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ARTICLE INFO ABSTRACT

Keywords: Contrasting reductionistic versus holistic views, it is a general question whether adding the parts equals the sum.

F_OOd Wf}b In the time of multiple drivers of anthropogenic change, it is a crucial issue, and better understanding additivity

ISDHHtukgut)'ﬂ is critical for strategy and management. More particular research questions ask what are the community effects of
erturbation

the extinction of a single species and whether multiple local effects on different species will generate additive
community responses. Here we perform food web simulations and study the community response to perturbing
each species, one by one, and perturbing each possible pairwise combination of species. By comparing the two,
we quantify additivity and analyze how does it depend on the topological positions of perturbed species pairs.
Results increase the predictability of food web research, supporting systems-based conservation management
and, possibly, multi-species maximum sustainable yield assessment in fisheries.

Sensitivity analysis
Community response
Additivity

1. Introduction

In natural ecosystems, various species are interconnected by a mul-
tiplicity of inter-specific interactions. In multi-species ecological com-
munities, the perturbation of any species has direct and indirect effects
on all of the others. Some species are better connected and indirect chain
effects can spread in more directions, while others are peripheric: their
perturbations cascade less easily across the food web. It is an old ques-
tion how to better understand dynamical effects based on simple topo-
logical information, i.e. how to link structure to dynamics (see Pimm,
1980; Jordan et al., 2002, 2008; Endrédi et al., 2018; Hansen et al.,
2019). To establish this link is not straightforward, yet, perturbing a
single species is a major simplification. During either climate change or
fisheries, several species are perturbed and a new question emerges: are
these effects additive? Determining the community responses of per-
turbing species i and j separately may not help to predict the community
response of their pairwise perturbation. Beyond theoretical in-
vestigations, also experimental results suggest high selectivity of effects,
the poor predictability of community response and the mutual depen-
dence of effects on various species and interactions (Breitburg et al.,
1997). Indirect effects spreading in food webs and their effects on
dynamical behavior are key issues to study in a network context (Brose
et al., 2005; Borrett 2013; Lau et al., 2017; Cirtwill et al., 2018).

This issue was raised in a surprisingly few papers, for several reasons.

The difference and the relationship between short-term and long-term
effects is hard to understand, so community response itself is not easy
to quantify and predict (Yodzis, 1988). This is true for single-species
effects and even harder for multi-species scenarios (see Yodzis, 2000).
As an example, for maximum sustainable yield estimations in
multi-species context, the complications have been richly discussed
(May et al., 1979; Legovic and Gecek, 2010; Legovic et al., 2010, 2012).

Following a simple pilot study on this issue (focusing on a single
network, Moréh et al., 2018), here we scale up that previous analysis by
dramatically increasing the number of food webs and enriching the
analysis. In this paper, we study a large number of model food webs: (1)
we quantify the topological importance of particular species and their
pairs, (2) we define community dynamics and perform food web simu-
lations, (3) we quantify community response for single-species and
pairwise perturbations, (4) we quantify the level of additivity and (5) we
analyze which topological combinations of perturbed species pairs lead
to additive or non-additive community responses. The main question to
understand if central network position generates larger dynamical ef-
fects and if network position has an effect on the additivity of pairwise
perturbations.
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2. Methods
2.1. Networks, dynamical simulations and perturbations

The whole process of the preparatory work (generating proper net-
works), simulating their dynamics and the systematic perturbations of
consumers and their pairs is summarized in Fig. 1.

2.1.1. Random networks

The investigated networks were created randomly by fixing the total
number of species nodes (S = 15) and the number of basal species (Sp=
3). The links between the nodes were drawn randomly taking some re-
strictions into account: i) consumers can consume only from lower levels
(cannibalism and loops are excluded); ii) we defined the maximum
number of trophic levels (maxt, = 4) and top predators (max,, = 3); iii)
the number of trophic links was constant (NL = 36, thus connectance C
— NL/S? = 0.16) and iv) the graph was connected (i.e. composed of a
single component). If a randomly created network did not meet these
requirements, it was rejected. The suitable ones were used in dynamical
simulations. These topological features are based on observations in a
real food web (Lin et al., 2004; Jordan et al., 2009) and are used in an
earlier pilot study (Moréh et al., 2018) making the results comparable
with those ones.

