evaluate multiple structural characters simultaneously, as large changes in the fundamental
structure of the community may be disguised.

Key words:  community structure; invasive species;, mutualistic interactions; plant invasions, plant—
pollinator network; species additions.

deletions have been simulated in networks to determine
effects of local extinctions on network structure (e.g.,
Dunne et al. 2002, Memmott et al. 2004, Valvodinos et
al. 2009, Campbell et al. 2012, LaBar et al. 2013).
However, few studies directly model the impact of the
addition of a species on network properties (but see
Fedor and Vasas 2009, Romanuk et al. 2009, Devoto et
al. 2012).

Though invasive species often have negative impacts
on communities, they do not necessarily form only
negative interactions. Many introduced species must
integrate into existing mutualistic networks to establish.
For example, from 78% (temperate communities) to 94%
(tropical communities) of flowering plant species depend
on animal pollinators (Ollerton et al. 2011). Many
invasive plants will therefore require resident insects to
provide pollination services and will form novel

INTRODUCTION

Range shifts, invasions, introductions, and assisted
migrations (Hoegh-Guldberg et al. 2008) are all timely
examples of how a new species might enter a commu-
nity. After its introduction, a novel species will interact
with those already present (Memmott and Waser 2002,
Stokes et al. 2006, Lopezaraiza-Mikel et al. 2007, Vila et
al. 2009, Paynter et al. 2010). Such communities can be
represented as networks of interacting species. Network
theoretical approaches are one way to explore the
impact of novel species on existing communities because
changes in species composition can alter emergent
network properties of species interactions (e.g., Lope-
zaraiza-Mikel et al. 2007, Aizen et al. 2008). For
example, from an extinction-focused perspective, species
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mutualistic interactions (Chittka and Schiirkens 2001,
Moragues and Traveset 2005, Stokes et al. 2006).
Although invasive mutualists seem able to alter the
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network structure of resident communities, the results of
comparative studies are sometimes contradictory. For
example, invasive mutualists can increase the nestedness
of networks they invade (Bartomeus et al. 2008), but
decrease connectance among resident species (Aizen et
al. 2008). Other studies find little or no apparent impact
of a species invasion on network structure (e.g., Vila et
al. 2009, Carvalheiro et al. 2011). It is therefore unclear
how we might expect species additions to alter the
original network of mutualistic interactions and what
the consequences of such changes would be (Hobbs et al.
2006).

We propose models of the impact of an introduced
species on the structure of interactions between plants
and pollinators. We simulate the introduction of a
plant species into an empirical network of resident
plants and pollinators constructed from the replicated
experimental manipulation of an invaded community
(Lopezaraiza-Mikel et al. 2007). We simulate the
impacts of a novel species along a gradient of
generality, from a species that has few interactions to
one that forms many interactions at high frequencies.
This gradient could represent the differential impacts of
species that have difficulty attracting resident mutual-
ists vs. those that readily integrate, or the difference
between a recently introduced species at low densities
vs. a well-established introduced species at high
densities (Aizen et al. 2008, Kaiser-Bunbury et al.
2011). There are several plausible alternative models
for how a novel species may integrate into an existing
ecological community: a novel mutualistic species may
interact with many species or few, add or replace
interactions, and/or add additional new species to the
network (Fig. 1).

Thus, our objectives were to (1) use data from
experimentally manipulated plant—pollinator communi-
ties in the field to develop predictive theoretical models
of the impacts of novel species additions, (2) apply these
models to identify the properties of networks that best
reflect changes in ultimate community structure for
different scenarios of novel species interactions across a
generality gradient, and (3) assess the predictive power
of the different models by comparing the model outputs
to observed structural changes from the field experi-
ment. We present five different models of novel species
interaction formation: addition, competitive, supergen-
eralist, randomized pollinator matrix, and novel species
substitution (Fig. 1). These models show that the
impacts of a novel species addition are not limited to
negative or competitive interactions, but that novel
species can change the structure of the existing
community solely by forming new mutualistic interac-
tions.

