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ABSTRACT

Invasive species have long been acknowledged as potentially severe dangers to native ecosystems. Although some work has also
been done with empirical food webs, more information is still needed to shed light on the cascading effects of invasive species
in aquatic ecosystems. In this study, we used an extended niche approach to generate artificial food webs with multiple trophic
species and variable parameters. We extended the niche approach by adding several age groups for the top trophic species (fish)
to generate food web structures resembling those found in natural environments. Finally, we added an invader species with ran-
domized parameters to each web. We used allometric trophic network (ATN) modelling to simulate 200years of species biomass
changes with and without the invader in the ecosystem. Fish biomasses and old age groups changed the most, with a response
that was often a decline in the biomass. The change was predicted by food web depth (the number of feeding levels from the pri-
mary producers to the top predators in the ecosystem) and by the magnitude of ecosystem-level changes caused by invasion. Both
the properties of native species and the invader, such as the trophic level and direct centrality (specialist/generalist feeding) and
indirect centrality (cascading effects), affected the outcome. High Jaccard's similarity between the invader and the native species
also predicted a negative impact on the top fish predators.

1 | Introduction

Invasive species can have significant negative effects on aquatic
ecosystems, causing ecological damage through biodiversity
loss and disruption of ecological interactions. For example, the
presence of invasive species can reduce the richness of native
species and modify ecosystem processes by altering trophic in-
teractions and food web dynamics (Hui and Richardson 2019;
PySek et al. 2020). The cascading effects caused by invasive spe-
cies may lead to ecological imbalances by top-down (predation)
or bottom-up (production) regulation of lower or higher trophic
levels, respectively (David et al. 2017). Besides altered ecosystem
structure and functioning, these changes in population dynam-
ics can result in substantial economic damage. Some national-
scale studies, as reviewed by Marbuah et al. (2014), have resulted

in estimates of the impact of invasive species on the economy
that range from 0.01% to 12% of gross domestic product and
between 0.4 and 117 billion USD per country. Thus, effective
monitoring and management strategies are crucial to mitigate
adverse ecological and economic effects, but doing so requires
solid, quantitative predictions about the impacts of invasions.

Previous studies have highlighted the crucial role of the food
web structure in determining how cascading effects alter the
outcome of a food web invasion (Hui and Richardson 2019).
Doizy et al. (2018) used a generalized food web model to quan-
tify the impacts of four virtual invasive species on a small British
offshore island and found that some native species were at risk
owing to a range of invasive species that was wider than had
been previously believed. However, the network approaches to
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modelling complex food webs depend on the quality of model
parametrization. Simulations based on food webs that have been
generated by algorithms can be utilized to obtain theoretical in-
sights into the effects of invasion across a wide range of generic
food webs with unique topologies. Such generic food webs may
provide mechanistic explanations of the processes that shape
the species dynamics as well as provide valuable insights for
conservation and management strategies.

The classic niche model, originally formulated by Williams
and Martinez (2000), may be a valuable method for creating
generic food webs that resemble empirically solved food webs.
Furthermore, food web generation with the niche model does not
require extensive parametrization because it incorporates only
two parameters that are used in the construction of food webs:
The number of trophic species (S) and the target connectance
(C), which describe the fraction of all possible links that are real-
ized in a food web. In the original niche model, each node of the
graph represents a trophic species, which may consist of one spe-
cies or multiple species that have similar functional roles. Fish
species, however, often have age groups with distinct body sizes
and, thereby, differences in their ecological roles and trophic
interactions. The niche model has recently been extended by
the incorporation of age classes interconnected by biomass flow
through ageing and reproduction (Bland et al. 2019; Nonaka
and Kuparinen 2021). Implementing age structure can be par-
ticularly important for capturing sufficient realism in the feed-
ing interactions and reproductive capacity of fish species when
studying commercially or conservationally important invasive
or native fish species (David et al. 2017).

