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Abstract

Direct predation is a major driver of the negative impact of the invasive round goby Neogobius
melanostomus on native macrozoobenthic assemblages. However, the presence of N. melanostomus
predators represents a possible means of reducing its negative impact via consumptive and non-con-
sumptive effects (NCEs). However, the NCEs of native predators on the trophic interactions of
N. melanostomus remain poorly understood. The functional response framework, which links prey
density to the amount of prey consumed, was used to experimentally determine the foraging pressure
of N. melanostomus on chironomid larvae and to test how key functional response characteristics, i.e.,
its shape, attack rate, and handling time, change under predation risk represented by chemical cues
from heterospecific or conspecific prey preyed upon by European eel (Anguilla anguilla) and enriched
with conspecific alarm cues. Predation risk negatively influenced the foraging of N. melanostomus
relative to the risk-free control, but the effects differed between heterospecific and conspecific alarm
cues. The attack rate and hence the foraging of V. melanostomus at low prey densities were significant-
ly reduced by conspecific alarm cues relative to heterospecific alarm cues and the risk-free control.
On the other hand, heterospecific alarm cues led to a longer handling time and consequently a lower
maximum feeding rate relative to the risk-free control and conspecific alarm cues. The results show
the potential of A. anguilla to reduce the negative impact of the invasive N. melanostomus on benthic
prey through NCEs. Thus, ensuring that A. anguilla populations thrive in highly human-impacted,
homogenized European freshwater ecosystems represents a promising approach for reducing the neg-

ative impact of V. melanostomus on native prey.

Key words: Biological invasion, chemical cues, European eel, functional response, gobiids, preda-

tor-prey model, trophic interactions

Introduction

'The round goby (Neogobius melanostomus), a fish species originating from the Pon-
to-Caspian region, is considered one of the “100 worst” invasive species in Europe
(Vila et al. 2009) due to its ability to successfully colonize many European and
North American basins (Corkum et al. 2004; Kornis et al. 2012). It often becomes
a dominant species at invaded sites (Sapota and Skéra 2005; Kornis et al. 2013;
Juza et al. 2018). Negative impacts of V. melanostomus include displacement of
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native fishes mainly via diet overlap (Dubs and Corkum 1996; French III and
Jude 2001; Ustups et al. 2016), modification of benthic communities (Lederer
et al. 2008; Pagnucco et al. 2016; Henseler et al. 2021), new trophic pathways
for pollutants (Hogan et al. 2007; Almqvist et al. 2010; Hares et al. 2015), and
disturbance of food webs (Kuhns and Berg 1999; Pagnucco et al. 2016; Pennuto
etal. 2018), often leading to ecosystem instability (Pagnucco et al. 2016; Pennuto
et al. 2018).

High consumption rates, multiple spawning events during the season, and
non-selective foraging of V. melanostomus represent key drivers of its negative im-
pact on invaded environments (Corkum et al. 2004; Laverty et al. 2017; Dashinov
and Uzunova 2020; Franta et al. 2021). Moreover, human-made changes to stream
morphology (Winter et al. 2006; Oeberst et al. 2012), interconnectivity of inland
waters through canals (Bij de Vaate et al. 2002; Panov et al. 2009), and general
biodiversity loss (Olden et al. 2004) lead to decreased abundance of predators
at higher trophic levels (Weis 2011) and increased ecosystem invasibility, which
facilitate the impact of invaders, including N. melanostomus (Wallach et al. 2010;
Weis 2011).

In ecosystems with a stable trophic pyramid, predation risk may significantly
reduce the impact of mesopredators on lower trophic levels (Preisser et al. 2005;
Creel and Christianson 2008; Mitchell and Harborne 2020) through the con-
sumptive effect (CE), i.e., direct predation, and non-consumptive effects (NCEs;
Sih et al. 2010) caused by visual and chemical cues of predation risk. NCEs can
include increased use of shelters, decreased foraging activity, and increased vul-
nerability to other predators (Rahel and Stein 1988; Preisser et al. 2005; Patys et
al. 2015; Mitchell and Harborne 2020). These phenomena can reduce the overall
impact of invasive species (Aquiloni et al. 2010; Musseau et al. 2015). Aquatic
systems represent a unique habitat in which chemical cues serve as key transmitters
of information, particularly under conditions where visual sensing is often limited
(Burks and Lodge 2002). Hence, fish olfactory systems are among the most devel-
oped among vertebrates (Kasumyan 2004). Moreover, predator-derived chemical
cues can be transported over long distances in lotic systems and act as early warning
signals for prey before visual contact, thereby evoking NCEs (Brown et al. 1995).