METHODS

We represented communities of plant—pollinator
interactions documented from a field experiment (Lo-
pezaraiza-Mikel et al. 2007) as interaction matrices with
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rows of plant species, columns of pollinator species, and
values in the cells of the matrix denoting the presence or
absence of an observed interaction weighted by the
frequency of that interaction (Memmott et al. 2004,
Russo et al. 2013). This matrix is a bipartite network of
interactions between plant and pollinator species
(Fig.1A). We used this empirical system as a framework
for our network analysis because random networks fail
to recapture many integral aspects of real community
structure (Bascompte et al. 2003). We then simulated the
addition of a plant species to these networks using the
program R (R Core Development Team 2008; Supple-
ment).

We added the simulated plant species as a node in the
network with a set of interactions determined by the
interaction model type (see Interaction models). We
simulated the addition of this species 1000 times for
each level of generality; each time, we randomly
assigned the novel species interactions to resident
species. After each simulation, we calculated network
properties (Table 1) and averaged these properties
across all simulations to create neutral models of novel
interactions (i.e., there was no a priori bias in the
interactions that the novel species formed unless it was
so dictated by the model). We then compared the
results of the simulations to real network structures in
the presence of the invader or after its removal as a
form of model validation.

Data

The experiment was composed of four replicate
unmanipulated sites paired with four replicate treat-
ment sites where the flowers of an invasive species,
Impatiens glandulifera (Himalayan Balsam), were
removed from a plant community (Lopezaraiza-Mikel
et al. 2007). The rest of the plant was left intact to
prevent potential experimental biases from distur-
bance and alteration of above- and belowground
competition. Insect species that visited flower species
in the sites were recorded between 2 July 2003-23
September 2003, and each of the eight sites was
observed eight times (see Lopezaraiza-Mikel et al.
[2007]). The size of communities varied between sites.
The original study compared the community structure
of the control (invaded) and experimental (I. glan-
dulifera flowers removed) plots (Lopezaraiza-Mikel et
al. 2007). Data were collected on the frequency of
visitation; we also include models using the presence
or absence of interactions in the appendices as
examples of the qualitative impacts of novel species
addition in systems where interaction frequencies are
not known (see Appendix A). For example, there is
some concern about the impact of introduced man-
aged bee species, but little is known about how they
will change the interaction structure of the resident
communities (Goulson 2003).

We compare the simulated invaded communities to
the empirical invaded sites as a form of model
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Fic. 1. A heuristic figure to demonstrate the simulated addition of a novel species to (A) an uninvaded plant-pollinator
network, according to different models: (B) an additive model, where the novel species forms new interactions (dashed lines) with
existing species; (C) a competitive model, where the novel species removes a proportion of the existing interaction (dotted lines)
from each species with which it forms a new interaction (dashed lines); (D) a supergeneralist pollinator model, where the novel
species attracts a supergeneralist pollinator that interacts with all resident plant species; and (E) a randomized pollinator matrix,
where the novel species attracts a matrix of pollinator species that interact randomly with resident species. The dot-dashed lines
indicate novel interactions formed by the new pollinator species. Additionally, (F) an invader substitution model replaces /.
glandulifera in the invaded (more species rich) sites with a simulated novel species.

validation. We believe this is a valid comparison for
three reasons. First, this experiment was conducted to
examine short-term changes in community structure; the
insect species visiting the plots were foraging opportu-
nistically. Over this short time, the community would

likely respond similarly to abrupt changes in community
composition (i.e., addition or removal). Second, the
experimental plots were small (360—450 m?) relative to
the surrounding plant community. Thus, they can be
considered patches with a subset of a regional pool of
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Descriptions of network properties and predictions of how they will change in response to a species invasion.

Network properties How we calculate itf

Description

Hypotheses

Average degree

Unweighted hi +vi
h+v
Weighted hiw + Viw
h+v
Connectance
Unweighted hi Vi
Z h i v
h+v
Weighted hiw Viw
DIE D D
h+v
Compartmentalization
Modularity We measure modularity
using the algorithm
proposed by Newman
and Girvan (2004).
Number of Compartments are groups
compartments of species within the

network that interact
more strongly with each
other than with species
from other
compartments.