Both the invader properties and the properties of the recipient
system can provide useful predictions for invasion success and
whether the invasion becomes low impact (co-existing with the
native species) or high impact (displacing the native species). For
example, an invasive carp has been demonstrated to cause major
bioturbations and to alter bottom-up processes in the River Po,
Italy (Patonai et al. 2026), whereas the introduction of an apex
predator can collapse native fishes, as was demonstrated in Lake
Gatun, Panama (Sharpe et al. 2017). What comes to network to-
pological features, such as food web depth and complexity, and
the level of natural oscillations may also predict altered food
web robustness and disturbances such as invasions (Thébault
and Fontaine 2010; Romanuk et al. 2017). As another example,
high web connectance may decrease the initial invasion prob-
ability but increase the consequences of successful invasions
(Romanuk et al. 2017).

Different centrality indices can be used to identify potentially
highly influential trophic species (Dunne et al. 2002) and suc-
cessful invaders (Romanuk et al. 2009) in food webs. The direct
centrality of the invader is a property that defines whether it is a
specialist (feeding only on a few species) or a generalist (feeding
on many species). The effectiveness of generalist invaders over
those with a specialist role has been repeatedly recognized as a
key property predicting invasion success, along with other net-
work topological properties, such as the relatively low trophic
level of the invader in the recipient web (Romanuk et al. 2009,
2017; Lurgi et al. 2014). In contrast, indirect centrality mea-
sures may be more efficient in defining keystone species, which
have the ability to alter the abundances of many other species

and have cascading effects on the invaded ecosystem (Jordan
et al. 2007).

Invader impact may also interact with other properties of the re-
cipient systems. For example, the effect of the trophic position of
the invader on the food web connectivity may contribute to the
predicted invasion success (Romanuk et al. 2017). As another
example, an invader with low taxonomical distinctivity (i.e., an
invader with closely related taxa in the invaded ecosystem) in-
habiting an aquatic system may have a smaller effect than a tax-
onomically novel invader would (Ricciardi and Atkinson 2004).
This may be explained by the prior co-evolution of the native
species in the ecosystem, whereby they have already adapted to
functionally similar species in the ecosystem. Taxonomical dis-
tinctivity has been suspected to have similar effects as ecological
distinctivity, which means the functional similarity between the
invader and the native species (Ricciardi and Atkinson 2004).

Some native species may be more vulnerable to an invasion
than others are. For example, a recent study that utilized allo-
metric trophic network (ATN) modelling predicted that a hypo-
thetical invasion by a generalist fish, Amur sleeper (Perccottus
glenii), would affect the top predator fish more heavily than it
would the lower trophic level species in the empirically parame-
trized Lake Vortsjarv food web (Kuparinen et al. 2023). As the
higher trophic level fish species both stabilize entire ecosystems
through top-down control and are economically important as
well as a notable source of food for human consumption, inva-
sion patterns such as the one predicted in Lake Vortsjirv can
have severe consequences, particularly for native fishes that are
exposed to fishing at the same time that they are affected by in-
vasion and potential other stressors.

The aim of the present study is to generalize the theory sur-
rounding the observations made in the Lake Vortsjirv food
web model (Kuparinen et al. 2023). We upscale this single, al-
beit empirically based observation across a range of food webs
and invader types, thereby developing the theory of food web
dynamics in the context of aquatic invasions applicable partic-
ularly to temperate lakes such as Lake Vortsjdrv. To this end,
we investigate the effects of an invader on the aquatic food web
structure, dynamics and biomass distribution. We hypothesize
that (i) the impacts of invasion adversely affect the native fish
community and (ii) alter the properties of the invaded food
webs. We study this by exploring the responses of the food webs
generated with an age-structured niche model extension (Bland
et al. 2019) using a range of alternative food web topologies and
invader properties. We define the invasion success through the
invader biomass, specifically whether it declines after being in-
troduced to the stabilized lake food web (unsuccessful invasion)
or whether it stabilizes at the introduced density or starts to in-
crease (successful invasion).