Neogobius melanostomus has a wide range of potential predators. Shortly after
invasion and establishment, V. melanostomus was recorded in the diets of many na-
tive predators (Reyjol et al. 2010; Roseman et al. 2014; Mikl et al. 2017a), some-
times even as a dominant dietary component (Dietrich et al. 2006; Reyjol et al.
2010; Hares et al. 2015; Crane and Einhouse 2016; Hempel et al. 2016; Herlevi et
al. 2023). For example, the burbot (Loza lota) is considered a voracious predator of
N. melanostomus (Madenjian et al. 2011; Mikl et al. 2017a). However, knowledge
of the NCEs of native predators on V. melanostomus is scarce and mostly limited
to behavioral responses, without evaluating whether and how these NCEs alter its
CE on native prey (Patys et al. 2015; Michels et al. 2021; Galli et al. 2023). This
represents a critical gap in understanding whether restocking native predators can
mitigate the ecological impact of N. melanostomus.

To elucidate the effect of NCEs on the ecological impact of N. melanostomus as
an invasive mesopredator, the functional response of N. melanostomus and max-
imum food intake were compared in the presence and absence of chemical cues
released by dead conspecific prey, a native predator, or both. Functional responses
represent a fundamental tool for analyzing trophic interactions (DeLong 2021),
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including the effects of environmental conditions and NCEs on predation pres-
sure imposed by native and invasive mesopredators on native prey and its conse-
quences for predator-prey dynamics (Sentis et al. 2017; Faria et al. 2023a, 2023b).
Functional responses quantify how predation rates change with prey density. They
can be broadly described by three parameters: attack rate, which characterizes the
increase in predation rate at low prey densities; handling time, which determines
the maximum predation rate at high prey densities; and a scaling exponent, which
characterizes the overall shape of the relationship. For example, a change in the
shape of the functional response from a saturating Holling type II to a sigmoidal
Holling type III and consequently low predation pressure at low prey densities
can stabilize predator-prey dynamics (DeLong 2021). Functional responses have
already been used to quantify how trophic interactions of N. melanostomus vary
with temperature (Gebauer et al. 2018), habitat complexity (Gebauer et al. 2019),
and body size (Franta et al. 2023).

The European eel (Anguilla anguilla) was chosen as a representative native preda-
tor. Several aspects identify A. anguilla as a successtul predator of N. melanostomus:
i) both species share a benthic lifestyle (Emde et al. 2014) and similar temperature
optima (Seymour 1989; Lee and Johnson 2005); ii) both occur sympatrically in
the Elbe River; iii) the morphology of A. anguilla allows for effective foraging in
riprap habitats, frequently used as shelters by V. melanostomus (Jand¢ et al. 2019);
iv) gobiids frequently occur in A. anguilla stomachs (Doornbos and Twisk 1987),
and unpublished records document V. melanostomus in A. anguilla stomachs from
the Baltic Sea; and v) both fish species share the same parasite species (Emde et al.
2014; Jand¢ et al. 2019). Neogobius melanostomus was exposed to conspecific and
heterospecific chemical cues under laboratory conditions to determine whether
predator-derived cues originating from the consumption of conspecific prey are
required to elicit NCEs in V. melanostomus or whether heterospecific cues alone
are sufficient. It was hypothesized that these cues would reduce the feeding of
N. melanostomus by altering the functional response of individuals exposed to con-
specific or heterospecific cues through a lower attack rate or longer handling time
compared with individuals under the control condition without chemical cues.

Materials and methods
Collection of experimental fish

Neogobius melanostomus, an invasive mesopredator, was collected from the Elbe
River (Czech Republic; 50°50'34"N, 14°13'02"E) using a backpack pulsed-DC
electrofishing unit (FEG 1500, EFKO, Leutkirch, Germany). The 1,033 N. mela-
nostomus individuals were transported and acclimatized in a 1,600 L recirculating
aquaculture system (RAS) at the Institute of Aquaculture and Protection of Water.
During the acclimatization period, they were fed frozen chironomid larvae (www.
grygera.eu). Water temperature (22.06 + 0.75 °C), oxygen saturation (91.13 +
2.58%), and pH (6.90 + 0.34) were measured daily with an HQ40d digital multi-
meter (Hach Lange GmbH, Diisseldorf, Germany).