Median compartment This is the median number

size of species of the
compartments.
Nestedness We calculate nestedness

using the NODF
algorithm (Almeida-Neto
et al. 2008).

Average degree describes the

average number of interactions in
the community. A network with a

high average degree is better
connected and thought to be
more stable (Dunne et al. 2002,
Thébault and Fontaine 2010).
Average degree can be strongly
influenced by generalists.

The weighted average degree
accounts for the frequency of
interactions and captures not
only the connectedness of the

community, but also the strength

of the interactions.

Connectance describes the number

of realized interactions; it may
relate to complexity and

robustness to species loss (Dunne

et al. 2002), as well as stability
(Thébault and Fontaine 2010).

The weighted connectance of the
community is influenced by the
interaction frequency of the
species.

Modularity splits a network into
compartments that are tightly
intraconnected and weakly
interconnected.
Compartmentalization is tied
theoretically to stability and
robustness (Krause et al. 2003);
higher modularity values may
destabilize mutualistic networks
(Thébault and Fontaine 2010).

A larger number of compartments

may have a stabilizing effect
(Krause et al. 2003).

Median compartment size allows us

to track changes in the size of
compartments.

Nestedness has been related to
species and community

persistence (Campbell et al. 2012)

and stability and robustness
(Thébault and Fontaine 2010,
Pocock et al. 2012).

A generalist invasive species will
cause the average degree to
increase.

A species with high interaction
frequencies will cause weighted
average degree to increase more
than the unweighted degree.

A generalist species will cause the
connectance to increase.

A generalist with high interaction
frequencies will have a larger
impact on the weighted
connectance than unweighted
connectance.

A novel species may change
different aspects of
compartmentalization in
conflicting ways; for instance, a
generalist novel species may
decrease the modularity and
thereby increase stability.

An introduced generalist may
reduce the number of
compartments in the network
and may destabilize the
community.

A generalist species that reduces
the number of compartments in
the network will also increase
the median compartment size.

A generalist species will increase
the nestedness of the
community (Aizen et al. 2008).
This may have a stabilizing
effect on community structure.

Note: NODF is nested overlap and decreasing fill.

+ Where /; is the number of interactions of a host plant 7, /4, is the weighted interaction frequency of a host plant i, / is the
number of host plant species, v; is the unweighted interaction frequency of a visitor species 7, v, is the weighted interaction
frequency of a visitor species i, and v is the number of visitor species.

species in which the pollinators can forage. Third, a
removal simulation (whereby the invader was removed
from control sites) showed the community after the
experimental removal of the invader was similar to the
community after the simulated removal of the invader
(see Lopezaraiza-Mikel 20006).

Interaction models

There are several ways in which a novel species might
integrate into an existing community (Fig. 1). We
generated five models of novel species interactions, each
designed to simulate an introduction scenario. For each



October 2014

model, we ran simulations across a gradient from low to
high generality of the novel species. The novel plant
species integrated into the community starting with a
minimum of five interactions. The interactions were
randomized among the resident pollinators in each of
1000 simulations. We repeated the 1000 simulations for
increments of five interactions, representing a gradient
of generality of the novel plant species’ pollinator
interactions until the novel plant was fully linked to all
pollinators. For all models, we drew the frequencies of
the novel species interactions (i.e., weighted interactions)
from the distribution of interaction frequencies of 1.
glandulifera (but see Appendix A for unweighted
models). This distribution is typical of generalist
invasive plant species (Valvodinos et al. 2009, Tylianakis
et al. 2010).

The simplest model of species introduction is the
additive model (Fig. 1B). In this model, a novel plant
species enters the community and forges new mutualistic
interactions with existing pollinators. In the context of
the network, we added a new plant node with
randomized interactions among resident pollinators.
Because we simulated across a gradient of novel species
generality, we were able to compare a novel species that
acted as a specialist interacting with few pollinators (i.e.,
a plant node with few links) to a supergeneralist that
interacted with every pollinator (i.e., a fully linked
node), as well as to all intermediate levels of generalism.
We randomly sampled the weight of each interaction
from the frequency distribution of I. glandulifera; thus,
the weighting of the novel species interactions was
independent of the generality. This model might apply
best in a pollen-limited environment, where pollinators
are abundant, but floral resources are scarce.