2 | Methods
2.1 | Food Web Generation
To generate food webs, we extended the original niche model

(Williams and Martinez 2000) using an in-house Matlab v.
R2020b implementation (Bland et al. 2019). The food webs
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were created according to the original niche model by gener-
ating S =50 trophic species (hereafter species) with a targeted
web connectance of C=0.15 (these values were chosen to be
in the same order of magnitude as in Lake Vortsjdrv but not
too specific for this model system). Each trophic species was
then assigned a random niche value (1) between 0 and 1 from
a uniform distribution. Then, each species was randomly as-
signed the width of a range (r) from a beta distribution with
parameters alpha=1 and beta=(1-2C)/(2C), where C is the
connectance of the food web and the mean value of the distri-
bution is 2C, to obtain a food web with a connectance value
close to the targeted C. The range width r modifies the spe-
cialist/generalist aspect of each species. Finally, each species
was assigned a centre of range (c), which depends on the spe-
cies' niche value and is sampled from a uniform distribution
between r/2 and n. The species are assigned as prey if their
niche value is in the predator's centred range. The species
that do not have any prey were considered producers, and the
species with higher trophic levels were considered consum-
ers. We set the species with the lowest niche value to n=0 in
the webs, where no basal species was automatically generated
by the web generator (Williams and Martinez 2000). We re-
peated the food web generation by discarding webs until basic
requirements were met. We discarded the generated food webs
that had a connectance error of more than +2.5%, or if the
minimum number of possible links exceeded the maximum
number of possible links. We also discarded food webs with
disconnected groups of species, food webs with species that
were not connected to the basal species and webs with cyclic
eating patterns (i.e., Species B is eating Species A that is eating
Species B).

Then, we extended the food webs by adding fish with multi-
ple age groups. We used the niche model extension by Bland
et al. (2019) to generate three species of fish with four age
groups each. The new age groups of fish were assigned niche
values, ranges and the centres of ranges by generating new
niche-type food webs with the number of species identical to
the age-structured food webs and by replacing the fish of the
original food webs with the new age-grouped species. Age
groups of fish without any prey (excluding possible canni-
balism) were assigned to the closest possible species as prey
based on the niche value and the centre of range values. For
further information on food web generation, see Williams and
Martinez (2000) and Bland et al. (2019).

After the food web construction, we assigned several param-
eters for each species. First, we calculated the short-weighted
trophic level (average over the shortest path trophic level and
the prey-averaged trophic level) of each species (Williams and
Martinez 2004; Carscallen et al. 2012). We calculated the pred-
ator-prey body size ratio (Z) for consumers following the log-
normal distribution (Table 1). We then generated per-species
body masses (M) based on trophic level and predator-prey size
ratios (Table 1). We set the assimilation efficiency of the con-
sumed resources to 0.45 and 0.85 for herbivores and carnivores,
respectively (Brose et al. 2006). The fractions of 0.4 and 0.1 of
the assimilated carbon of consumers contributed to growth
(f,) and the maintenance of basic bodily functions (f,), re-
spectively (Boit et al. 2012; Kath et al. 2018). We set the growth

season of each year to 100days and the total carrying capacity to
540,000 weight units. We set the parameter q of the functional
response to 0.2 to give the Holling Type III response of a pred-
ator's consumption rate at different prey densities (Nonaka and
Kuparinen 2021). Feeding parameters were assigned according
to Bland et al. (2019).

Each generated food web was then simulated through time
by running the ATN model (Brose et al. 2006; Kuparinen
et al. 2016; Bland et al. 2019). ATN models help explain
between-species interactions by building on trophic predator-
prey interactions and population dynamics depending on spe-
cies' body size and metabolic type (here: producer, consumer
or fish). First, we simulated the biomass changes of the food
webs for a burn-in period of 1000years to allow the species
biomasses to reach equilibrium. We then added an invasive
species to each food web. We set the initial body mass of the
invader as the average body mass of the species in the food
web. We used uniform distributions between 0.3 and 0.9 to
sample the invaders’ niche values from, uniform distributions
between 0.05 and 0.4 to sample the invaders’ ranges from and
uniform distributions between 0.1 and the invader niche val-
ues to sample the centres of ranges of the invaders (Figure S1).
Based on those variables, we used the niche model rules to as-
sign prey and predator species of the invader within each food
web (Williams and Martinez 2000). The feeding parameters of
the invader followed those of Bland et al. (2019) by assuming
that the invader was a consumer. This assumption was plau-
sible as the invader's body size reflected the average body size
in the food web and, thus, was not among the top fish pred-
ators. To prevent unconnected invaders, a species with niche
value closest to the range of the invader was set as prey for the
invader in the rare cases where no prey items were otherwise
assigned to the invader. After the invasive species was added,
we simulated the ecosystem for a test period of 200years. To
compare the invaded scenario to a scenario without the in-
vasion, we also simulated a reference period of 200years of
equilibrium without the invader. We generated approximately
3000 food webs. The reference webs were identical to the in-
vasion scenario in terms of the initial biomasses and species
links, other than those including the invader.

