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As impacts of introduced species cascade through trophic levels, they can cause indirect and counter-
. intuitive effects. To investigate the impact of invasive species at the network scale, we use a generalized
Accepted: 2 August 2018 . food web model, capable of propagating changes through networks with a series of ecologically realistic
Published online: 05 September 2018 : criteria. Using data from a small British offshore island, we quantify the impacts of four virtual invasive

. species (an insectivore, a herbivore, a carnivore and an omnivore whose diet is based on a rat) and
explore which clusters of species react in similar ways. We find that the predictions for the impacts of
invasive species are ecologically plausible, even in large networks. Species in the same taxonomic group
are similarly impacted by a virtual invasive species. However, interesting differences within a given
taxonomic group can occur. The results suggest that some native species may be at risk from a wider
range of invasives than previously believed. The implications of these results for ecologists and land
managers are discussed.
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Invasive species are one of the leading threats to biodiversity in the world' and are known to impact species
functioning across many trophic levels and ecological guilds®. Accurately assessing the impact of invasive species,
however, is a complicated and resource-intensive process’. By their nature, ecological communities are complex
and vary greatly in time. Even a herbivorous insect can cause indirect effects on other non-plant native species:
for example, a seed feeding fly, released to control a pasture weed in the USA, caused a large increase in the abun-
dance of predatory mice*. Species which feed on or compete with a wide range of species and taxa, therefore, may
have larger and more widespread effects on large parts of the food web. Ecological networks which characterize
and quantify the species (network nodes) and their interactions (links) can provide a powerful tool for studying
the impacts of introduced species. Several authors have studied how the impacts of invasive species on ecological
networks can be modelled and propagated across trophic levels®~’. However, the ultimate test of these methods is
whether they can produce results reliable enough to inform conservation practice and policy.

Following’, we use a generalized model®, where the biomass of the species of the network change in time
according to general functions, to explore the effect of alien species on an island food web. The generalized model
allows analyses of ecologically realistic network interactions and measure the addition of virtual invasive species.
The model finely resolves the species, which leads to a system that is an order of magnitude larger than previous
systems studied with this approach, allowing for a detailed analysis®”.

Our objective is to determine how the effects of each of four virtual introduced species, the “cyber-invasives’,
which represent stylised classes of invaders, propagate through an ecologically realistic network. As an example,
we use the data based on the real ecosystem of Flat Holm, a small offshore island.

In the methods, we explain how to construct an ecological network and we demonstrate how the impact of the
introduction of an invasive species on each native species can be computed. In the results, we apply this method-
ology to the Flat Holm network. We find that species in the same taxonomic group respond similarly to invasive
species. However, differences within a given taxonomic group can occur. Then, we comment on the predictions
given by the model about the perturbations caused by different cyber-invasives. Finally, we discuss the limits of
the study, the potential improvements of the mathematical model and the overall results, along with their impli-
cations on ecological network analysis.
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Figure 1. The Flat Holm food web. Species are grouped according to their taxonomy: plant, invertebrate, bird,
fungus and reptile. Left: The full system. The dots represent the species. Right: The simplified system. Numbers
on nodes/links show the number of species/interactions that are aggregated in the formulation of the simplified
system.

Methods

Flat Holm Island is a 35 ha offshore island in the Bristol Channel, UK, where very few invasive vertebrate species
are present (in particular, there are no invasive non-native rats, Rattus spp.). We use a list of species observed
on the island and data from the scientific literature to characterise their diets (supplementary information). We
omitted some species because they do not trophically interact with the main food web, such as pollinators and
seed-dispersers. This yielded a food web of 227 species: 23 birds, 2 reptiles, 133 invertebrates, 68 plants and 1
fungus (Fig. 1). The system is thus significantly bigger than the the 37-species food web that was previously the
largest web studied with this methodology®.

