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Abstract 

Globally, fish are frequently introduced beyond their native range. Some, like Ponto-Caspian gobies, are becoming invasive, achieving high colo-
nization rates and constituting frequent prey for native predators. However, little is known about the effectiveness of antipredator behaviors of 
the invaders, which may shape their role in the invaded community and contribute to the invasion success. We compared antipredator behaviors 
of invasive gobies and native fish species after their detection by the predator, when the danger becomes direct. We studied 2 fish pairs, each 
consisting of an invasive and native species co-occurring in the environment and belonging to the same prey guild: (1) the racer goby Babka 
gymnotrachelus versus European bullhead Cottus gobio, (2) the monkey goby Neogobius fluviatilis versus gudgeon Gobio gobio, facing a naïve 
predator (the Eurasian perch Perca fluviatilis). We analyzed behaviors of single prey individuals (escaping, staying in shelter, and activity) and sin-
gle predators (activity, searching, following, capturing, and latency to prey consumption). In the predator presence, the bullhead was less active 
and more often managed to escape after capture than the racer goby. The gudgeon escaped before the capture more often than the monkey 
goby. The predator succeeded later with the bullhead compared to racer goby, whereas no differences in ingestion time occurred between the 
gudgeon and monkey goby. The results suggest that, in terms of hunting effort of native predators, the invasive gobies are equivalent to or more 
profitable prey than their native analogs, which can facilitate the integration of the gobies into local food webs.

Key words: antipredator behavior, fish behavior, invasive prey, native predator, predator–prey interactions.

Invasive species are one of the greatest threats to biodiver-
sity and community structure (Rodriguez 2006; Hughes et 
al. 2020; Dueñas et al. 2021). They spread spectacularly and 
have a strong impact on the environment (Ricciardi 2013). 
One important effect here is that the invasive species create 
new trophic relationships, and modify existing ones in recip-
ient ecosystems. They can affect native species directly, by 
predation and competition (Rodriguez 2006; Levine 2008; 
BSo ska, Grabowska, et al. 2016; Haubrock et al. 2020), or 
indirectly, for example, by altering predator–prey relation-
ships of natives and therefore modifying the structure of 
food webs (David et al. 2017; Haubrock et al. 2019). This 
includes cases where invasive species induence native preda-
tors as their new prey (Crane et al. 2016; Stellati et al. 2019). 
Such induence can have various forms (Venable et al. 2019), 
depending on how effective the new prey is in predator avoid-
ance compared to the native prey, and how these prey species 
interact with each other. Invasive prey can have a detrimental 
effect on native prey species through apparent competition 
(Holt 1977) due to increased predation pressure (Noonburg 
and Byers 2005; Castorani and Hovel 2015). On the other 
hand, different trophic scenarios are possible between 2 prey 
species that share a common predator (Harmon and Andow 
2004). Positive indirect effects of one prey (here: invasive) on 

the other (native) can occur when an increase in the density 
of the former impairs the predator’s functional response to 
the latter due to predator saturation or predator switching 
(Abrams and Matsuda 1996; Webster and Almany 2002). 
Finally, invasive prey could constitute an integral part of the 
local food web, for example, by modifying the trophic level 
in the way that it consists almost entirely of invasives, which 
makes even native predators highly dependent on those inva-
sive prey species (Bissattini et al. 2021). There is a need for 
understanding how particular biological features of invasive 
species determine their availability as prey for native pred-
ators, and how they perform compared to native species 
belonging to the same prey guild, that is, in situations when 
their distributions overlap temporally and spatially and they 
share the same predators. Assessing prey antipredatory strat-
egies in this context is important in a broader perspective for 
predicting the outcome of new trophic linkages created by 
invasive species, and their impact on food webs.

Prey exhibit predator-induced defenses involving changes in 
morphology (e.g., McCollum and Leimberger 1997; Boersma 
et al. 1998; Dahl and Peckarsky 2002), life history (Tams 
et al. 2018), and behavior (Lima and Dill 1990; Sparrevik 
and Leonardsson 1999; Johansson et al. 2004). Behavioral 
defenses involve spatial avoidance, increased hiding, 
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decreased activity, diet change (Mikolajewski and Johansson 
2004; Teplitsky and Laurila 2007), escape, deterrence, and 
freezing (Lima and Dill 1990). These responses are considered 
components of the predator-avoidance strategy in prey, repre-
senting a sequence of events taking place consecutively from 
the detection of the predator by the prey until it is enally con-
sumed or successfully escapes (Kelley and Magurran 2003). 
Particularly noteworthy is the enal period of a predator–prey 
interaction, when a prey individual is detected by a predator 
and prey responses are most intense. This is the peak active 
phase of predator avoidance that precedes the time when prey 
is eaten (ingested). The moment of ingestion is decisive and 
should be taken into account, as capture does not necessarily 
mean death. Indeed, prey can defend themselves, for example, 
by using spines and/or toxins (Hasegawa et al. 2021) and suc-
cessfully avoid ingestion even after capture.