2.2 | Food Web Responses to Invasions

To evaluate whether the total biomass of the ecosystems was al-
tered in response to the invasion, we calculated the joint total
biomass of all the species in the ecosystem and by species met-
abolic type (producer, consumer, fish) under the invaded and
the reference simulation scenarios. We calculated the total eco-
system biomass at the start of the simulation and at the end by
averaging over years 1-50 and 150-200, respectively (Table 1).
We calculated (percentual) biomass change between invaded
and non-invaded scenarios and used t-tests with Bonferroni
correction to evaluate if the change was significant between the
scenarios with and without the invader biomass (Table 1). We
determined that the invasion was successful in a web if the inva-
sive species’ biomass persisted or increased during the invaded
scenario simulation and included only the webs with successful
invasions in the analysis.
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TABLE 1 | A reference table of variables estimated from the simulated food webs, from comparisons between food webs from invaded and
reference scenarios, and from individual trophic species in the food webs. For exact equations, see the associated reference.

Comparison type Variable Definition
Within-scenario Start biomass Average biomass over years 1-50
variables

End biomass
(Percentual) biomass change
Total biomass change
Biomass oscillation

Biomass oscillation of a metabolic type

Modularity
Between-scenarios End biomass response
variables
Trophic species Metabolic type
properties Trophic level (TL)

Predator:prey body mass ratio (2)

Consumer body mass (M)

In-degree
Out-degree

In-closeness

Out-closeness

Betweenness

PageRank

EigenCentrality

Jaccard's similarity to invader

Minimum Jaccard's similarity
of invader to native species

Average biomass over years 150-200
(End biomass — start biomass)/start biomass
(Sum of end biomasses —sum of start biomasses)/sum of start biomasses
CV (trophic species biomass over years)

Median of the biomass oscillations of the trophic
species with a specified metabolic type

The level of modularity in the food web

End biomass in the invaded scenario/end
biomass in the reference scenario

Metabolic rates were based on body size following Brose et al. (2006).

Short-weighted trophic level; the average of the shortest
trophic level and prey-averaged trophic level (Williams
and Martinez 2004; Carscallen et al. 2012)

Z was generated for consumers from log-normal distributions using
log-transformed mean body weights of 5000 and 100 weight units for
fish and invertebrate consumers, and standard deviations of 10 for both
metabolic types. Producers were set with Z=0 (Brose et al. 2006).

Body masses of consumers were generated after defining TL and Z
using function M,=Z"~. The resulting body masses were relative
to the body masses of the basal species (Brose et al. 2006).

The number of incoming links (predators) (Vesterinen et al. 2021)
The number of outgoing links (preys) (Vesterinen et al. 2021)

The lengths of minimum paths from a given trophic species
to all upstream (prey) species (Vesterinen et al. 2021)

The lengths of minimum paths from a given trophic species to
all downstream (predator) species (Vesterinen et al. 2021)

How frequently a trophic species is on the shortest path
between two other species (Vesterinen et al. 2021)

A variant of EigenCentrality, invented by the founders of Google.
It is based on incoming links (Vesterinen et al. 2021).

Centrality measure, which ranks higher the nodes
that are connected to high-ranking nodes. In- and
outgoing links are equal (Vesterinen et al. 2021).

The level of similarity between the invader and native species,
calculated by comparing the number of identical trophic interactions
(feeding links) between each of the two species and the other species
of the corresponding food web to the number of trophic interactions

in either of the species by dividing identical trophic interactions by the
number of trophic interactions observed in at least one of the species

The average similarity of invader to the top 10% quantile
of the most topologically similar native species

To evaluate the level of biomass oscillation of each species in
the webs, we calculated the per-trophic species coefficient of
variation (CV) for the yearly biomasses. We also calculated the
median oscillation over each metabolic type (consumer, inverte-

brate producer of fish) for each web.