Generalized modelling (GM) is a universal approach to the investigation of dynamical systems®. A generalized
food web model which describes the dynamics of ecological networks, in which we consider trophic interactions
as a flow of biomass was proposed in®. We define X; as the biomass density of species i. The dynamics of each
species i are described by an ordinary differential equation of the form

%Xi = Gi(Xi’ Ti) + Si(Xi) - Li(Xi’ Ui) - Mi(Xi)’ 1)
where the terms represent the biomass gain by predation G, the gain by primary production S, the biomass
loss by predation L, the loss due to other causes of mortality M. T; and U, are the total amount of prey and
predators that are effectively available to species i. The key insight of generalized modelling is that the local
stability of feasible steady states (that is where the species have positive biomass in the states under consid-
eration) in such systems can be investigated highly efficiently without restricting the functions to specific
functional forms. The stability of steady states is governed by the system’s Jacobian matrix that contains
certain derivatives of Eq. (1).

The Jacobian matrix only contains the partial derivatives of these functions taken at the steady state, e.g.
0G,/OX}|+, where | means taken at the steady state. Though these derivatives depend on the unknown steady state,
we can assess the stability by normalizing each interaction function by the biomass taken at the steady state, e.g.
GHIX .

9G;| G/ dlogG, ‘
- *
0X; L X OlogX; X )
The right-hand side of Eq. (2) has two parts, the first matches the scale parameters which define the biomass
flows at the steady state (i.e. G7/X;* is the per capita loss rate of species i due to predation at the steady state). The
second value, the logarithmic derivative, represents the elasticities or the exponent parameters, which measure
the non-linearity of the interaction function at the steady state (for instance a value of 1 represents a linear rela-
tionship and 2 a quadratic relationship)®. Using the same notations as in® for these specific and now interpretable
parameters (Table 1), the off-diagonal elements of the Jacobian matrix J can be written as

]n,i = an

N
pn’Yan,;‘An,i - %[/Bi,nwi + Zﬁm,nAm,i(PYm - 1)Xm,i
m=1

(3)

and its diagonal elements as
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Approximated by the reciprocal of the life span of i assuming

o Rate of biomass turnover in species i that the life span of birds and reptiles is 10, plants 1,
invertebrates 0.5 and fungi 0.1

pi Fraction of growth in species i p;= 0 for primary producers and p,= 1 for predators

o; Fraction of mortality in species i resulting from predation =0 for top-predators and ;€ [0.5, 1] chosen under a
uniform law for preys

Bij Contribution of predation by the predator i 5 gt:e:t/;lumber of predators of jif i eats jand ;=0 if i does

Xy Contribution of prey j to the available food 2(&]: 1/number of preys of i if i eats j and x;;= 0 if i does not

- o o If the species is a top-predator it has a quadratic mortality rate

Hi Elasticity of mortality in species i 1= 2, otherwise it has a linear mortality rate =1

@ Elasticity of primary production in species i ¢i€ [0, 1] chosen under a uniform law

U, Elasticity of predation in species i to its own biomass density i€ [0.5, 1.5] chosen under a uniform law

Vi Elasticity of predation in species i to the biomass density of its prey | vi € [0.5, 1.5] chosen under a uniform law

Ay Elasticity of prey switching A=1or A=2 chosen under a uniform law

Table 1. Generalized model parameters as defined in® and*' and the corresponding rules for the
parametrization, see supplementary information.

i = a1 = p)o; + pi('YiX,',,'Ai,i + 1) — (1 — )y,

N
- o}[ﬂi,i’l/)i + Elﬁm,nAm,i[(Vm - I)Xm),' + 1]”

Intuitively, the terms in Eq. (3) with p correspond to the biomass gain part of the model, i.e. S; and G, func-
tions (p;= 0 for primary producers and 1 for predators). Terms with o are related to the loss in biomass of spe-
cies i, i.e. M; and L, functions respectively, either due to natural mortality (1) or due to predation (o;=01if i is
a top-predator). The sums over m take into account the feeding competition within and between species, the
predation of species m changes when its prey availability is modified.