On the global scale, eshes are one of the taxa most com-
monly introduced outside their native range (Gozlan 2008; 
Haubrock et al. 2022). We focused on the gobies, as their inva-
sions are considered amongst the most impressive freshwater 
esh invasions within Central and Western Europe (Copp et al. 
2005; Roche et al. 2013). Six invasive goby species are cur-
rently present in European waters (Copp et al. 2005), includ-
ing the racer goby Babka gymnotrachelus (Kessler 1857) and 
the monkey goby Neogobius 8uviatilis (Pallas, 1814). These 
species have spread successfully in freshwaters, especially in 
the river Vistula (PS chocki et al. 2020), which is one of the 
largest rivers in the Baltic Sea region (HELCOM 2018). We 
investigated the antipredator behavior of the racer and monkey 
gobies by pairing them with native species from the same guild, 
as this may help to answer the question of whether this aspect 
of their biology can constitute an advantage to the invasive 
gobies compared to the local species threatened by their inva-
sions. The racer goby is often found in the same locations as the 
European bullhead Cottus gobio (Linnaeus, 1758) (Janá  et al. 
2018). Substantial habitat overlap between these 2 species was 
revealed in a lowland European river in locations with medium 
water velocities on stony and gravely substrate (Kakareko et al. 
2016). The racer goby was able to outcompete the European 
bullhead for food (Kakareko et al. 2013) and shelter (Jermacz 
et al. 2015; BSo ska, Kobak, et al. 2016; Grabowska et al. 
2016) in laboratory experiments. On the other hand, the mon-
key goby occupies sandy bottom areas, which are also optimal 
for the gudgeon Gobio gobio (Linnaeus, 1758) (Kottelat and 
Freyhof 2007; PS chocki et al. 2020). Increasing monkey goby 
densities have been observed to coincide with declines in gudg-
eon populations (Jakovli  et al. 2015).

The invasive gobies are a common, often dominant die-
tary item of predators in invaded areas (Reyjol et al. 2010; 
PS chocki et al. 2012), which may suggest the lower secu-
rity of the invader in the mixed-species guild. However, it is 
important to note that high densities and thus high availa-
bility of the gobies as prey for predators are also important. 
According to the theory of optimal foraging (Werner and Hall 
1974; Pyke and Starr 2021), predators are expected to select 
the types of prey that provide the greatest net energy gain, 
and these are usually the most abundant and easily captured 
organisms available in the environment. High abundances of 
the gobies are recorded in colonized environments (Kakareko 
et al. 2009, 2016), and so they are potentially widely available 
prey for predators. Nevertheless, in an experimental study on 
behavioral reactions to predation cues (prey skin extracts), 
the gudgeon exhibited thigmotaxis and reduction in hori-
zontal and vertical mobility, while the monkey goby did not 

show any of those behaviors (KSosi ski et al. 2022). This sug-
gests that weaker antipredator responses of invasive gobies 
may indeed contribute to their susceptibility to predation in 
invaded areas. In our current research, we assessed whether 
the behavioral responses of the gobies to direct predation 
danger follow the same pattern, that is, are less pronounced 
in invasive than native species. This, in the light of studies 
indicating that the invasive gobies are a common, often dom-
inant dietary item of predators in invaded areas (Reyjol et al. 
2010; PS chocki et al. 2012) may suggest the lower security of 
the invader in the mixed-species guild.