We assessed the effects of various species-specific explana-
tory variables to the biomass response to invasion. We first
rank-scaled all numerical variables. We included the random
effect of food web identity and multiple fixed explanatory
variables describing the trophic positioning of each species
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in the webs using a linear mixed effects model (implemented
in package ImerTest v. 3.1.3). We included information about
whether each species was a direct prey or predator of the in-
vasive species; in- and out-degree; in- and out-centrality; be-
tweenness; EigenCentrality; PageRank; trophic level (relative
to maximum trophic level in the web); and Jaccard's similarity
to the invader (Table 1). After establishing the initial model
estimates, we excluded variables causing collinearity (vari-
ance inflation factor (VIF)>5; implemented in car v. 3.1.2
package) and non-significant explanators. We estimated non-
parametric 95% confidence intervals for the estimates by res-
ampling the subsets using 100 bootstrapping replicates with
replacement.

We used several food web- and invader-specific properties to
identify characteristic features of the food web topology and the
invader species that were associated with the biomass response
in the age groups of fish. To this end, we divided the food webs
based on each food web- and invader-specific property into cate-
gories of ‘low’, ‘average’ and ‘high’ impacts. We repeated the final
linear mixed-effect model inference for each ‘low’ and ‘high’ cat-
egory assigned by each food web- and invader-specific property.
We added metabolic type as an explanatory variable to estimate
the age group responses of fish in the subsets of food webs in the
‘low’ and ‘high’ categories of the studied explanatory variables.
We estimated non-parametric 95% confidence intervals by 100
bootstrapping replicates of the food webs with replacement.

3 | Results
3.1 | Food Web Generation
Excluding the invader, the median number of producer and non-

vertebrate consumers generated was 10 (95% CI [10, 11]) and 36
(95% CI [36, 37]), whereas the number of fish species generated

was always three, and the number of age groups for the fish was
always four. Species abundance inversely correlated with total
biomass, which had a median of 69.8% (95% CI [69.5%, 70.1%)),
29.3% (95% CI [29.0%, 29.7%]) and 0.4% (95% CI [0.3%, 0.4%]) in
producers, non-vertebrate consumers and fish, respectively. The
median invasive species biomass at the end of the simulation was
0.7% (95% CI [0.66%, 0.72%]) of the food web biomass. The invader
persisted in 88.7% of the food webs.

3.2 | Food Web Responses to Invasions

The total biomass of the native species decreased significantly
in the invaded food webs in comparison with the reference
scenario (on average, 0.8%; t,.,,=—2.2, Bonferroni-corrected
p=0.05), but the difference was non-significant after includ-
ing the biomass of the invader (p=0.79). However, variability
over the 200-year simulation increased in response to the in-
vasion: The standard deviation of the biomasses of the native
species increased from <0.01% to 0.2% in the invaded scenario
(Figure 1A). The prey species biomasses of the invasive species
decreased in the successfully invaded food webs. Where the in-
vasion failed (i.e., the invader biomass decreased from the ini-
tial 1000 units), only a small average decline in the combined
biomasses of the invaders' prey species was observed in the
food webs. In contrast, where the invasion was successful, a sig-
nificant decline in prey biomass was found in the food webs.
The average combined biomass of the invasive species’ preda-
tors remained unchanged in the food webs where the invasion
was successful, whereas a slight decrease was observed in webs
where the invasion failed (Figure S2).

The average biomass change per species over time was altered
(either increased or decreased), especially among fish in the in-
vaded food webs (Figure 1B). Similarly, an increase in biomass
oscillations (mean CV of the species biomasses over time) was
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the rank-scaled end biomass responses to the invasion, obtained from
the linear mixed-effect model.

observed in response to the invasions and the magnitude dif-
fered among the metabolic types. The change was close to zero
in the reference food webs, whereas increases were observed in
producers (from 0.02 to 0.44), in consumers (from 0.01 to 1.44)
and in fish (from 0.22 to 9.79; Figure 1C).