The size of the model makes it hard to determine all parameters individually. Instead, we use an ensemble
approach where different realizations of the model are studied, which are generated by drawing parameters ran-
domly from plausible ranges, identified by biological reasoning. Following’, we choose the values of the param-
eters such that the system exhibits realistic scaling of biomass turnover and non-linear functional responses and
prey switching behaviour. To stabilize the relatively large system to the point where stable steady states occur, we
assume quadratic mortality of top predators (supplementary information).

The direct effect of a cyber-invasive j on a native species i is recorded in a perturbation matrix K, defined as

04,

i = oy
|, @
where A,(X) = dX;/dt is the right-hand side of the ODE system and Y; is the biomass of an additional population
j’. The perturbation matrix specify the direct effect on the prey of the cyber-invasive but not the relative indirect

effects on the biomass of all species. To estimate these indirect effects we compute the impact matrix I, given by
ox;

Yoy
0

€
where the derivative is evaluated in the limit of vanishing biomass Y; of the invasive species that enters the system
(Jo)- As long as the perturbation is small, we can make a linearity approximation and write

ox;:|  ox,| oA,

1

ov| — oa,| oy;|

(6)
that is

I=-JK (7)

where J7! is the inverse of the Jacobian matrix (this is a corollary of the implicit function theorem'?). Although the
approximation neglects higher order effects of the non-linearity, basic effects are captured in the Jacobian matrix.
The result obtained below and in previous papers’ suggest that even (or perhaps especially) in large systems reli-
able qualitative predictions can be made in this way.

The perturbation matrix provides information about the direct effect of the perturbation; whereas the impact
matrix provides information about the indirect effect of the perturbation, once it has spread through all of the
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network. The perturbation matrix of the full system (227 species) can be found on line!!. For the simpler system,
assuming that each cyber-invasive consumes equally all of its prey species, the perturbation matrix is

p I B F R

Carnivore 0 0 -0.1 0 —0.1

K — Herbivore|—0.1 0 0 —0.1 0

Insectivore 0 —0.1 0 0 0
Omnivore \—0.1 —0.1 —0.1 0 —0.1 (8)

where —0.1 means a decrease by 10% in the targeted prey biomass. As detailed data on the relative strength of
direct impacts is not available we use a generic value to indicate a negative impact.

The impacts are quantified as the indirect relative loss or gain of biomass in the steady state, normalized with
respect to the unperturbed steady state (before the arrival of the invasive) per unit of direct effect. These numbers
should be read as proxy values with negative number indicating losses and greater absolute values indicating
stronger impacts. Thus, invasive species in this model do not cause extinctions, but instead, cause knock-on
effects on the biomass of some species in the network: the model tells us the direction and relative magnitude of
the perturbation.

We use the generalized model to numerically generate an ensemble of 10° steady states for the Flat Holm food
web. For this purpose we draw the generalized model parameters randomly from the identified ranges. The gen-
eralized modelling procedure guarantees that all of these states are feasible in the sense that for each state we can
write a plausible food web model such all species are stationary and have positive biomass densities. We examine
the Jacobian matrices of all steady states in the ensemble to determine their stability and discard all unstable
states, which reduces the number of states in the ensemble to ~9000. For these stable steady states, we then use
Eq. (7) to estimate the impact of the four cyber-invasives, where K is chosen to reflect the characteristics of each
invasive: we study the effects of a cyber-insectivore, which feeds on all invertebrates (behaving like a hedgehog or
a large shrew), a cyber-herbivore, which feeds on all plants (simulating a highly generalist vertebrate herbivore,
such as a goat or rabbit), a cyber-carnivore, which feeds on all vertebrates (behaving as a generalist predator such
as a cat), and a cyber-omnivore, which feeds on a subset of plants, invertebrates, birds and reptiles. The diet of the
cyber-omnivore is based on the rat Rattus rattus and Rattus norvegicus. Rats are very common invaders on islands
and known to cause significant impacts across a wide range of taxa. We inferred the likely direct impact of rats
from the literature (e.g. Twigg 1975'%, Atkinson 1985" and Towns et al.'*) and from field knowledge of prey taxa
likely to appeal to rats (Varnham et al., unpublished data).