Overall, 14 Anguilla anguilla individuals were collected from the Elbe River
at localities where A. anguilla occurs sympatrically with V. melanostomus (Czech
Republic; 50°30'59.647"N, 14°3'34.481"E). Acclimatization of the predator
was carried out in two separate RAS units (2 x 1,600 L) isolated from the
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N. melanostomus acclimatization system. These RAS units subsequently formed
part of the experimental system, thereby eliminating the need to transfer the
predator prior to the experimental trials. Seven A. anguilla individuals in the
first RAS were fed N. melanostomus individuals (conspecific treatment), while
another seven individuals in the second RAS were fed earthworms (heterospecific
treatment), with both groups fed once daily from the beginning of the 10-week
acclimatization period to ensure sufficient prey intake by the predator. The
temperature (21.71 + 0.63 °C and 21.72 + 0.71 °C), oxygen saturation (89.05 +
3.29% and 85.50 + 4.11%), and pH (7.09 + 0.31 and 7.18 + 0.26) in both RAS
units were measured daily. The tanks with A. anguilla were equipped with PVC
tubes to ensure sufficient shelter availability.

Preparation of alarm cues

The alarm cues were prepared from 24 individuals of N. melanostomus (74—
87 mm total length [TL]; mean + SD = 80.08 + 4.07 mm), as previously described
by Wisenden et al. (2003), with minor modifications. Fish were killed by a blow
to the head. Subsequently, the skin was removed from both sides of each fish and
placed in chilled distilled water. Then, the skin (ca. 211 cm?) was homogenized us-
ing an A11 basic analytical mill (IKA-Werke GmbH & Co. KG, Staufen, Germa-
ny) with distilled water and filtered through glass wool to remove solid particles.
The solution was diluted with chilled distilled water to a final concentration of
0.1 cm? of skin/mL and stored in 5 mL syringes at =29 °C to ensure the stability of
the alarm cues prior to their use in the experiment (Achtymichuk et al. 2022). To
ensure similar conditions in the controls without alarm and chemical cues, 5 mL of
distilled water was applied instead of the skin extract.

Experimental design

The functional response of N. melanostomus individuals (TL = 60.22 + 3.45 mm;
wet weight = 2.45 + 0.39 g) feeding on live chironomid larvae (www.grygera.
eu) was quantified across six experimental trials in three treatments: i) conspecific
treatment, i.e., mesopredator V. melanostomus exposed to conspecific alarm cues
prepared as outlined above and chemical cues from A. anguilla fed N. melanos-
tomus individuals; ii) heterospecific treatment, i.e., N. melanostomus exposed to
chemical cues from A. anguilla ted earthworms; and iii) control treatment without
alarm and chemical cues.

For each treatment, the chironomid larvae were offered to N. melanostomus
at six densities (20, 50, 100, 280, 450, and 650 mg chironomids arena™), each
with six replicates. The average individual weight of chironomid larvae was 5.61 +
0.13 mg. Moreover, the same prey densities, but without the presence of V. mela-
nostomus in the arena, were used as control groups (with five replicates per density)
in all three experimental treatments to quantify background mortality of the chi-
ronomid larvae.

Each experimental treatment was assayed in a separate RAS consisting of four
tanks (V'= 400 L) filled with tap water filtered through an activated carbon filter.
The first tank, which had previously served as the predator acclimatization tank,
contained seven A. anguilla individuals (540-840 mm TL). These were fed 15
N. melanostomus individuals (weight = 5.48 + 0.94 g) in the conspecific treatment
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or 12 earthworms (weight = 3.00 + 0.67 g) in the heterospecific treatment. In the
control treatment, the first tank contained no A. anguilla, and the whole system
contained only filtered tap water without any predation risk cues. In all treatments,
water from the first tank flowed to the second tank containing experimental arenas
with . melanostomus, then through the third tank with mechanical filtration and
the fourth tank with a biological filter, and finally back to the first tank (Fig. 1).