We excluded PageRank and eigenvalue based on VIF, and out-
degree and out-closeness based on non-significant effects as
explanatory variables in the linear mixed-effect model. The
final model was biomass response~(1lweb identity)+is prey of
invader+is predator of invader+relative TL+ in-degree+in-
closeness + betweenness + Jaccard's similarity to invader. The es-
timated effects and t-values of trophic species-specific predictors
are presented in Figure 2.

The model estimates for the fish age groups are presented
with the bootstrapped 95% confidence intervals in Figure 3.
Estimates are presented separately for the food webs categorized
as ‘low’” and ‘high’ based on the levels of the studied food web-
and invader-specific variables.

4 | Discussion

In the present study, invasive species had a variable range of
prey species (specialist/generalist predator) and trophic levels.

The use of variable parameters for both the invasive species
and the recipient food web was motivated by our aim to cap-
ture the inherent variability and unpredictability in complex
biological systems. This approach enhanced the ecological
generality of our simulations, allowing for a broad examina-
tion of alternative outcomes, and it ensures that our findings
are robust and applicable across diverse invasion scenarios
and food web configurations. Indeed, in the simulated food
webs, the responses of successful invasions were unpredict-
able. Invasion transiently increased variation in the whole
system, affecting the total biomass of the web. Invasive spe-
cies biomass replaced some of the biomass of the native spe-
cies. The oscillations after the invasion were most evident in
the old fish, which are often positioned at the highest trophic
levels. We therefore hypothesized that invasive species can
severely affect the fish age groups most relevant for reproduc-
tion and for commercial use. Indeed, this has been observed
in the simulated Lake Vortsjirv food web, where invasion by
Amur sleeper had the strongest effect on the top predatory
fish (Kuparinen et al. 2023). Eventually, a successful inva-
sion may also have evolutionary consequences, but due to
the complexity of the ecological system alone, we restricted
the dynamics to ecological ones. Similarly, (i) we did not con-
sider external environmental variations but limited our anal-
yses to inherent variability in the dynamic complex systems
in order to detect species and food web properties potentially
responsive to invasion success (Figure 3) without masking
these patterns with external variations; (ii) our analyses apply
across the simulated parameter space detailed in Section 2.
This is because our primary aim was to upscale and gener-
alize the findings by Kuparinen et al. (2023) in the temperate
Lake Vortsjarv and, within this framework, to understand the
mechanisms underlying the invasion success. Therefore, we
acknowledge that these choices pose limitations to the study,
and a more universal theory (if such can be found) warrants
future research. From a theoretical ecological perspective,
however, our results can be considered conservative, as our
invasive consumer species was not as efficient of a feeder as
an invasive fish would have been (such as Amur sleeper in
Kuparinen et al. 2023).

Among the species properties that contributed to the direc-
tion and magnitude of biomass change in response to inva-
sion, regardless of the ecosystem, those that were particularly
severely affected were species with high Jaccard's similarity
to the invader. This was in concordance with prior studies
on the invasion outcomes with empirical data, reviewed by
David et al. (2017). Not surprisingly, the average biomass of
the invader prey species decreased by over 7%, and that of the
predator species of the invader increased by nearly 2%. After
considering the direct interactions caused by the invader, only
the positive direct in-degree effect, but not the out-degree
(specialist/generalist) effect of the native species, persisted.
This means that the abundances of the species with multiple
predators increased slightly in response to the invasion. It is a
long-acknowledged concept that specialist species may be vul-
nerable to ecosystem perturbations and, as the world continues
to face anthropogenic environmental changes, generalists are
replacing those specialists (Clavel et al. 2011). In our food web
simulation approach, the increased explanatory power of in-
direct centrality indices in comparison with direct out-degree

6 of 10

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

85U8017 SUOWILLIOD 8A11E81D) 9|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A | IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWS | 8U18eS *[9202/50/90] Uo ARigiauluo A8 ‘minL jo AiseAun Aq €80/ 0e/200T 0T/I0pw0d A8 i Afeiqjpuljuo//Sdny Wwolj pepeoiumod ‘S ‘9202 ‘SS20660T



Food web properties Invader properties
A depth B depth response  C in-degree D out-degree  E topol. distinctivity
© o B high - - - .
8 # B low + + + +
5oty M } 14,0 "** T ?
§ L - + — * - + + — & - + + +