Our main goal was to assess the differences in antipreda-
tory behavior and its effectiveness between 2 invasive Ponto-
Caspian goby esh (Gobiidae) and their native counterparts. 
We focused on prey behavior in the enal, the most active 
stage of a predator–prey interaction, that is, when a reciprocal 
detection by both sides (predator and prey) has occurred, until 
a successful ingestion of prey or avoidance of predation. We 
hypothesized that (1) under direct predation danger, the inva-
sive gobies would present qualitatively different behavior than 
their native counterparts, displaying different sets of species- 
or family-speciec traits. This is because the invasives, although 
their habitat requirements are similar to those exhibited by 
their native counterparts, belong to a taxonomically different, 
speciec family of esh: freshwater Gobiidae (in our research, 
natives were from Cottidae and Cyprynidae families) that are 
among the most invasive species in Europe (Copp et al. 2005). 
(2) Antipredator behavior of the invasive gobies would be less 
pronounced and effective, that is, would make them easier to 
be caught and ingested by the predator compared to the native 
prey species. This is based on the assumption that the invaders 
in a novel range can beneet from the allocation of more energy 
resources to growth and reproduction at the cost of weaker 
antipredatory defenses, which makes them better competitors 
than the native species in the same area (in accordance with 
the Evolution of Increased Competitive Ability hypothesis, 
Blossey and Notzold 1995; Callaway and Ridenour 2004).

We compared results only within the above-mentioned 
pairs, as they were composed of species coexisting and inter-
acting with each other in the same environments. We assumed 
that to become effective invaders, alien organisms need to 
perform better than the natives encountered in a particular 
co-occupied habitat, rather than generally in all communities.

Materials and Methods

The main idea of the experiment

We focused on checking if the behavioral differences between 
particular prey species make them more or less difecult to 
capture and, most importantly, successfully ingest during 
a direct predator encounter, that is, in the phase when the 
prey has been detected and exposed to the predator attack. 
Therefore, the approach enabling the physical contact of the 
prey with the predator was crucial for answering the ques-
tions we posed. We focused on particular prey characteristics 
which make them easier or more difecult to catch (i.e., behav-
ior). As this is difecult to observe in a natural, heterogeneous 
environment, we needed to use laboratory experiments to 
separate the features of interest from the induence of envi-
ronmental conditions (bottom substrate, macrophytes, water 
dow, etc.). Thus, we designed an experimental setup to enable 
the predator to hunt directly on the prey of a given species in 
an identical, standardized environment to check the induence 
of species-speciec traits (mobility, morphology) in defense 
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against predator attacks. The prey had the opportunity to 
hide inside a shelter (mesh area accessible to prey but not 
to the predator) or swim freely outside, facing the predator 
(Figure 1). To make sure that both prey species in each pair 
will have the same opportunities and conditions at the start 
of the experiment, we chose naïve, laboratory-reared speci-
mens of the Eurasian perch Perca 8uviatilis (Linnaeus, 1758) 
as predators. The perch is often found in habitats occupied by 
all the tested prey species (invasive and native) (Nesbø et al. 
1999) and foraging on them (PS chocki et al. 2012; Kakareko 
et al. 2016). As the Ponto-Caspian gobies are mostly eaten 
by medium-sized predators (Reyjol et al. 2010; PS chocki et 
al. 2012), the perch represents an optimal model species to 
study predator effects on the invasive gobiids and co-occur-
ring native esh species. The use of naïve perch allowed us to 
eliminate the potential perch preference for one of the studied 
species resulting from its experience acquired in the natural 
environment. As we had a limited number of perch individ-
uals, we decided to expose both prey species in the pair to 
the same perch individual (i.e., each perch individual had the 
opportunity to interact with both prey species within a given 
pair, one after the other). However, it must be acknowledged 
that the predator might gain some experience after consum-
ing the erst prey individual. To control for this, we applied 
a 2c×c2 cross-over design, with various predator individuals 
offered either a goby or a native species as the erst prey.

Animals

We collected the prey esh from the wild in July 2019 and 
kept them in stock tanks for at least 1 month before the start 
of experiments. European bullhead and racer goby were col-
lected from the river Brda in central Poland (53°08 52.5 N 
17°58 10.5 E) by a diver using an aquarium net. Gudgeon and 
monkey goby were collected using electroeshing (EFGI 650, 
Bretschneider Spezial Elektronik, Germany) from the river 
Pilica in east central Poland (51°45 50.1 N 21°08 55.5 E). 
We used different eshing methods due to the characteristics 
of the species and environments. The European bullhead and 
racer goby in the river Brda were mainly located in shelters 
(under rocks, roots, etc.) that were easier to be accessed by a 
diver than by electroeshing. The gudgeon and monkey goby 

were located on the open bottom, where the electroeshing 
method was effective. The differences in methods did not dis-
turb the results, as esh were compared in pairs collected from 
the same environment, using the same method. All the esh 
were of 0+ age, without any external signs of sexual maturity 
and thus we did not determine their sex.