For comparison we also used the same methodology to analyse a simpler system where each group of species
(birds, plants, etc.) is represented by a single network node (Fig. 1 Right, supplementary information).

Ethical approval. We were not required to complete an ethical assessment prior to conducting our research.

Results

Considering the simple 5-species model first, the method predicts that the directly affected species and their pred-
ator are negatively impacted, while the prey and competitors of directly affected species are positively impacted
(Fig. 2). These results are consistent with ecological expectations.

Comparing the predictions of the 5-species model with those of the larger network, the general pattern of
impact is similar. However, the full model reveals greater detail with some species experiencing an impact that is
the opposite than others in the same group. The method thus has the potential to explain patterns observed in the
real world, or highlight particular species as sensitive indicators of invasive impact.

In case of the cyber-herbivore the analysis reveals some issues in the underlying data. The model does not
resolve the resources for all of the invertebrate species. In the generalized model, these species, therefore, are
assigned an abstract carrying capacity which is not affected by the herbivore. The introduction of the herbivore
then benefits these species by reducing predation pressure (Fig. 2). We verified that those invertebrate species for
which the model predicts a positive impact from the cyber-herbivore are indeed those who were not assigned
links to a plant resource. We therefore do not expect these positive impacts to occur in the real world unless an
invertebrate indeed utilizes a resource that is not negatively affected by the herbivore.

The value of the detailed model is revealed in the analysis of the cyber-carnivore. While the 5-species model
predicts a mild positive impact on plants, the detailed model shows that a few plants are very strongly positively
affected while the majority experiences a moderate negative impact (Fig. 2). For the reptiles both models predict
only a slight impact by the cyber-carnivore as an increase in prey biomass counteracts direct predation. However,
in the 5-species model the net impact is predicted to be positive, while it is negative in the full model.

The cyber-omnivore (or invasive rat) has the most pervasive impact of all the invasives considered, causing
large responses throughout the network (Fig. 2). The cyber-omnivore has a strong negative effect on most birds
while those birds that are not in the cyber-omnivore’s diet are positively impacted. The reduction in birds and also
in reptiles leads to a positive impact on almost all herbivores, which then leads to a negative impact on plants.

To understand the widespread impact of the cyber-omnivore and the cyber-carnivore we also computed the
overall sensitivity and influence of species which provides a proxy values for their role in propagating generic
perturbations (formal definition in’, supplementary information). A sensitive species is more likely to be strongly
perturbed by any disturbances propagating through the network, while an influential species may propagate the
perturbation to the other species it is linked to in a more efficient way. Birds and reptiles proved most influen-
tial, with reptiles also showing a relatively high sensitivity to perturbations. The generalist bird species, having
more links with the rest of the network than the others, are the most influential ones (Fig. 4 in supplementary
information).
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Figure 2. Impact of the four cyber-invasives on both networks. The y-axis is the positive or negative impact
of the invasive species. Each bar is one native species/taxonomic group. Species are grouped in five taxonomic
groups: birds (blue), plants (green), reptiles (red), invertebrates (orange) and fungus (purple).

Discussion

In summary, our results suggest that invasive species can have a wider impact on native ecological networks than
previously thought, and that these effects are both direct and indirect. In spite of the many assumptions made for
the parametrization and the high-dimensionality of the data, the simplistic model predicts the overall pattern of
impacts almost as well as the full model, but loses much of the detail. Moreover, the results highlight the role of
birds (and more generally top predators) as important transmitters of indirect effects. The catastrophic impact
of invasive species on bird faunas observed in our model is well documented, including the loss of at least five
species from Lord Howe Island (Australia) following the introduction of the black rat Rattus rattus®, the loss of
at least ten species in Hawaii following the introduction of avian malaria'® and the loss of ten of the 12 species of
forest dwelling bird on Guam following the arrival of the brown tree snake Boiga irregularis'®. The findings from
the field following invasive species introductions in temperate and tropical countries (e.g. New Zealand, UK
offshore islands and Antigua) match the model’s outputs for birds, reptiles and mammals'*!'#!7 (and references
therein). Despite being a relatively small component of the overall system, birds play a major role as a transmitter
of cascading effects to other species in the network.