To simulate a situation where an introduced species
would compete with resident plant species for pollinator
services, we generated the competitive model (Fig. 1C).
In this model, every interaction the novel species formed
with a pollinator removed a proportion of one of the
pollinator’s existing interactions such that when the
novel plant formed an interaction at random, the
frequency of a resident plant interacting with that
pollinator was lowered. The proportion removed de-
pended on the interaction frequency of the novel species.
If the frequency of the interaction formed by the novel
species was greater than the frequency of the existing
selected interaction, the novel species continued to
remove interactions from additional resident species at
random until its frequency condition was satisfied or
there were no more interactions to remove. The
competitive model might represent a pollinator-limited
environment where there are many available floral
resources, but few pollinators.

A novel plant species might also attract new
mutualistic partners to the community. Because the
data show that pollinator species richness was higher in
invaded plots (Lopezaraiza-Mikel et al. 2007), we
developed two pollinator addition models. The super-
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generalist model included a novel plant, as in the
additive model, as well as a supergeneralist pollinator
(Fig. 1D) that interacted with every plant. The
interaction frequencies of the simulated supergeneralist
pollinator were selected from a distribution informed by
a true supergeneralist pollinator in the field study (Apis
mellifera). This scenario is designed to represent a
facilitated invasion scenario, where one generalist
invasive allows for another generalist invasive to
integrate into the system (Simberloff and Von Holle
1999).

For the randomized pollinator matrix model, we
added pollinators and their interactions from the
invaded network to the uninvaded network (Fig. 1E).
Specifically, we randomly selected pollinators from the
invaded community and added them to the uninvaded
community such that the two communities had the same
number of pollinator species. We randomized the
interactions of the added pollinators during each
simulation. To this new community, we added the novel
species as before. This model might best represent a
situation where an extremely attractive and generalist
plant species is introduced to a community of relatively
specialist plant species.

In the novel species substitution model (Fig. 1F), we
removed 1. glandulifera from the invaded network, then
simulated the addition of the novel plant species to the
remaining network structure. We added interactions to
the novel species in a similar manner to the other
models, simulating its impact as its interactions
increased. We randomized interactions between the
novel plant species and resident pollinator species during
each simulation. However, this model is distinct in that
we add the novel species to the intact post-invasion
interaction structure of the resident pollinators and
plants. Thus, this model was intended to capture any
change in network structure that occurred in the field
community among the resident species, but was not
captured by our other models.

To complement the quantitative weighted models
presented in the main text, we include qualitative
unweighted versions of the models in Appendix A. In
the qualitative models, interactions can only be present
or absent (1 or 0). The qualitative models demonstrate
the impacts of an introduced species without accounting
for the frequency of its interactions. These models are
useful for systems where we expect that the introduced
species interacts with different frequencies to those
reported here.

Network properties

For each model and degree value (number of
interactions), we ran 1000 simulations. Each simulation
generated a network of plant and pollinator interactions
for which we calculated six network properties, ranging
in complexity and providing complementary informa-
tion on community structure (see Table 1). To compare
each model with the field study, we averaged each of the
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Impatiens glandulifera had in the field study.
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Values of network properties where the novel species in each model has the same number of pollinator interactions as

Unweighted Weighted Unweighted Weighted
Model average degree average degree connectance connectance Nestedness

Averages

Additive 1.44 = 0.06 3.59 = 0.39 0.28 = 0.07 0.66 = 0.13 15.35 £ 1.53

Competitive 1.08 + 0.06 2.96 * 0.39 0.24 = 0.05 0.54 = 0.09 9.25 + 1.04

Randomized pollinator matrix 1.90 = 0.42 3.73 £ 0.61 0.31 = 0.05 0.65 = 0.19 14.31 = 2.86