After capture, we transported the esh in plastic bags con-
taining water and oxygen to the air-conditioned laboratory 
and held them in 350-L stock tanks (20–30 individuals per 
tank) elled with conditioned tap water (temperature main-
tained by air conditioning at 16.1c±c0.5 °C, pH 8.15c±c0.15, 
electrical conductivity 608.4c ±c 4.5 µS/cm, oxygen level 
8.13c±c0.25cmg/L and 82.5c±c3.06%; measured with Multi 
340i Meter, WTW, Weilheim, Germany) and equipped with 
standard aquarium elters and aerators. The photoperiod was 
set at a 14:10ch light:dark cycle with lights on at 0700ch. The 
stock tanks were equipped with ceramic and stony shelters 
and had no bottom substrate. We fed the esh daily ad libitum 
with frozen chironomid larvae and exchanged water in the 
tanks once a week (ca. 30% of the water volume) to ensure 
appropriate level of animal welfare.

Naïve Eurasian perch P. 8uviatilis was bred from larvae 
obtained during controlled reproduction of wild breeders cap-
tured during commercial catches in early April in accordance 
with the previously established procedure ( arski et al. 2011). 
Fertilized eggs were incubated in a dow-through recirculating 
system. Larvae hatched on day 8th post-fertilization and were 
reared at 14 °C, photoperiod 16:8ch light:dark, and oxygen 
concentration of 8.5cmg/L. Larvae were fed ad libitum with 
mixed Artemia sp. nauplii (INVE, Belgium) and a commercial 
formulated diet (Perla Larva Proactive 5.0, TrouvitNutreco, 
The Netherlands) 6 times a day. After 30 days of rearing, juve-
niles of perch were fed with a commercial diet (Perla Larva 
Proactive 4.0) and frozen Chironomidae larvae. At the age of 
about 2 years, the perch (40 specimens) was transported from 
the breeding facility to the air-conditioned laboratory and 
kept in an 800-L stock tank elled with conditioned tap water. 
For 3 months before the start of the experiments, the perch 
was kept in our laboratory in the same light and temperature 
conditions as the prey species.

The esh were weighed in a bucket with water before the 
start of the experiment, and their total body length was meas-
ured with ImageJ 1.49v program (freeware by W.S. Rasband, 
U.S. National Institutes of Health, Bethesda, MD, USA) using 
digital images taken from the recorded videos.

Although in our research we exposed the tested prey indi-
viduals to direct physical contact with a predator, this was 
the only way to obtain answers to the questions raised. 
Nevertheless, we did our best to adhere to the ASAB/ABS 
(2019) guidelines for the use of animals in research by provid-
ing them with appropriate housing conditions and obtaining 
permission from the Local Committee for Ethics in Animal 
Research in Bydgoszcz, Poland (statement no. 50/2017 from 
28 September 2017). The housing conditions guaranteed ani-
mal welfare, which was manifested by the overall activity and 
food intake of the esh throughout the research period. We 
did not notice any external signs of stress or disease (e.g., 
unnatural body shape, skin changes, swimming problems). 
After the experiments, the European bullhead and gudgeon 
that remained uneaten or were not used in the experiments 
were releasedcwhere they were caught. Other esh (invasive 
gobies and Eurasian perch) wereceuthanized by an overdose 
of Tricaine Methanesulfonate  (MS-222) and disposed of.

Figure 1. Experimental setup. The predator (perch) was placed in an 

experimental tank alone to acclimatize. A single prey individual was 

placed always inside a mesh cylinder acting as a hideout for prey (A). 

During a single trial, a perch individual was confronted with both prey 

species from the pair (one after another) in a sequence varying among 

replicates (native before invasive or invasive before native). Dimensions 

are given in centimeters.

D
ow

nloaded from
 https://academ

ic.oup.com
/cz/article/69/6/727/6759645 by U

N
IW

ER
SYTET M

 KO
PER

N
IKA user on 25 M

arch 2024

46



730 Current Zoology, 2023, Vol. 69, No. 6

Experimental setup

Experiments were conducted in a 200-L tank (100ccm × 50ccm 
× 40ccm, length × width × height) elled with conditioned tap 
water and isolated from external stimuli with Styrofoam 
screens. In the center of the tank, we placed a cylinder (height: 
31ccm, diameter: 22ccm) made from a wireframe and plas-
tic mesh (1cmm in diameter) (Figure 1). There was a 1.5-cm 
gap between the tank bottom and the lower edge of the mesh 
(marked as A in Figure 1). Thus, prey esh could use it as a 
shelter, while a predator was too large to get inside. Above 
the tank, we placed an IP video camera (Samsung SNB-6004P, 
Changwon, South Korea), which could catch the view of the 
entire experimental tank. Before the experiments, the tank 
was equipped with a elter and air stone to maintain appropri-
ate water quality. The elter and air stone were pulled out after 
a prey esh was placed in the experimental tank to prevent 
water surface movement, which could disturb the video anal-
ysis. The photoperiod and water temperature in the exper-
imental tank were the same as in the stock tanks (14:10ch 
light:dark cycle, c.a. 16 °C).