There are two main limitations with our approach. First, the methodology constructing the food webs leads
to a larger proportion of bird links than other species. This over-representation highlights a common problem
with empirically-derived food webs, where some taxa are easier to identify than others and for which more die-
tary data exist'®. Second, a major caveat of the theoretical approach is that it provides a linearised approximation
and captures some aspects of non-linearity in the Jacobian matrix, but cannot accommodate higher order effects
that occur far from the stationary states and may play a role in the response to strong and sudden perturbations.
However this is a greater concern in small simple systems than in the large food web considered here. The anal-
ysis used here has the advantage of enabling a much safer analysis than simulation based approaches due to its
advantageous numerical and statistical properties. Previous papers, including for instance’, have shown that this
approach allows to predict sequences of extinctions based on very limited data. In the absence of better data and
tools, the full network method used here presents a reasonable approach to arrive at predictions which take many
properties and features of the real system into account.

An obvious improvement to the model considered here would be to incorporate non-trophic interactions.
To a certain extent these interactions are taken into account. For instance indirect effects such as exploitative
and apparent competition are captured. Direct (non-trophic) competition or mutualism between species of the
same trophic group would constitute a competition link in the full model (which is not captured), but appears
as a self-limitation term in the simplified model (which we take into account). The good agreement between
the results of the full and simplified models therefore suggests that omitting such competition links in the full
model should not have a significant effect on the result. Mutualistic interactions, particularly between members
of different trophic groups, e.g. pollination and seed dispersal could have a significant effect and we will focus on
incorporating them in future versions of the model. However, we feel that these interactions that modelling these
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interactions naively as biomass flows could lead to unrealistic consequences, and thus more careful modelling
work is necessary.

In reality, the impact of alien species on native communities is only likely to increase'®. Ecologists need more
and better tools if they are to predict their impact and plan their control, and simulation models such as the one
presented here could be a part of this toolbox. Conservationists could allocate additional resources to survey-
ing those species which are predicted by this model to be particularly (and unexpectedly) at risk. While pre-
and post-eradication surveys are increasingly integrated into eradication projects (e.g.?°), these have historically
focused on a few taxa—usually highly visible, charismatic and easy to survey species such as birds. While birds are
predicted to be particularly susceptible to invasive species, as these models show other species are also likely to be
affected. Moreover, it is not just alien predators of vertebrates that can be detrimental, herbivore and insectivore
can have significant indirect negative effects. More and better collaboration between theoretical and empirical
ecologists, with the questions addressed coming from conservation practitioners, will likely provide the most
rapid progress in this field.

Data Accessibility
This work did not produce new research data. The data on the Flat Holm Island food web that was used in this
work can be downloaded from http://www.biond.org/node/581.

References

1. McGowan, Traylor-Holzer & Leus. IUCN Guidelines for determining when and how ex situ management should be used in species
Conservation. Conservation Letters 10, 361-366 (2017).

2. Simberloff, D. et al. Impacts of biological invasions: what's what and the way forward. Trends in ecology & evolution 28, 58-66 (2013).

3. Parker, I et al. Impact: toward a framework for understanding the ecological effects of invaders. Biological invasions 1, 3-19 (1999).

4. Pearson, D. E. & Callaway, R. M. Biological control agents elevate hantavirus by subsidizing deer mouse populations. Ecology Letters
9, (443-450 (2006).

5. Romanuk, T. N. et al. Predicting invasion success in complex ecological networks. Philosophical Transactions of the Royal Society of
London B: Biological Sciences 364, 1743-1754 (2009).

6. Novak, M. et al. Predicting community responses to perturbations in the face of imperfect knowledge and network complexity.
Ecology 92, 836-846 (2011).