Substitution 1.34 = 0.04 3.26 = 0.33 0.18 = 0.03 0.43 = 0.1 10.13 = 0.72

Supergeneralist 1.55 £ 0.08 4.48 = 0.56 0.30 = 0.07 0.83 = 0.18 14.8 £ 1.56
Absolute differences

Additive 0.28 (—) 1.07 0.14 0.06 3.45

Competitive (—)0.28 (—) 1.69 0.02 (—) 0.07 (—) 2.64

Randomized pollinator matrix 0.22 (=) 0.92 0.08 0.04 2.41

Substitution 0 (—) 1.40 0 (=) 0.18 (—) 1.77

Supergeneralist 0.41 (—) 0.18 0.16 0.22 2.9

Notes: The values in the top part of the table are averaged across the four sites and the standard error is included (n =4). The
lower half of the table includes absolute difference values (directionality indicated in parentheses) for the model outputs. The lowest
absolute difference for each property is highlighted in bold. Cells with ellipses indicate that the values cannot be calculated.

six properties across the 1000 simulations where the
simulated novel species had the same number of
interactions as /. glandulifera. To find the best perform-
ing model overall, we summed the absolute differences
between the predicted and observed value for each
property. We used absolute differences because we were
interested in the magnitude of the difference between the
observed and predicted values, rather than the direc-
tionality, and the influence of interaction frequency.
We included these six network properties because it is
possible for one property to change in response to the
introduction of a novel species while another remains
constant. For example, the compartmentalization of a
network might change even when properties such as
average degree and connectance remain constant (Table
1). In addition, each of these properties is thought to
relate to the stability of the community in a different way.
These properties might therefore have a synergistic effect
on community stability. For example, it is possible for
there to be a lower modularity between a higher number
of compartments, resulting in a neutral effect on stability
(Table 1). Another reason for including multiple network
properties is that they each respond differently to
network properties. For example, connectance is sensitive
to small network sizes, while nestedness is very stable
despite environmental stochasticity (Petanidou et al.
2008) and not sensitive to sampling effort and network
size (Nielsen and Bascompte 2007). Due to their impacts
on network level properties, invasive species have the
potential to increase stability in mutualistic communities
(Aizen et al. 2008). However, stability in this context is
not necessarily advantageous to resident species. Though
increased stability would make the whole network less
vulnerable to collapse, vulnerable species may still be lost.

RESULTS

On average, invaded sites in the empirical network
(Lopezaraiza-Mikel et al. 2007) had a higher average
degree, nestedness, number of compartments, and

median compartment size, but lower connectance than
their invader-removed counterparts (Appendix A: Table
A2). They also had higher plant and pollinator species
richness. Thus, the invaded system was more diverse,
ordered, and compartmentalized, but less complex; new
pollinator species attracted to I. glandulifera had fewer
interactions on average than the original resident plant
and pollinator species. By sum of the absolute differ-
ences between averaged model predictions and observa-
tions for each property, the best overall model was the
randomized pollinator matrix model, while the worst
was the competitive model (Table 2). This suggests that
the invader in this field study, 1. glandulifera, was more
likely to add new species and interactions than remove
them. Among the different network properties, un-
weighted connectance was the best predicted measure
(Fig. 2C), while the median compartment size had the
largest difference between the overall model predictions
and the empirical system (Fig. 3D). In all properties and
for all models, the size of the community mediated the
impact, leading to the jagged appearance of the model
responses, as smaller communities were saturated with
novel species interactions (Figs. 2 and 3; see also
Appendix B for site-based variation in model responses).