UL UL UL UL T 1 1
F modularity =~ G modularity resp. H in-closenessl out-closeness J Trophic level

0 — — — —+ _+

] 1oyt 1Ty
' t } t
ot _++ _++++

estimate (95% Cl)
0
]
—e—p—
Q=

-10
]
]
]
]
——
——

T 11

K oscillations L oscillation resp. M EigenCentrality N PageRank E u;g_» % %
o i i i

G

SR TTIR ST T AT

g 7 1ty IR AR #*

3 o | ] | |
I

T T 1 T T 1 T T 1 1T T 1
O+~ N ™ O~ N ™ O+~ N ™ O - N ™
£ c c c £ c c C© £ c c Cc £ ©c c C©
Q2 @ a0 Q2 @ 0 0 2 @ a0 Q2 9 0 .0
[Ty T T T [T T T T [Ty T T T [T T T T

FIGURE3 | Estimated rank-scaled effect sizes of the fish age groups with the response presented as percentual biomass response to the invasion
(ranging from 10% decrease to 5% increase in fish age group biomass). The effects are estimated separately for subsets of food webs belonging to ‘low’
(blue) and ‘high’ (red) categories based on several properties describing the food web topologies and the invasive species. Properties describing food
web topology are the reference food web depth (mean trophic level in a web; A) and the change in the food web depth caused by invasion (B); food
web modularity (F) and the change in the modularity caused by the invasion (G); the level of natural biomass oscillations (K) and the change in the
biomass oscillations caused by the invasion (L). Properties describing the invasive species are the invader in-degree (C) and out-degree (D); minimum
topological distinctivity between the invader and the native species (E); the in-closeness (H) and out-closeness (I); the relative trophic level (J); the
EigenCentrality (M); and the PageRank (N).

(the level of specialism/generalism of a species) was a more in deep food webs. Prior studies on food web modularity and
powerful explanator for the dynamics of the species under robustness have led to contradictory results and may also de-
perturbations. Indirect centrality tended to be associated with pend on other parameters (Thébault and Fontaine 2010; Garay-
the biomass decrease of the topologically central species. This Narvéez et al. 2014). However, we found that the biomass of fish
observation complements prior studies, which have identified tended to decrease in the ecosystems where invasion increased

generalist invaders at relatively low trophic levels as a partic- web depth, complexity (modularity) or the level of oscillations.
ularly severe threat to general ecosystem stability (Romanuk Thus, we confirmed the prior research, which has suggested
et al. 2009, 2017). that invasions may have the capacity to profoundly shape the

food web structure (Romanuk et al. 2009, 2017; Lurgi et al. 2014;
When considering the food web properties, we found only sug- David et al. 2017).
gestive associations between food web topology prior to the in-
vasion and the invasion response in fish biomasses, as the fish As stressed by Thomsen et al. (2014), the consequences of in-
in the shallow webs were somewhat more affected than the fish ~ vasion should be evaluated separately for ecologically different
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native species. Confirming our hypothesis, several invader
properties predicted well the survival of fish populations in the
system. Invaders that were topologically most distinct from the
native species had clearly more detrimental effects on the fish
populations than did invaders that were similar to native spe-
cies (Jaccard's similarity). This phenomenon is well supported
by prior research, starting from niche theory, which suggests
that if two species occupy the same niche (i.e., they utilize the
same resources in the same habitat), one species will exclude
the other (Webb et al. 2002). Although we acknowledge that the
situation is more complex in nature due to phenomena such as
niche shifts and differing assimilation efficiencies of prey items
(Pianka 1973; Weber 1999; Pacioglu et al. 2019), this result
demonstrates that the model can produce patterns similar to
those seen in nature and it has been suggested that pre-trained
ecosystems may tolerate the new species relatively well (David
et al. 2017). The need for a more thorough survey of the niche
overlap has also been acknowledged by, for example, Pacioglu
et al. (2019) (accounting assimilation efficiency). We suggest
that the niche overlap of co-existing species should be explored
more carefully than by simply accounting for the direct prey
species.