2.1.2. Dynamical simulations

The dynamical behavior of the webs followed an earlier model
(Moréh et al., 2018). A system of ODEs describes the dynamics of each
species in the webs as follows:

dB; B BB'w;, B.B'w,
— =nBi(1-— i £ - ci = —diB;
T < K,) t2 By > 0, B 2 B+ > 0B}

p=res. c=cons.

where B; refers to the biomass of species i. The basal (i < 3) species’
increase is described by the logistic growth model, where K; and r; are
the carrying capacity and the intrinsic growth rate, respectively. The
consumption of the consumers is characterized by a Holling type-III
functional response, where By refers to the half-saturation density. The
relative consumption rates (w;,) are set to be inversely proportional to
the number of resources (w;,= 1/n;, where n refers to the number of prey
species of i). The increase and decrease of the biomass of the consumer
species (i >3) depend only on the strength of their own and their
predators’ consumption (r; = 0), and the external mortality rate (dy).
Our aim was to focus on the impact of network topology on dy-
namics, thus, we did not model explicitly the conversion and con-
sumption rates, but the strength of a predator-prey link (¢) was assumed
inversely proportional to the number of its prey (e.; = &y; = 1/n;). For the
sake of the same cause, the parameters were fixed (h = 2; Bp= 0.5; 'bgsqis
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= Kpasatls = 1; dconsumers = 0.1), only the different distributions of the links
between the nodes determine the topology as well as the system’s
dynamics.

In the course of network-composition not only the structural features
mentioned above, but also the dynamical stability was an important
criterion. It is meant by the coexistence of all the 15 species on the one
hand, but, on the other hand we had required the network’s robustness
against perturbations affecting single species or their pairs (see below).
Thus, we integrated the system (Hindmarsh et al., 2005) until it settled
to a fixed point; if any of the species were extinct, the integration was
terminated and the network (adjacency-matrix) was neglected. All
initial biomass-values were set to 1 and the system was integrated over
T = 20,000 time steps. If the abundance of any species decreased below
the threshold of 10~°, we considered it to be extinct and the integration
was terminated. If all species reached a fixed point and coexisted, we
made a preliminary stability analysis by arbitrary changing the
biomass-values of all species (pulse perturbation).

2.1.3. Perturbation

After the system returned to the original equilibrium after this pulse
perturbation event (meaning local stability), we made a systematic
perturbation process on all consumers (the producers were part of the
dynamical system but their community effects were not evaluated). In
practice, we simulated the external perturbations by changing the
mortality rate (d;) of the species in question increasing it by 10%. This
analysis can be considered as a press perturbation experiment (sensu
Bender et al., 1984). Following the single-species perturbations (12 per
web), we perturbed the mortality rates of the consumers in all possible
pairwise combinations ((12x11)/2 = 66 per web) as well. In that case
the perturbations of species i and j were parallel in time and were of
equal strength (10% increase of d; and d;).

If the system is robust against all perturbation events (no extinction
happens), we use the adjacency-matrix of the network and also the
biomass-values before and after perturbation (see Fig. 1). We run this
process until collecting 1000 proper networks, fulfilling all structural
and dynamical criteria. Using the adjacency-matrices of the networks we
i) calculated several structural indices of the consumers; ii) categorised
all species-pairs based on the interspecific interactions between them.
With the help of the biomass-values of each species registered before and
after perturbation, we calculated the i) community response-values
caused by the species(-pairs), and ii) the measure of additivity of the
single-species perturbations (see details below).

2.2. Structural network indices

In order to quantify the position of individual species in food webs,
we calculated several structural network indices. The calculated indices

Fig. 1. Flow diagram of the preparatory work of collecting
1000 proper networks meeting structural (S, = 3, Sc = 12, NL

—, = 36, maxy;, = 4, max,,, = 3) and dynamical requirements. The
latter means that the networks are supposed to be robust
e against not only all single-species perturbations (the 12 con-

sumers were disturbed systematically), but also all possible
pairwise perturbations (66 consumer-pairs), thus, there is no
extinction. The adjacency-matrices and the registered biomass-
values of the proper networks were utilized in the further study
of the relationships between the structural features of the
species and the measure of effects caused by perturbing them.

:
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are collected in Table 1. Here, we give a short summary of their most
important features, for more detailed descriptions see references in
Table 1.