Degree and connectance

The impact of the simulated novel species on both
unweighted and weighted average degree steadily
increased as its generality increased for all five models
(Fig. 2A, B), which was consistent with our expectation
(Table 1). This trend was driven by the high number of
interactions of the novel species itself and was thus
moderated in the models where other species were also
added; these other species tended to have a lower than
average degree (Fig. 2A, B). The steepest slope in
average degree occurred in the additive and super-
generalist models, while the lowest slope occurred in the
competitive model, which only increased after the novel
species had exhausted all extant interactions and began
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TasLE 2. Extended.
Number of Median Weighted interaction Sum of absolute

Modularity compartments compartment size frequency differences
0.15 = 0.04 5.53 =09 3.34 = 0.6 150.34 = 40.34
0.36 = 0.04 6.59 = 0.76 3.8 £0.74 126.03 = 36.74
0.12 = 0.06 11.16 + 5.56 5.47 = 3.12 260.29 = 61.21
0.32 = 0.03 14.61 = 1.56 1.44 = 0.33 231 = 38.83
0.13 = 0.04 4.79 = 0.93 5.86 = 1.08 190.1 = 50.57

(—) 0.24 (-) 247 (—) 4.28 (—) 180.16 386.12

(-) 0.03 (—) 1.41 (—) 3.82 (—) 204.47 430.28

(=) 0.27 3.16 () 2.15 (—) 70.21 162.19

(=) 0.07 6.61 (—) 6.18 (—) 99.50 235.82

(-) 0.26 (—) 3.21 (-) 1.76 (—) 140.40 299.01

adding new interactions (Fig. 2A, B). The impact of the
novel species still increased with increasing generality for
both unweighted and weighted connectance as we
predicted (Fig. 2C, D), but in a much less linear fashion.
Both unweighted average degree (Fig. 2A) and con-
nectance (Fig. 2C) tended to be overestimated by the
models (connectance by every model) because I.
glandulifera attracted species that were more poorly
linked, on average, than the simulated novel species. In
contrast, weighted average degree (Fig. 2B) was
underestimated by all models (/. glandulifera had a
higher interaction frequency than the simulated novel
species). In our simulations, the novel species substitu-
tion model exactly recaptured the unweighted average
degree and connectance of the field study, as expected
(Table 1), because the identity and frequency of the
interactions were unimportant for these properties.
Among the other models, the randomized pollinator
matrix model best predicted the unweighted average
degree of the field study, while the competitive model
better predicted the unweighted connectance (Table 2).
In contrast, the supergeneralist model better predicted
the weighted average degree, while the randomized
pollinator matrix better predicted weighted connectance
(Table 2). The difference in our predictions for the
weighted and unweighted versions of these properties
demonstrates the importance of the interaction frequen-
cies in the impact of an introduced species. In terms of
the overall interaction frequencies of the simulated
networks, the randomized pollinator matrix was closest
to the field study (Table 2).

Compartmentalization

The number and size of the compartments in the
network remained relatively constant in all five models,
but modularity steadily decreased as the novel species
became more generalist. Thus, the models predict that
the compartments will become less distinct as the novel
species becomes more generalist (Table 2). However, the
modularity remained fairly constant in the field study
(Appendix A: Table A2). Thus, all five models

overestimated the change in modularity (Fig. 3C) and
the median compartment size (Fig. 3D) at the number of
interactions acquired by I. glandulifera in the field study.
Indeed, the compartmentalization of the field study was
greater than predicted by any model because I.
glandulifera formed interactions in a nonrandom pat-
tern, while the novel species in the simulations interacted
at random with resident species, generating a more
diffuse community. Simply replacing the invader from
the control communities with a species whose interac-
tions were randomized (novel species substitution
model) did not recapture the compartmentalization of
the field study (Table 2). Of the three measures of
compartmentalization, modularity, and number of
compartments were better predicted by the competitive
model, while median compartment size was best
predicted by the supergeneralist model (Table 2).

Nestedness

The impact of the novel species on nestedness tended
to increase as the novel species became more generalist,
but the responses of the supergeneralist and additive
models (which behaved very similarly) were nonlinear
(Fig. 3A). The sudden change in slope in these models
was likely due to the fact that the novel species had
acquired so many interactions that the nested subgroups
became less apparent. In other words, the novel species,
if a moderate generalist, acted to create a more ordered
system but, if a supergeneralist, created a less ordered
system unless its impact was mediated by additional
species. The novel species substitution model best
predicted the nestedness of the field study (Table 2).