Experimental procedure

During each trial, a single predator (perch specimen) was con-
fronted with a single prey individual in 2 successive rounds, 
so that each predator interacted with both prey species from 
the pair, one after another. The experiment started by placing 
a single predator in the experimental tank at 2100ch (Figure 
2). After 12ch, we fed it ad libitum with Chironomidae larvae 
to standardize its hunger level. The experiment was contin-
ued only when the predator consumed food, indicating its 
acclimation to the experimental setup. Twenty-four hours 
after predator feeding (i.e., at 0900ch), we removed the elter 
and air stone and placed the erst prey specimen from a par-
ticular pair of prey species in the experimental tank inside 
the shelter (mesh cylinder) (erst round). Then, the predator 
had 8ch to consume (i.e., swallow) the prey. The timing of 
prey ingestion was recognizable based on the movements of 
the perch’s operculum. The capture of the prey was followed 
by intense movements of the gill lids. The cessation of these 
movements was considered as the swallowing of the prey, 
because it never happened that the prey was released from 
the mouth of the predator after this event. If the prey individ-
ual was not consumed, we removed it from the experimental 
tank. Whether or not the prey was eaten, 24ch after the erst 
prey specimen was placed in the experimental tank, we fed 
the predator again with Chironomidae larvae ad libitum. The 
elter and air stone were placed back into the tank. After the 
following 24ch, we removed the elter and air stone again and 
placed the second prey specimen (at 0900c h), belonging to 
the other prey species of the given pair (second round). For 
each trial, we selected prey individuals of similar sizes (in total 
length) in each pair. The predator had another 8ch to consume 
the prey and that was the end of a single trial (Figure 2). We 
exchanged about 25–30% of water volume between trials. 
The interval between trials was 28ch. Within each prey spe-
cies pair, the predators were divided into 2 groups, one facing 
erst the invasive prey and then the native one, and the other 
confronted consecutively with the native prey and then the 
invasive one. Each predator individual was used in only 1 
trial with 2 rounds (prey individuals).

Each prey species pair was studied separately. In total, we 
included 11 trials for the European bullhead (mean ± SD: 
individual weight = 0.53c±c0.16cg; length = 4.51c±c0.57ccm)/

racer goby (0.50c±c0.28cg; 4.39c±c1.07ccm) and 15 trials for 
the gudgeon (0.87c±c0.28cg; 5.86c±c1.07ccm)/monkey goby 
(0.88c±c0.30cg; 5.36c±c1.18ccm) pairs in the analysis. There 
were no differences in weight (paired t-test for the European 
bullhead/racer goby: t

10
 = X0.70, P = 0.494; for the gudgeon/ 

monkey goby: t
13

 = X0.26, P = 0.801) and length (t
9
 = 0.40, P 

= 0.703 and t
9
 = 1.16, P = 0.279, respectively) between prey 

individuals in each pair. The weight and length of the perch 
specimens used for the European bullhead/racer goby pair 
were 43.6c±c17.4cg and 19.86c±c3.34ccm, whereas the weight 
and length of the perch exposed to the gudgeon/monkey goby 
pair were 46.1c±c17.2cg and 21.73c±c2.76ccm, respectively. 
There were no differences in perch weight and length between 
the 2 prey pairs (t-test: t

22
 = 0.34, P = 0.735 and t

18
 = X1.36, 

P = 0.189, respectively).

Video analysis

Each round of the trial lasted 8ch or until the prey was con-
sumed by the predator. The videos were analyzed semi-auto-
matically using the BORIS 7.9.7 software (Friard and Gamba 
2016; Behavioral Observation Research Interactive Software, 
freeware, www.boris.unito.it). We noted several continuous 
events (long-term episodes, for which the duration was deter-
mined and expressed as % of the total experiment time, i.e., 
8ch or till the prey ingestion, if not stated otherwise below) 
and point events (short-term incidents, for which the num-
ber of occurrences were determined) concerning prey and 
predator behaviors, based on Savino and Stein (1989) and 
Beauchamp et al. (2007). All noted variables are included in 
Table 1.