2.2.1. Centrality indices (D, wD, BC, CC)

The degree (D;) of a species is the number of other nodes connected
directly to it, thus, in other words, the sum of its predators and preys. If a
network is weighted, the weighted degree (WD) is the sum of the weights
of the links adjacent to the species in question. These are the most local
network index, not considering indirect effects spreading in the web.
Betweenness centrality (BC;) is a measure of positional importance. It
quantifies how frequently is a node (i) on the shortest path between
every other node-pairs (j and k). This index measures the centrality of a
node in the sense of being an element of many shortest paths in the web.
If it is large for a group, it means that if we delete this group, it will more
affect many rapidly spreading effects in the network. The other cen-
trality index we used (closeness centrality, CC;) quantifies how short are
the minimal paths from a given node to all others, or, in other words,
how close a node is to others. Larger CC;-values means that deleting node
i will affect the majority of other nodes more directly.

2.2.2. Positional importance based on indirect chain effects (TI', WI')

Trophic effects can spread in a network assumed with undirected
links in many directions without bias. Indirect effects do spread in both
top-down and bottom-up directions and, as a result, horizontally, too.
Considering either binary or weighted networks, indirect chain effects
up to a t threshold (maximum indirect chain length) can be expressed by
TI' and WI', respectively (see Jordan et al., 2003). We considered various
interaction ranges (t = 1, 3, 5).

2.2.3. Status indices and its components (s, s, As)

These indices have been introduced in sociometry (Harary, 1959)
and applied soon to ecological problems, too (Harary, 1961). The status
(s) of node i is the sum of its d;; distance values to all other j nodes in the
web. The contra-status (s’) is the same calculated after reversing the sign
of all links in the graph. The net status (4s) is the difference of the two
former indices.

2.2.4. Keystone-index and its components (K, Kpy, Kig, Kgir, Kindir)
While the degree (D) of a node gives only the number of its connected

Table 1
Summary of structural network indices.

Index name Notation  Reference

Centrality indices Wassermann and Faust
degree D (1994)
weighted degree wD
betweenness centrality BC
closeness centrality cc

Positional importance Jordan et al. (2003)
topological importance, t = 1 TI!
topological importance, t = 3 v
topological importance, t = 5 i
weighted topological importance, t wr!
-1 wr
weighted topological importance, t wrb
=3
weighted topological importance, t
=5

Status index and its components Harary (1959)
Status S
contra-status s’
net status As

Keystone index and its components Jordan et al. (1999)
keystone index K
bottom-up effects Kpy
top-down effects Ky
direct effects Kair
indirect effects Kindgir
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nodes (thus, its neighbours), the keystone index gives information also
on how these neighbours are connected to their neighbours. Since it
separates indirect from direct (K=Kjng;+Kgir) as well as top-down from
bottom-up (K=K 4+Kpy) effects in food webs, it quantifies only vertical
interactions (like trophic cascades), without considering horizontal ones
(apparent competition).

2.3. Classification of node-pairs

While centrality indices quantify the position of single nodes in a
network, the position of node pairs can be characterized in two ways:
first, the ecological relationship between species belongs to five cate-
gories: (1) predator-prey interaction; (2) intra-guild predation; (3) tro-
phic cascade interaction; (4) exploitative competition; (5) none of the
above (Fig. 2). Second, the combinations of single-node topological
indices (their average and difference) characterize the positional
importance of the species pair. For example, if there are two poorly
connected nodes i and j, their pair is characterized by the combination of
low average and small difference of degree values.

2.4. Community response (CR) and the measure of (non-)additivity (NA)

The effects of species extinctions may be highly selective (Ives and
Cardinale, 2004), so we decided to perturb each consumer (non--
producer) species in the dynamical model, one by one, then each pair of
consumer species, one by one. We are interested in the effect of these
perturbations on the whole ecosystem. Perturbation effects cascade in
the interaction network, provoking answers in the remaining n-1 (sin-
gle-species) or n-2 (pairwise) species of the community. The community
response (CR) to the perturbation of species i or the ij pair of species (CR;
or CR;j) can be determined as the sum of these answers. Pairwise per-
turbations were performed in parallel, so we did not consider studying
the effect of synchrony (Vasseur and Fox, 2007).

For determining the response of a community to any kind of per-
turbations, more different approaches (i.e. formulas) exist and are used
in parallel (Paine, 1992; Power et al., 1996; Hurlbert, 1997; Okey, 2004;
Livi et al., 2011). Based on Moréh and Jordan (2019), where the
different formulas are collected and compared, we decided to take
neither the sign of changes, nor self-loops into account (we use the ab-
solute value of the differences between the species’ biomass values from
1).