7. Aufderheide, H., Rudolf, L., Gross, T. & Lafferty, K. D. How to predict community responses to perturbations in the face of imperfect
knowledge and network complexity. Proceedings of the Royal Society of London B: Biological Sciences 280, 2355 (2013).

8. Gross, T. & Feudel, U. Generalized models as a universal approach to the analysis of nonlinear dynamical systems. Physical Review
E 73, 016205 (2006).

9. Yeakel, J. D. et al. Collapse of an ecological network in Ancient Egypt. Proceedings of the National Academy of Sciences 111,
14472-14477 (2014).

10. Khalil, H. K. Nonlinear Systems. Prentice-Hall, New Jersey 2, 5-1 (1996).

11. Doizy, Barter, Memmott, Varnham & Gross. Online Supporting Material to: The impact of cyber-invasive species on large, ecologically
realistic networks Content: The label adjacency matrix and perturbation matrix for the full system; the aggregated trophic groups
http://www.biond.org/node/581 (2018).

12. Twigg. The brown rat (QL737. R666. T84, 1975).

13. Atkinson, I. A. E. The spread of commensal species of Rattus to oceanic islands and their effects on island avifaunas. ICPB Tech Publ
3,35-81(1985).

14. Towns, D. R., Atkinson, I. A. E. & Daugherty, C. H. Have the harmful effects of introduced rats on islands been exaggerated?
Biological invasions 8, 863-891 (2006).

15. Van Riper, C., Van Riper, S. G., Goff, M. L. & Laird, J. The epizootiology and ecological significance of malaria in Hawaiian land
birds. Ecological monographs 56, 327-344 (1986).

16. Rodda, G. H. & Savidge, J. A. Biology and impacts of Pacific island invasive species. 2. Boiga irregularis, the brown tree snake
(Reptilia: Colubridae). Pacific Science 61, 307-324 (2007).

17. Harris, D. B. Review of negative effects of introduced rodents on small mammals on islands. Biological Invasions 11, 1611-1630
(2009).

18. May, R. M. Food-web assembly and collapse: mathematical models and implications for conservation (2009).

19. Seebens, H. et al. No saturation in the accumulation of alien species worldwide. Nature communications 8, 14435 (2017).

20. Courchamp, E, Chapuis, J. L. & Pascal, M. Mammal invaders on islands: impact, control and control impact. Biological Reviews 78,
347-383 (2003).

21. Gross, T., Rudolf, L., Levin, S. A. & Dieckmann, U. Generalized models reveal stabilizing factors in food webs. Science 325, 747-750
(2009).

Acknowledgements

We thank Ian Vaughan, Thomas Timberlake, Laura Hedon and Frédéric Chiroleu for their help. E.B. and
T.G. were supported by EPSRC grant EP/K031686/1 and DFG research unit 1748, A.D. was supported by the
Université Paris-Saclay grant and a NERC CASE PhD studentship NE/F013353/1 was awarded to K.V.

Author Contributions

A.D. undertook the data analysis, carried out the coding work, and drafted the manuscript; E.B. advised on the
data analysis and interpretation; J.M. provided original idea for the paper, commented on the data analysis and
edited the manuscript; K.V. collated the data from for the food web; T.G. oversaw the study overall, coordinated
the analysis and edited the manuscript. All authors gave final approval for publication and agree to be held
accountable for the work performed therein.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-31423-4.
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2018) 8:13245 | DOI:10.1038/s41598-018-31423-4 6


http://www.biond.org/node/581
http://dx.doi.org/10.1038/s41598-018-31423-4

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:13245 | DOI:10.1038/s41598-018-31423-4 7


http://creativecommons.org/licenses/by/4.0/

	Impact of cyber-invasive species on a large ecological network

	Methods

	Ethical approval. 

	Results

	Discussion

	Acknowledgements

	Figure 1 The Flat Holm food web.
	Figure 2 Impact of the four cyber-invasives on both networks.
	Table 1 Generalized model parameters as defined in8 and21 and the corresponding rules for the parametrization, see supplementary information.