Each experimental arena (glass aquarium, 23.0 x 19.5 x 20 c¢m) contained a
2 cm crystalline sand substrate, three rounded pebbles (55-75 mm long axis), and
a half-cut PVC pipe (diameter 40 mm, length 120 mm) as a shelter for N. melanos-
tomus. The outlet was fitted with a mesh to prevent V. melanostomus from escaping.
Arena walls were covered with opaque foil to prevent visual contact between indi-
vidual fish. Each experimental trial lasted 24 h. The chironomid larvae were placed
in the arenas 30 min before the start of the experiment. Simultaneously, 5 mL of
alarm cues (conspecific treatment) or 5 mL of distilled water (heterospecific and
control treatments) was added to each arena and reapplied every 4 h until the end
of each trial. The trial started with the release of one V. melanostomus, starved for
24 h prior to the experiment, into each arena. A total of 108 individuals were
tested, with six fish per treatment per trial across six trials conducted over a 15-day
period. Fish were used only once and were not reused across treatments or trials.

Water temperature (22.41 + 0.44 °C), oxygen saturation (89.03 + 4.17%), and
pH (7.20 + 0.32) were measured after each trial, and the numbers of surviving and
dead prey were counted. Additionally, the number of N. melanostomus individuals
eaten by A. anguilla in the predator holding tank was counted in the conspecific
treatment. Earthworms were always completely eaten in the heterospecific treat-
ment during each trial.

P —

Figure 1. Setup diagram for the experimental RAS. Arrows indicate the direction of water flow
through the RAS. Tank 1 was stocked with seven European eel (4. anguilla) individuals in the het-
erospecific and conspecific treatments, while no predator was present in the control treatment. Tank
2 contained experimental arenas, each with one round goby (V. melanostomus) individual. Tanks 3

and 4 served for mechanical and biological filtration, respectively.
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Data analyses

All data analyses were conducted in R 4.3.2 (R Development Core Team 2019).
The packages ‘frair’ (Pritchard et al. 2017), ‘bbmle’ (Bolker and R Development
Core Team 2017), ‘emdbook’ (Bolker 2016), and ‘boot’ (Canty and Ripley 2019)
were used to fit the functional responses, the package ‘glmmTMB’ (Brooks et al.
2017) was used to analyze background prey mortality in the controls and the max-
imum relative intake rate of the fish, and the package ‘DHARMza (Hartig and
Lhose 2019) was used to verify model assumptions.

The body weight of V. melanostomus used in the foraging trials varied. Whether
their net weight (i.e., total weight minus the weight of consumed prey) differed be-
tween treatments, prey density levels, and experimental trials was tested using Type
IT Wald y? tests implemented in the Anova function of the ‘car’ package (Fox and
Weisberg 2019). For logistical reasons, individual prey were not counted; instead,
total prey weight rounded to the nearest mg was used as a measure of prey density
for initial (W), consumed (W), and dead (W) prey.

Model selection was used to identify the ‘best’ (i.e., most parsimonious) model
for (i) background prey mortality in the feeding trials; (ii) the effect of treatment
on functional response parameters; and (iii) the maximum relative intake rate of
the fish. Models were ranked by the Akaike information criterion corrected for
sample size (AICc) (Brewer et al. 2016), and models with AAICc < 2 were con-
sidered plausible alternatives to the best model (Burnham and Anderson 2002).
Instead of post hoc significance tests, two treatment levels were deemed significant-
ly different if the 95% confidence intervals (hereafter 95% Cls) of the response
variable or parameter estimate for the two treatments did not overlap. Similarly, an
effect of a continuous explanatory variable was deemed significant if its 95% CI
did not contain zero.

Experimental trials 1-6 were included as a continuous predictor (round) to ac-
count for potential temporal trends across consecutive trials of the experiment in
the analyses of background prey mortality and maximum relative intake rate. The
trials were not included as a categorical predictor to keep the models relatively sim-
ple; model residuals were inspected to verify that this was an appropriate decision.

Beta regression was used to analyze the proportions of dead prey, P,_, = W,/
W, in the controls. All prey survived in 61 of N_ =90 replicates; P eag WAS trans-
formed as (P,_, (N — 1) + 0.001)/N_ to eliminate zero mortality values and
satisfy the assumptions of beta regression. Eight models were then compared in
which background prey mortality was assumed to be either constant or dependent
on treatment, initial prey density, experimental trial, and their possible linear com-
binations (Suppl. material 1: table S1).