All in all, the community response to the single-species perturbation
on species i is

n

CRi=)

k=1

aft

k
———1
bef

B,

(k # i)

while in the pairwise case, the parallel perturbation of species i and j
frames this formula into the following:

n

k=1

aft

k

bef 1
k

(k#i#])

where n = 15 (we do not perturb basal species but also these respond to
the perturbations of consumer species); B;llef and Bﬁft are the biomass-
values of the species in the equilibrium states before and after the
perturbation events, respectively. Note that we do not take into account
the self-effect (the change of biomass of the perturbed species itself). By
comparing the effects of single-species and pairwise perturbations by the
formula

NA; = |CR; + CR; — CRy|
we can quantify the measure of non-additivity of the perturbing species i

and j in parallel. The smaller the values of NAy, the larger the measure of
additivity. We consider the effects non-additive, if the small effects of
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predation
intra-guild predation
trophic cascade
exploitative competition

none of the above

Fig. 2. Five categories of species pairs based on the interspecific interactions between two consumers. Note that the fifth category (“none of the others™) includes a
variety of indirect effects, e.g. apparent competition. The half-matrix represents the non-ordered pairs of species and the empty lines show the producers not per-

turbed in the simulations.

the single-species perturbations are escalated, or, the large effects are
dampened in the pairwise cases.For making the results more interpret-
able, we expressed NA in percentages:

A

N. i
NA;% = —ge——— x 100 (i # jand; > i)

m=1 u

where mrefers to the 66 consumer-pairs in each network (iandj >3,i#j
and j > i).

3. Results

3.1. Correlations of network indices and single-species community
response

The correlation coefficients (Spearman’s p) between community
importance quantified by the various network indices and community
importance quantified by the effects of single-species perturbations are
given in Table 2. We were interested in only the strength of correlations

Table 2

The strength of correlations (|p|) between
structural network indices and commu-
nity responses generated by single-species
perturbations. Indices are ranked: the
higher ones better indicate species of
large dynamical effects.

Index Ip]
wD 0.69
wrb 0.675
wP 0.662
Kpy 0.641
wr! 0.6
K 0.596
As 0.588
s 0.58
s’ 0.56
Kindir 0.345
K 0.282
Kair 0.161
BC 0.14
T 0.137
TP 0.102
T° 0.093
D 0.063
cc 0.037

(Jp]), we did not take the sign of the correlations into account. We
considered a connection stronger if |p|>0.5.

The wD and WI-indices, the status-indices and the Ky, and K4 indices
of the perturbed species correlate strongly (|p| > 0.5) with community
response. This is in agreement with earlier results (Jordan et al., 2008),
suggesting that indices sensitive to indirect effects should be calculated
in weighted networks in order to maximize predictability between
structure and dynamics. We considered as much as 18 centrality indices
but there exist many more: for example, also throughflow centrality
(Borrett, 2013) would probably give results similar to wD.

3.2. The measure of non-additivity

The frequency-distribution of the NA%-values (Fig. 3b) is unimodal,
strongly right-skewed distribution. The most frequent value of the de-
viation of NA%-values from zero is about 1%. This means, that highly
non-additive pairwise effects are rare. This is understandable if we take
into account the small original value of the perturbed d;, the small in-
tensity of perturbations (10% of d;). Small changes result in mainly
additive results.

The summed community responses to perturbing species i and j do
not necessarily predict the community response to ij perturbations.
These are the less additive cases. In Fig. 3a, we can see how pairwise
effects and single effects are related to each other. On the y axis, we
denote the pairwise community response values (CR;), while on the x
axis we can see the sum of the single-species community response values
(CR; + CR)). It can be seen that the dots are either on the x = y line
(additive effects), or below it (dampening effects), it is quite exceptional
to see dots above the line (escalating effects). Note that taking the sign of
each biomass-changes into account in the course of calculating the CR-
values, the frequencies of non-additive dampening and escalating effects
are similar (for more details see Moréh and Jordan, 2019). Nevertheless,
we used the formula without the sign of changes, because its correlation
is higher with some the structural indices than the formulas taking the
sign into account (Moréh and Jordan, 2019). Thus, in this study we did
not deal with the escalating or dampening effects separately, we inves-
tigated only the possible relationships between the measure of (non-)
additivity and the topological features of species(-pairs).