High direct and indirect centrality and the relatively low trophic
level of the invader have been suggested to predict successful in-
vasion (Romanuk et al. 2009, 2017; Lurgi et al. 2014). These were
also the properties that were the most detrimental to the fish
populations in the present study, decreasing fish biomasses by
as much as 10%. Although in-centrality and trophic level were
not problematically correlated in the VIF analysis, invaders with
high direct in-centrality are often species at relatively low tro-
phic levels, which serve as prey for many other species and thus
have indirect effects on fish populations. Notably, only direct in-
centrality (in-degree) and indirect out-centrality (out-closeness)
of the invader had a negative effect on fish populations. The
detrimental effect of the invaders with high direct in-centrality
(many predators) is cryptic and suggests that invasion may have
unpredictable outcomes in the ecosystem. High indirect out-
centrality means that the invader has many interacting species
at lower trophic levels, which may be either direct prey items or
indirect ‘preys of preys’, resulting in widely cascading effects on
multiple downstream prey levels. Although generalist invaders
have been stated as particularly harmful to the ecosystem, our
observation suggests that also cascading effects on the down-
stream species (out-closeness) should be taken into account
when assessing the potential impacts. Overall, our study com-
plies with the observations that the invasion by certain species
may alter the whole ecosystem through cascading effects. For
example, invasive crabs and whelks increase the mortality of na-
tive oysters and disrupt the diversity of the ecosystem by trigger-
ing trophic cascades (Kimbro et al. 2009). It has been observed
that the invasion by zebra mussel (Dreissena polymorpha) caused
increased phytoplankton biomasses and, therefore, changes in
the top predator ecology (Hirsch et al. 2013). Interestingly, inva-
sion by a low out-closeness invader (extreme specialist) seemed
to even increase fish abundances. A puzzling phenomenon was
also that invaders with low trophic levels had a more negative
impact on fish populations than did those at higher trophic lev-
els. The diversity of native fish species has been previously re-
ported to have altered the invasion success of the Common carp
(Cyprinus carpio) in the experimental metacosm setup by Carey

and Wahl (2010). Increased between-species competition among
species at higher trophic levels may be the underlying explana-
tion for this phenomenon.

5 | Conclusions

Biomasses of species at high trophic levels and the key play-
ers of the ecosystem were negatively affected by invasions.
Although invasive species at the relatively high trophic po-
sitions often receive more attention, invasion by low trophic
level species seemed to have more drastic effects on fish pop-
ulations via indirect and cascading effects on lower trophic
levels in the food web. We showed that food webs with more
trophic levels and species that were topologically distinct from
the invasive species were more robust against invasive spe-
cies than were shallow webs and native species resembling
the invader. Such observations provide particularly timely in-
formation now that the warming climate has been predicted
to increase invasion success in food webs and ecosystems
(Sentis et al. 2021). A future challenge for simulations ex-
ploring invasion success is therefore to explicitly incorporate
abiotic drivers such as temperature (e.g., Eloranta et al. 2023)
and to assess the role of such drivers in biological invasions.
Nonetheless, our complex albeit theoretical framework pro-
vides a solid starting point for analyses and model extensions
to incorporate additional factors such as abiotic forcing, eco-
evolutionary feedbacks and also potential non-trophic interac-
tions. Algorithm-based generic food webs (e.g., Williams and
Martinez 2000; Bland et al. 2019) are instrumental to this end,
because they capture the inherent variability and uncertainty
associated with food web structures while also addressing the
issue that solving empirical food webs is time consuming and
sometimes not even feasible. Nonetheless, even if such empir-
ically solved food webs are available, algorithm-based generic
food webs are an ideal way to (i) test the consistency of empir-
ically observed results with the simulated ones (e.g., Williams
and Martinez 2000) and (ii) produce uncertainty estimates for
the observed feedbacks.
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S2: The difference of the total biomass differences (difference of the
summed biomasses of the prey and the predator species of the invader,
measured from the end to the start of the simulation period) of the tro-
phic species that were preys (‘prey’) or predators (‘pred’) of the invader
in the food webs where invasive species density decreased (‘D’) and in
the food webs where the invasive species density increased the most (‘I’).
The proportion of food webs where the invasive species decreased over
time was 15%, so the food webs where the invasive species increased
over the 85% quantile were used as the matching size comparison group.
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