All the videos were analyzed by the same person to avoid 
any differences due to the subjective assessment by the 
observer.

Statistical analysis

We performed a Principal Component Analysis (PCA) on the 
correlation matrix, separately for prey and predator behaviors 
in each prey pair, to reduce the number of behavioral variables 
and detect possible relationships between them. The principal 
components were extracted based on their eigenvalues greater 
than 1. When explaining the meaning of the obtained princi-
pal components, we took into account the original variables 
with absolute values of their loadings higher than 0.5 after 
Kaiser-Varimax rotation. The principal components deter-
mined by the PCA were analyzed using a 2-way mixed analy-
sis of variance (ANOVA) for cross-over designs (separate for 

Figure 2. Experimental procedure. 1—releasing the predator (perch) to 

the tank; 2—the first feeding of the predator with Chironomidae larvae 

ad libitum; 3—placing the first prey individual in the tank; 4—the second 

feeding of the predator with Chironomidae larvae ad libitum; 5—placing 

the second prey individual (of different species than in step 3) in the 

tank. White rectangles indicate predator acclimation periods. Numbers 

in circles and gray rectangles indicate the recorded and analyzed periods 

(rounds) of the trial.
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each prey species pair). Factors in the ANOVA were set as (1) 
round of the experiment (the erst and second prey individuals 
of 2 different species, offered consecutively to the predator) 
as a within-subject factor, (2) sequence (the sequence of offer-
ing the prey species to the predator: invasive after native or 
native after invasive) as a between-subject factor. The effect 
of prey species was coded in this design indirectly as a round 
× sequence interaction, whereas the factor sequence indicated 
potential carryover effects (Díaz-Uriarte 2002; Jones and 
Kenward 2003). The data were mostly normally distributed 
(Shapiro–Wilk test) and variances were homogenous (Levene 
test). All analyses were performed using IBM SPSS Statistics 
26.0 (IBM Corp.).

Results

The original behavioral variables included in the analysis 
are presented in Supplementary Materials A and B. The PCA 
(Table 2) extracted 2 principal components for prey behav-
ior and 3 principal components for predator behavior in the 
European bullhead versus racer goby pair, as well as 2 prin-
cipal components for prey behavior and 2 principal compo-
nents for predator behavior in the gudgeon versus monkey 
goby pair.

European bullhead versus racer goby

All individuals of the European bullhead and racer goby were 
ingested by the predator. The principal component mean-
ings were assigned as follows: (1) prey behaviors: Activity 
(PC1), Escape (PC2); (2) predator behaviors: Activity (PC1), 
Efeciency of attacks (PC2), Delay in success (PC3). The prey 
species differed from each other (as indicated by a signie-
cant round × sequence interaction) in the activity (Table 3A): 
European bullhead was less active than racer goby (Figure 
3A). Both prey species showed similar escape responses (Table 
3B; Figure 3B). There was a signiecant effect of the round on 
predator activity (Table 3C): The perch were less active dur-
ing round 2 (data not shown) regardless of the prey sequence. 
The efeciency of perch attacks was similar when facing both 
prey species (Table 3D; Figure 3D). However, the predator 
succeeded later when foraging on the European bullhead than 
on the racer goby (Table 3E; Figure 3E).

Gudgeon versus monkey goby

There were 3 gudgeon and 5 monkey goby individuals which 
survived the experiment. The following meanings were attrib-
uted to the principal components: (1) prey behaviors: Activity 
(PC1), Escape (PC2); (2) predator behaviors: Predation inten-
sity (PC1), Activity (PC2). There were no differences between 
the prey species in activity (Table 4A; Figure 4A). However, 
the prey species differed from each other (as indicated by a sig-
niecant round × sequence interaction) in their escape behav-
ior (Table 4B; Figure 4B): Gudgeon initiated escape behavior 
more often than monkey goby (Figure 4D). Additionally, 
visual inspection of the video recordings revealed that the 
gudgeon exhibited more sophisticated escape events, perform-
ing series of escapes (multiple movements) rather than single 
point escapes shown by its invasive counterpart. Moreover, 
prey escape behavior depended signiecantly on the main effect 
of round: Both species escaped more often in the second round 
of the experiment, regardless of the prey sequence (data not 
shown). The predator behavior was not affected by round, 
sequence, and prey species (Table 4C, D; Figure 4C, D).Ta
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Discussion