To fit the functional responses, Type II and Type III functional responses were
first distinguished in each treatment using logistic regression between the propor-
tion of consumed prey W and the initial amount of prey W/, implemented in the
‘frair_test’ function in the ‘frair’ package (Juliano 2001; Pritchard et al. 2017). Ev-
idence for a Type II functional response was found in each treatment (see Results
for details), and prey depletion was therefore accounted for using Rogers’ equation
(Rogers 1972). Sixteen models (similar to Kalinkat et al. 2013 and Mocq et al.
2021) were compared to detect possible effects of the three treatments on attack
rate « or handling time /. Subscripts 4, and /., were used to differentiate among
the treatments, with [777] = 1 for the controls, [ 77#] = 2 for the heterospecific cues,
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and [771] = 3 for the conspecific cues. Each parameter z (z = @ or /) was considered

to be (1) constant (z = z,,,); (2) differ between all three treatments (z, # 2, = 2,);

12,
(3) different between the caontrol and both treatments with predator cues, with no
difference between the heterospecific and conspecific predator cues (z, # z,)); or
(4) different between the conspecific predator cues and the other two treatments
(control and heterospecific predator cues, z,, # z,; Suppl. material 1: table S2).
Possible size dependence of the functional response parameters was accounted for
S’
and handling time h[m 8) = /J[M'SZ where § is the net body weight of the focal /V.

melanostomus individual divided by the mean net body weight of N. melanostomus

in all models by incorporating allometric scaling of attack rate ., () =

across all replicates, and & and ¢ are the respective allometric exponents (Weterings
etal. 2015; Mocq et al. 2021). This yields a modified Rogers’ equation:

We =Wy (1 — exp (ajmry)S” (WehrS¢ — T))), (1)

where 7= 24 h is the duration of each feeding trial. The Lambert W function was
used to solve Eq. (1), and each model was fitted by maximum likelihood estima-
tion (Bolker 2008). The raw data were bootstrapped (/N = 1,000) to obtain the
mean prediction of the best functional response model and its 95% CI.

Finally, the amount of ingested prey at the two highest initial prey densities was
used to quantify the maximum observed food intake 7 of V. melanostomus in each
treatment. Food intake was assumed to scale with body sizeas 7 =7 . .5" This
relationship was log-transformed, and four linear regression models were compared
using the same assumptions regarding the dependence of In(/_ ) on treatment as

those used for the functional response parameters (Suppl. material 1: table S3):
In(Ipax) = In (Imax,[Trt]) + dln(S), )

and verified that the model residuals did not differ between the two highest initial
prey densities.

Results

Net weight of N. melanostomus individuals (mean + SD = 2.30 + 0.38 g, range =
1.52-2.99 g) did not differ significantly between treatments (Type I Wald test 75
= 2.14, P = 0.34) or initial prey densities (Type I Wald test: 73 = 5.59, P = 0.35)
but differed between experimental rounds (Type II Wald test: 17=16.7, P<107?).

The proportion of dead prey in the controls, P, , was low (0.015 + 0.038, range
= 0-0.289) and exceeded 0.10 in only two replicates (details not shown). Accord-
ing to the best model, P, , increased significantly with initial prey biomass W/
(Suppl. material 1: table S1), but the slope was small in magnitude (Suppl. materi-
al 1: table S4), and even at the highest initial biomass, W, =650 mg, the predicted
proportion of dead prey was only 0.022 (95% CI = 0.013-0.038). Thus, the data
were not corrected for background prey mortality in the functional response trials.

Predation by V. melanostomus on chironomid larvae was characterized by a Type
IT functional response in each treatment, as the proportion of eaten prey declined
with initial prey biomass (Fig. 3; logistic regression: control, mean slope + SE =
-0.0052 + 0.0001, z = —33.8, P < 10; heterospecific cues, —0.0048 + 0.0001, z
=-34.2, P < 107; conspecific cues, —0.0048 + 0.0001, z = —34.4, P < 10”). Mod-

NeoBiota 109: 157-176 (2026), DOI: 10.3897/neobiota.109.201021 163



Pavel Franta et al.: Diet-specific cues alter goby functional response

el selection identified only one plausible model (FR8 in Suppl. material 1: table
S2), with an attack rate that differed significantly between the conspecific cues
treatment and the other two treatments («, # 4,) and treatment-specific handling
time (b, = b, # h,), although the handling times in the control and conspecific
cues treatments were very similar (Fig. 2; Suppl. material 1: table S5). No evidence
was found for a size-dependent attack rate 4, as the allometric exponent & of the
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0.124 . . : -0.50 1 .
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Figure 2. Parameters of the best functional response model (FR8). Circles indicate mean estimates;

error bars indicate 95% Cls.