DiscussioN

As species expand their ranges, naturally or due to
anthropogenic causes (Hoegh-Guldberg et al. 2008), they
begin to interact with resident species, forming novel
communities (Hobbs et al. 2006). Our models demon-
strate that the number of interactions formed by novel
species is important, but not the only factor, for
determining a novel species’ network level impact. The
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simulated novel species behavior are represented as lines (see
legend). The lines represent the average model response across
the four sites, while the open square represents the properties of
the field community, averaged across all four control sites. The
novel species saturates the interactions available in the smaller
of the sites sooner, leading to the jagged appearance of the
response. Panel (E) is a heuristic diagram showing a network
with pollinators (top dark gray boxes) and plants (bottom light
gray boxes), which increases in both average degree and
connectance as the novel species (black box) increases in
generality.

Increasing generality

way a novel species forms new mutualistic interactions
(e.g., competitive or additive) and the other species it adds
also determine how the network structure will change.

Model predictions of novel species impacts

In many cases our models showed that, in this system,
the more generalist the introduced species, the larger its
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impact. This agrees with other studies that suggest that
invaders that readily form interactions with resident
species or those that are present in high densities will
have a greater impact on the resident community
structure (e.g., Aizen et al. 2008, Kaiser-Bunbury et al.
2011). For example, the average degree and nestedness
of the community tend to increase linearly, while
modularity tends to decrease linearly with generality.
On the other hand, some network properties are
relatively constant across a broad range of novel species
generality. For connectance, number of compartments,
and median compartment size, the addition of other new
species is more important than the number of interac-
tions the focal novel species forms. The models show
very different outcomes if the invader is competitive as
opposed to adding interactions; the complexity of the
interactions and the capacity to add other new species
strongly affect the ultimate network structure.

Because most invasive plant species are generalists
(Valvodinos et al. 2009, Tylianakis et al. 2010), our
expectations were that the overall number of interac-
tions in the community would increase after invasion in
the field study. However, it was also possible to design
models of species addition where this was not the case.
For example, species forming interactions in novel
communities might not necessarily be invaders or highly
generalist, or they may exist in low densities. In addition,
even highly generalist novel species failed to increase the
average degree and connectance of a network if they
added other new species with few interactions (random-
ized pollinator matrix model) or competed for interac-
tions (competitive model).

Novel interaction formations and ultimate
network structure

We hypothesized that systems where a strong
generalist is introduced would become more nested but
less compartmentalized. If the novel species interacts at
random with mutualistic partners, interactions will be
diffusely distributed among the compartments, leading
to lower modularity. Because of the relationship
between modularity and number of compartments
(i.e., lower modularity, but a larger number of
compartments, is thought to lead to stability), one
might expect a relatively neutral effect on stability
(Krause et al. 2003, Thébault and Fontaine 2010). Our
results show that random interaction formation and
deterministic behaviors may jointly shape the network
structure of invaded communities, as has been seen in
with previous research on the architecture of arthropod
communities (Ellwood et al. 2009).

Notably, just because we do not detect strong changes
in network properties does not imply that the novel
species is not changing the interaction patterns of the
community. For example, in the competitive model, the
novel plant species removes interactions from other
plant species in the community, yet nearly all of the
network properties remain constant across a range of
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Fic. 3.

The impact of the simulated species addition on (A) nestedness, (B) compartment number, (C) modularity, and (D)

median compartment size. As before, the models are represented as lines (see figure legend). The lines represent the average model
response across the four sites, while the open square represents the network properties of the field community averaged across the
four sites. The novel species saturates the interactions available in the smaller of the sites sooner, leading to the jagged appearance
of the response. Panel (E) is a heuristic diagram of a network of pollinators (top dark gray boxes) and plants (bottom light gray
boxes) showing the impact of a novel species (black box) as it increases in generality. The compartments remain even when the
novel species is a generalist, but they become less distinct; thus the modularity decreases.

novel species generality. The exception, in this case, is
modularity, which decreases even in the competitive
model. Some properties, such as median compartment
size, remain fairly constant even after a suite of both
plants and pollinators are added (Fig. 3). This suggests
that studies that detect no or little invader impacts on a
network level (e.g., Vila et al. 2009, Kaiser-Bunbury et
al. 2011) may not detect some competitive interactions
that do not result in a change in network properties and
highlights the importance of measuring multiple aspects
of network structure. There are several ways in which
one property of a network might remain constant after
the introduction of a species, while other properties are
affected.