We studied the behavior of individual esh exposed to immi-
nent danger from a predator - a naïve Eurasian perch speci-
men. The prey were invasive Ponto-Caspian gobies and their 
native counterparts, compared in 2 pairs of species (invasive 
vs. native) co-occurring in the environment: the racer goby 
versus European bullhead, the monkey goby versus gudgeon. 
Our main aim was to determine the differences in antipreda-
tor behavior and its effectiveness between the invasive goby 
esh and their local native analogs. We conermed our erst 
hypothesis showing that invasive gobies, when facing a direct 
predator danger, present different behaviors than their native 
counterparts. However, our second hypothesis was only par-
tially conermed: In one of the prey species pairs, the native 
European bullhead turned out to be more difecult for the 
predator to hunt. On the other hand, in the other species pair, 
predator efeciency was similar in the presence of both prey 
species, despite differences in their behavior.

In the erst pair of prey species tested, the European bullhead 
was less active and spent more time in the shelter. The shelter 
plays a signiecant role in the biology of both prey species 
as they spent there most of their time during the day (Mills 
and Mann 1983; Grabowska et al. 2016, 2019). However, 
here we have found for the erst time that the racer goby used 
the hideout to a lesser extent than the bullhead facing the 
direct threat from a predator. The Eurasian perch is a vis-
ually oriented predator (Diehl 1988) and more mobile gobies 

were more visible, thus increasing their risk of being eaten 
under daylight and clear water conditions in our experiments. 
Thus, the longer exploration time exhibited by the racer goby 
suggests that, despite a direct predator danger, the invasive 
species take more risk and explores the environment. On the 
other hand, individuals showing greater exploratory activity 
can more efeciently compete for environmental resources and 
beneet from improved feeding opportunities, thus showing 
increased growth and/or fecundity (Huntingford et al. 1990; 
Fraser et al. 2001). These considerations involve differences 
on an interspeciec level; however, individuals from the same 
species may also display different personalities, that is, indi-
vidual differences in boldness, exploration, aggressiveness, etc. 
(Sih et al. 2004; Kaiser and Müller 2021). Such intraspeciec 
variation can strongly induence a biological invasion (Juette 
et al. 2014). For example, the presence of bold individuals 
may help invasive populations to spread further (Chapple et 
al. 2012). It is possible that, due to its invasive character, the 
population of the racer goby studied in our experiment con-
tains a higher frequency of bold individuals than that of the 
European bullhead, which can explain the observed differ-
ences. Nevertheless, conermation of this possibility requires 
further investigation.

In the second pair of coexisting prey species, the gudgeon 
exhibited more sophisticated escape events following pred-
ator attacks than the monkey goby, performing a series of 
multiple escapes rather than single movements exhibited by 
its invasive counterpart. Different escaping strategies may be 

Table 2. Results of the principal component analyses on predator and prey behavioral variables

 PCa λb % Variancec Variable loadingsd 

European bullhead 
vs. racer goby

Prey behavior

PC1 
Activity

2.3 57.2 Inactivity (X0,949), Staying in shelter 
(X0.661), Exploration (0.954)

PC2
Escape

1.1 25.8 Escape (0.934)

Predator behavior

PC1
Activity

2.1 35.7 Search (0.992), Inactivity (X0.990)

PC2
Efeciency of attacks

1.4 24.7 Strike (X0.937), Capture (X0.710)

PC3
Delay in success

1.3 19.6 Latency to consume the prey (0.719), 
Capture (0.582), Following (X0.635)

Gudgeon vs. monkey goby

Prey behavior

PC1
Activity

2.0 50.5 Exploration (0.993), Inactivity (X0.991)

PC2
Escape

1.0 21.1 Escape (0.908)

Predator behavior

PC1
Predation intensity

2.5 41.3 Latency to consume the prey (X0.768), Strike 
(0.805), Following (0.672), Capture (0.780)