400 1

— Citrl

Prey eaten (mg)

0 200 400 600

Prey density (mg)
Figure 3. Treatment-specific functional responses predicted by the best model (FR8). Lines indicate
mean predictions, ribbons indicate 95% Cls, and points indicate individual replicates. Solid line and

yellow: Ctrl = control; dashed line and olive green: HSC = heterospecific cues; dotted line and light
brown: CSC = conspecific cues. Fish body weight was fixed at 2.30 g.

NeoBiota 109: 157-176 (2026), DOI: 10.3897/neobiota.109.201021 164



Pavel Franta et al.: Diet-specific cues alter goby functional response

best model was not significantly different from 0, but handling time 4 declined
significantly with body size (Fig. 2; Suppl. material 1: table S5). The other com-
peting models also yielded similar estimates of both allometric exponents (details
not shown).

The amount of prey consumed by individual fish during the 24 h trial at the two
highest initial prey densities varied between 6.2% and 21.4% of net fish weight
(13.1 + 3.7%). Model selection identified two plausible models (Suppl. material
1: table S3); both showed that the amount of ingested prey increased with fish
weight, but food intake did not depend on the treatment according to the best
model (Fig. 4; Suppl. material 1: table S6).

Ctrl @ HSC CSC o 450 mg v 650 mg

400 A

N
o
o
1
®

Prey eaten (mg)
3
<
[ ]
4
<

15 20 25
Fish weight (g)

Figure 4. Size-dependent feeding at the two highest prey densities as predicted by the best model
(IMO). Line indicates the mean prediction, ribbon indicates the 95% CI, and points indicate indi-
vidual replicates. Yellow: Ctrl = control; olive green: HSC = heterospecific cues; light brown: CSC =

conspecific cues. Feeding trials with initial prey biomass of 450 mg (circles) and 650 mg (triangles).

Discussion

Biological invasions are considered a major driver of ecological degradation (Pysek
et al. 2020) and are associated with substantial annual economic costs (Nentwig
2007; Cuthbert et al. 2021). Moreover, once established, invasive species are of-
ten almost impossible to eradicate (Harris 1988). Restoration of aquatic ecosys-
tems, including native predator populations, can mitigate the ecological impact of
non-native hydrobionts (Wallach et al. 2010; Weis 2011), including highly inva-
sive fish such as the round goby (V. melanostomus), which is listed among the 100
worst invasive species in Europe (Vila et al. 2009). However, the overall impact
of native predators on V. melanostomus, including their CEs and NCEs, should
be investigated in detail to assess their role in suppressing the negative effects of
N. melanostomus on native freshwater biota. While records of CEs are relatively
well documented across the regions colonized by N. melanostomus, evidence for
NCEs remains ambiguous.

Chironomid larvae are one of the most important diet components of N. mel-
anostomus (Janssen and Jude 2001; Phillips et al. 2003; Stevove and Kovée 2016).
Consistent with previous studies (Fernandez-Declerck et al. 2023), a Type II func-
tional response toward this prey was observed in the present study. A Type II func-
tional response was also previously reported in N. melanostomus feeding on other
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prey, including isopods, fish larvae, and amphipods (Gebauer et al. 2018, 2019;
Paton et al. 2019; Franta et al. 2023). Generally, strong interactions correspond
to higher resource utilization by N. melanostomus compared with analogous native
species, e.g., the bullheads Cortus gobio and Cottus bairdi (Laverty et al. 2017) or
the logperch Percina caprodes (Paton et al. 2019), resulting in substantial dietary
overlap and consequent displacement of native species. The resulting effect of a
predator on its prey combines CEs and NCEs, with NCEs potentially being equal
to or stronger than CEs (Sih et al. 2010). No significant effect of A. anguilla-de-
rived cues on the gastric evacuation rate of N. melanostomus was detected by Szy-
dtowska et al. (2024). In the present study, evidence was found for a change in the
functional response of V. melanostomus depending on predator-derived chemical
cues with or without conspecific alarm cues. Functional response parameters, i.e.,
handling time and attack rate, have been shown to vary with anthropogenic noise,
body size, habitat complexity, and population origin in V. melanostomus (Gebauer
et al. 2019; Paton et al. 2019; Fernandez-Declerck et al. 2023; Franta et al. 2023).
The present results confirm chemical cues as an additional influential factor.