Comparisons with field study

Among the five models we tested here, the model that
performed the best across all properties (relative to the
field study) was the randomized pollinator matrix
model. This model incorporated some information
about the real system (i.e., new pollinators are attracted
to invaded sites), but it did not contain information

about interaction identity, as interactions were random-
ized for each simulation. It is promising that a simple
model can predict some properties very well. In contrast,
the model that performed the worst was the competitive
model. This demonstrates that /. glandulifera is more
likely to add interactions to the community than to
remove them (Chittka and Schiirkens 2001, Memmott
and Waser 2002, Aizen et al. 2008, Bartomeus et al.
2008).

Limitations of the study

These models are limited in that they do not
incorporate any interaction dynamics (see Olesen et al.
2008, Romanuk et al. 2009, Campbell et al. 2011) and
the validation is done with only one system. Overcoming
these limitations would improve our understanding of
the process of species addition. The incorporation of
dynamics would allow for exploration of the persistence
of novel species through time and would show how their
impacts on the interaction structure are strengthened or
reduced as the system equilibrates to their presence.
Interestingly, the results of the qualitative model
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equivalents (Appendix A) are not very different from
those presented in the main text; this shows that many
properties can be approximated qualitatively even when
information on interaction frequencies is lacking.
Unfortunately, experiments like this one, which include
not only detailed species-level interactions, but also
experimental manipulation and replication, are uncom-
mon. However, it would be very interesting to compare
the behavior of these models in a larger number of
empirical communities. Different results would suggest
not only the importance of novel species behavior to
mediate its impact, but may also suggest whether some
communities are more or less resistant to invasion based
on their interaction structure.

Future directions

These models have the advantage of being simple and
intuitive. At the same time, they provide a range of
different interaction types and novel species behaviors to
explore, do not require extensive knowledge of the
system a priori, and have many promising extensions.
For example, with information about invader traits
(e.g., corolla depth or proboscis length), these models
could be used to make predictions about interaction
identity as well (e.g., Stang et al. 2006, Campbell et al.
2011, EkI6f et al. 2013). These models could help to
generate predictions about the impact of novel species
integrating into a variety of ecological communities. For
example, managers may be interested in predicting the
impact of introduced managed pollinators, such as the
honey bee or bumble bee, in places where they were
previously absent (Goulson 2003). In addition, it may be
advantageous to make predictions about the impacts of
assisted migration (Hoegh-Guldberg et al. 2008).

CONCLUSIONS

These five models generate predictions of how a novel
species will change the structure of an ecological
community through both direct and indirect effects on
mutualistic interactions. To the best of our knowledge,
these are the first models to simulate the addition of a
virtual species to a network constructed from real data
collected through experimental manipulation (but see
Olesen et al. [2008]). We demonstrate that the impact of
even a highly generalist novel species can be strongly
mediated by the way it forms interactions with resident
species. Different hypotheses about how a novel species
will interact can change our predictions. For managers
of systems facing imminent species introductions or for
those that seek to conserve species interactions in novel
communities, these predictions might help to direct
conservation objectives. More broadly, these models
show that the impacts of novel or introduced species are
not limited to competitive or negative interactions. Our
models suggest that the addition of a new species could
alter the stability of the community by forming
mutualistic interactions and that the impacts of the
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novel species might be concealed by compensating
changes in the interactions of other species.
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SUPPLEMENTAL MATERIAL

Appendix A

Detailed description of the empirical study and presence/absence models of species interactions, as well as results of these

simulations (Ecological Archives E095-254-A1).

Appendix B

Results including site-based variations in quantitative model responses (Ecological Archives E095-254-A2).

Supplement
R script file for the simulation models (Ecological Archives E095-254-S1).
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