3.3. The topological background of non-additivity

Fig. 3b shows that the frequency-distribution of NA-values is strongly
right-skewed, meaning that results with smaller non-additivity are more
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Fig. 3. A plot in (a) shows the relationship between the community responses
of pairwise perturbations (CR;) and the sum of single i and j perturbations (CR;
+ CRj). Almost all of the dots are on or below the x = y line, which means that
the effects of single-species perturbations are mostly additive or dampening.
The frequency-distribution of the NA%-values (b): the most frequent value of
the deviation of NA%-values from zero is about 1%.

frequent. To investigate the proportions of non-additive effects in
different node pair categories (Fig. 2), we created smaller ranges ac-
cording to the NA%-values. The definition of range borders considered
the frequency-distribution of NA% values: ranges are more narrow for
more frequent NA% values, in order to increase the resolution of the
plot. We show the proportions of the five node pair categories in the total
of 66,000 results (Fig. 4a) and related to only each other (Fig. 4b).
Curves in Figs. 3b and 4a suggest that non-additivity distributions
largely follow the pattern for the whole set of node pairs but the relative
frequency of node pair categories changes within the ranges (Fig. 4b): the
proportions of the prey-predator relationship (PP) and exploitative
competition (EXC) are increasing, while it is decreasing for trophic
cascade (TRC) and no effect (NO). For intra-guild predation (IGP) it is
low and slowly increases. This means that perturbing a prey and a
predator or two competitors will probably result in less additive effects.

Considering topological positions of species pairs, we used the
average and the difference of their centrality indices (for the 66,000
simulated species pairs). After finding the minimum and maximum of
average and difference values, we created 50 categories between them,
thus, we got an 50 x 50 matrix with 2500 possible categories for each
index. We calculated in all these categories the median of NA%-values,
because it is less sensitive to the extreme values than the mean (of

Ecological Modelling 440 (2021) 109414
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Fig. 4. Frequencies of the different types of ecological interactions according to
the increasing measure of NA% in case of all networks (a) and within the NA
%-ranges investigated separately (b). The types are PP (prey-predator rela-
tionship), IGP (intra-guild predation), TRC (trophic cascade), EXC (exploitative
competition) and NO (none of the others, including apparent competition).

course, there were “empty” categories). The results are demonstrated in
heat maps corresponding the certain indices (Fig. 5). There are visible
trends in case of wD, the keystone-, the status- and WI-indices (note, that
these indices have stronger correlation in the pairwise case). For the wD,
Kpw S, As and WI' indices, community responses are less additive if both
the average and the difference are small (small and similar index-
values). For the K3, Kgi, Kindgi» K and s’ indices, the CRs of single-
species indices are less additive, if the averages of these indices are
higher. In these case the differences of the indices less matter.

4. Conclusions

Our results reinforce earlier findings suggesting that weighting tro-
phic interactions is crucial for higher correlations between structure and
dynamics (Jorddn et al., 2008; Zhao et al., 2016). As Table 2 shows, the
highest correlations are all found for weighted structural indices (wD,
WIY), while the lowest correlations characterize binary ones (D, CC, TI',
BQ). Interestingly, the strongest correlation among the weighted indices
is seen for the direct wD index, but for the indirect indices the longer the
better one (compare WI5, wr and WII).

Based on pairwise combinations of perturbed species, Fig. 4 shows
that their topological position clearly influences whether their combined
effect is additive. This might have implications for fisheries management
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Difference of index values

0-1.8

24

Average of index values

Fig. 5. The median of NA% (the measure is shown in the colored box) for different indices, as a function of the average and the difference of index values for the two

species. Red values indicate less additive results (higher median of NA%).

or systems-based conservation management. Perturbing species at
different trophic level has been suggested to result in non-additive ef-
fects, both dampening and escalation (Hansen et al., 2019).

Since various centrality indices show different and typically not very
strong correlations between structure and dynamics, there is need to
combine a small but efficiently —chosen set of centrality indices in order
to maximize the predictability (Gouveia et al., 2020, submitted).

Better understanding the limits of predictability will contribute to
more applicable food web research. In case of conflicting single-species
conservation programs or multi-species fishing efforts, food web anal-
ysis can help to assess the chance for additive, predictable management.
In an optimal case, wisely selected pairs of species can be chosen for
management. If their food web topology supports additivity, the higher
predictability is advantageous for strategic planning. If non-additive
effects are expected, either dampening or escalating outcomes can be

used strategically. For example, dampening may mean that two overf-
ished stocks can partly balancing each other’s negative effects and
escalation may mean the mutually higher success of two parallel, single-
species conservation efforts.

The philosophical implications are clear: calculating community
response with using absolute values means that we prefer small effects
(even if negative), thus, we do not want to make an impact on nature.
Instead, focusing on the signed effect means that we prefer positive ef-
fects (even if small), thus, we want to help nature. Accordingly, the
preferred response function can be used.
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