Fish olfaction is the most developed olfactory system among vertebrates and
plays an important role in reproductive, parental, feeding, defensive, territorial,
schooling, and migration behaviors (Kasumyan 2004). Generally, gobies respond
equally to visual and chemical cues (Utne and Bacchi 1997; McCormick and
Manassa 2008). In NN. melanostomus, chemical cues (Gammon et al. 2005) and
visual signals play an important role in reproductive strategy (Yavno and Corkum
2010), and behavioral changes in response to predator risk have been document-
ed. Previous studies mostly focused on shelter use or other antipredator responses,
such as physiological and behavioral changes (Michels et al. 2021; Augustyniak
et al. 2022; Klosinski et al. 2022; Galli et al. 2023). For instance, operculum
movement and blood cortisol levels in N. melanostomus increased in response to
conspecific alarm cues (Patys et al. 2015; Galli et al. 2023). However, despite the
cortisol increase, Galli et al. (2023) found no behavioral changes in N. melanos-
tomus. Moreover, another non-native Ponto-Caspian goby, Neogobius fluviatilis,
responded less intensively to conspecific alarm cues than the native Gobio gobio
in terms of vertical movement, immobility time, and social distance response
(Klosinski et al. 2022).

However, no previous study has focused on how predation risk affects trophic
interaction strength in V. melanostomus. In the present study, the trophic inter-
action strength of N. melanostomus at low prey densities, reflected by attack rate
values, declined with predation risk only when the fish were exposed to a combi-
nation of predator-derived chemical cues and conspecific alarm cues. This likely
indicates avoidance behavior by N. melanostomus and reduced foraging effort in
habitats with low prey availability and very high predator risk. However, the han-
dling time of N. melanostomus increased in the presence of heterospecific chemical
cues of predation risk, whereas the handling times of V. melanostomus in the con-
trol and conspecific predation risk treatments reached comparable values. It cannot
be determined whether this effect was caused by alarm cues originating from the
heterospecific prey, chemical cues released by A. anguilla after consuming hetero-
specific prey, or a combination of both. Additionally, earthworm-derived chemical
cues may have acted as a feeding stimulus for V. melanostomus.

Both attack rate and handling time have been shown to depend on body size
in N. melanostomus (Franta et al. 2023). Handling time is driven by morpholog-
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ical traits that covary with body size, such as gape size (Kislalioglu and Gibson
1976; Aljetlawi et al. 2004) and digestion capacity (Aljetlawi et al. 2004; Li et al.
2018). Despite a significantly narrower size range of N. melanostomus in this study
compared with that in Franta et al. (2023), handling time declined significantly
with body size. Unlike handling time, no significant differences were found in
maximum intake rates among the experimental treatments. Although handling
time and maximum intake rate both reflect predator foraging capacity, they are
derived from different data and approaches. Finally, the results were consistent
with size-independent attack rates. This result likely reflects the high ability of
N. melanostomus to effectively search for prey in the present experimental setting
regardless of body size.

In addition to body size, individual boldness may also influence responses to
predation risk. The results are based on V. melanostomus originating from an es-
tablished population. As invasive fronts are often characterized by a greater pro-
portion of bold individuals (Brandner et al. 2013; Myles-Gonzalez et al. 2015),
NCEs may be weaker in such populations than in long-established populations.
However, strong NCEs usually trade off against weaker CEs and vice versa (Creel
and Christianson 2008; Sih et al. 2010). The higher relative metabolic rate of bold
individuals is associated with higher energetic demands and increased foraging ac-
tivity, which expose them to greater predation risk (Bell and Sih 2007; Brandner et
al. 2013). Therefore, the total impact of predators on N. melanostomus, evaluated
as the sum of CEs and NCEs, may remain similar regardless of whether individuals
originate from invasive-front or established populations (Sih et al. 2010).

Anguilla anguilla occurs sympatrically with V. melanostomus in its native area,
although at lower densities (Apostolou et al. 2013). Moreover, both species coexist
and share the same habitats at invaded sites in the Elbe River, where the study fish
originated, at least since 2015 (Bufi¢ et al. 2015). Although the abundance of A.
anguilla in the experiment exceeded its current typical abundance in European
rivers (Prchalovd et al. 2013), the results provide the first experimental evidence
of a decrease in the foraging activity of V. melanostomus under predation risk.
Moreover, N. melanostomus is an important diet component of piscivorous fish at
invaded sites (Dietrich et al. 2006; Reyjol et al. 2010; Hares et al. 2015; Crane
and Einhouse 2016; Mikl et al. 2017a; Herlevi et al. 2023), which may ultimately
impose NCE:s on the trophic interactions of N. melanostomus similar to those im-
posed by A. anguilla. Thus, the cumulative NCEs of all predators on N. melanos-
tomus could be similar to or even greater in the wild than under the experimental
conditions. Records of predator-induced increases in NCEs in non-native crayfish
(Faria et al. 2023b), effective control of an invasive crayfish population by A. an-
guilla (Aquiloni et al. 2010; Musseau et al. 2015), and the high CE of L. /ota on N.
melanostomus (Madenjian et al. 2011; Mikl et al. 2017a), together with the present
findings, suggest a potential role of native predators in mitigating the impacts of V.
melanostomus in invaded European freshwater ecosystems. However, current abun-
dances of both native predators are low in Central Europe. River modification and
homogenization of freshwater ecosystems, high pressure from angling, commercial
fisheries, and piscivorous birds are important factors contributing to decreases in
their populations (Winter et al. 2006; Stapanian et al. 2010; Oeberst et al. 2012).

Even stable, pristine ecosystems cannot fully prevent invasion by non-native spe-
cies (Sih et al. 2010). However, the invasibility and impact of invasive species can
be reduced by restoration of freshwater habitats (Stachowicz et al. 2002; Olden et
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al. 2004; Wallach et al. 2010), as many invasive species benefit from predator-free
environments (Weis 2011). Based on the present results, V. melanostomus is no
exception. Indeed, a reduction in the consumption rate of V. melanostomus due to
predation risk could lower its predation pressure on macrozoobenthos (Lederer et
al. 2008; Mikl et al. 2017b; Henseler et al. 2021), competition with native ben-
thic fish species (Dubs and Corkum 1996; French III and Jude 2001; Ustups et
al. 2016), and transfer of energy, nutrients, and pollutants to higher trophic levels
(Hogan et al. 2007; Almqvist et al. 2010; Hares et al. 2015). Although predatory
fish populations are currently under high pressure (Stapanian et al. 2010; Oeberst
et al. 2012), they have probably already affected the trophic interactions of .
melanostomus populations through a combination of NCEs (this study) and CEs
(Madenjian et al. 2011; Hempel et al. 2016; Mikl et al. 2017a). Despite the lim-
itations of the study, including short-term exposure and the use of a single prey
species and a single higher-order predator species, the findings are consistent with
previous evidence of native predator CEs (Dietrich et al. 2006; Reyjol et al. 2010;
Madenjian et al. 2011; Hares et al. 2015; Crane and Einhouse 2016; Hempel et
al. 2016; Mikl et al. 2017a; Herlevi et al. 2023), which collectively underscore the
importance of protecting and managing predator populations to control the in-
vasive N. melanostomus. Liversage et al. (2017) suggested modifying management
practices to increase the CE of percids on N. melanostomus in the northeastern
Baltic Sea. A similar approach could be applied to enhance predator NCEs on
invasive fish species. Stabilizing native predatory fish populations to control other
non-native fish depends mainly on sufficient freshwater ecosystem management,
including habitat restoration and appropriate fisheries regulation (Winter et al.
2006; Stapanian et al. 2010; Oeberst et al. 2012).

Conclusion

In summary, this study reveals that predator-derived chemical cues can signifi-
cantly alter the functional response of V. melanostomus. The decline in attack rate
observed in the presence of conspecific chemical cues combined with alarm cues
indicates avoidance behavior and reduced foraging effort in habitats with low prey
availability and very high predator risk. In contrast, exposure to heterospecific
chemical cues led to a longer handling time in habitats with high prey availability.
Although further research is needed to disentangle the specific roles of individual
prey- and predator-derived cues, the findings provide the first evidence that preda-
tion risk alone can reduce the foraging activity of N. melanostomus. Together with
previous evidence of CEs exerted by native predators, the results support the idea
that native predator communities can provide predator-driven biotic resistance
against invasive species. These findings highlight the ecological importance of
maintaining robust native predator populations as a means of enhancing both CEs
and NCE:s on this invasive species. Strengthening predator communities through
effective freshwater ecosystem management may therefore help limit the predation
capacity and ecological impact of N. melanostomus on native macrozoobenthos.
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