PC2
Activity

1.9 31.9 Inactivity (X0.989), Search (0.983)

aPrincipal components discriminated by the PCA.
bEigenvalue of the principal component.
cPercentage of variance explained by the principal component.
dCorrelations of measured variables with the principal component (loadings with absolute values higher than 0.5 are shown).
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associated with differences in anatomy and lifestyle charac-
teristics of the prey species, which translate into their swim-
ming abilities. Although the species we selected for both pairs 
are similar in terms of habitat requirements, body size and 
shape, they do show anatomical differences affecting their 
locomotor abilities. The gudgeon has a swim bladder, which 
makes its lifestyle more benthopelagic (Egger et al. 2021). 
On the contrary, a swim bladder is absent in the monkey 
goby (Neilson and Stepien 2011; Teletchea and Beisel 2018) 
and its pelvic ens form a suction organ increasing its ability 
to attach to the bottom (Kottelat and Freyhof 2007), which 
makes it more dependent on the bottom substrate. Thus, 
gobies are considered poor swimmers (Teletchea and Beisel 
2018). Egger et. al. (2021) showed that the gudgeon had 
better swimming performance compared to another Ponto-
Caspian gobiid, the round goby Neogobius melanostomus 
(Pallas, 1814). The authors pointed out that because of the 
characteristic body shape, which is not adapted to prolonged 
swimming, benthic esh, such as gobies, display a burst-and-
hold swimming mode. In conjunction with the results of 
KSosi ski et al. (2022), showing the thigmotaxis and disper-
sion of the gudgeon in response to the alarm substance, this 
increased number of escapes suggests avoidance of the dan-
gerous area as the main antipredator behavior of this species. 
Instead, the monkey goby seems to rely on activity reduction 

allowing it to avoid detection by predators ( ápová et al. 
2008; Jakub inová et al. 2017).

The European bullhead turned out to be more difecult for 
the predator to hunt than the racer goby, while in the second 
prey pair predator efeciency was similar in the presence of 
the gudgeon and the monkey goby. The perch captured the 
European bullhead more often and needed more time for the 
enal successful ingestion of the bullhead, although spent less 
time following the bullhead than the racer goby. The higher 
number of captures of the European bullhead means that 
this prey species was able to get released from the preda-
tor’s mouth more often than the racer goby. The bullhead has 
morphological structures missing in the racer goby, which 
can be considered as antipredator adaptations reducing cap-
ture success: a strong rear-pointing spine protruding from 
the operculum (Witkowski and Terlecki 2000; Tomlinson 
and Perrow 2003) and tiny spines on the body, especially 
near the pectoral ens (Witkowski and Terlecki 2000). The 
shorter following time may be due to the lower activity of 
the European bullhead, giving the perch fewer opportuni-
ties to actively follow this prey species. All in all, the perch 
succeeded later when facing the native European bullhead 
than the invasive racer goby. The strategy that enables the 
European bullhead to escape from the predator’s mouth after 
capture may be effective in natural, large-scale environments, 

Table 3. Two-way ANOVA for cross-over designs to test the behaviors of the European bullhead and racer goby (A, B) as well as their predator (perch) 

(C–E) 

Principal component Effect df MS F P 

(A) Prey PC1,
Activity

Round (R) 1 0.76 1.63 0.233

Prey species (R × S) 1 10.12 21.64 <0.001*

Error 9 0.47

Sequence (S) 1 1.29 2.16 0.175

Error 9 0.60

(B) Prey PC2,
Escape

Round (R) 1 0.37 0.45 0.519

Prey species (R × S) 1 0.04 0.05 0.827

Error 9 1.09

Sequence (S) 1 0.35 0.41 0.540

Error 9 0.85

(C) Predator PC1, Activity Round (R) 1 2.77 7.45 0.023*

Prey species (R × S) 1 <0.01 <0.01 0.991

Error 9 0.37

Sequence (S) 1 1.43 0.97 0.350

Error 9 1.47

(D) Predator PC2,
Efeciency of attacks

Round (R) 1 2.29 2.10 0.181

Prey species (R × S) 1 1.71 1.57 0.243

Error 9 1.09

Sequence (S) 1 0.35 0.41 0.540

Error 9 0.85

(E) Predator PC3,
Delay in success

Round (R) 1 1.37 4.75 0.057

Prey species (R × S) 1 3.52 12.16 0.007*

Error 9 0.29

Sequence (S) 1 0.26 0.20 0.666

Error 9 1.28

The round of the experiment (the erst and second prey individuals of 2 different species offered consecutively to the predator) was set as a within-subject 
factor, sequence (the sequence of offering the prey species to the predator: invasive after native, or native after invasive, indicating potential carryover 
effects) as a between-subject factor. The effect of prey species was coded as a round × sequence interaction. Asterisks indicate signiecant effects at P < 0.05.
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because the predator, discouraged by a failed attack, may 
lose interest in that particular prey individual. A disincen-
tive here, according to the optimal foraging theory (Pyke and 
Starr 2021), would be the higher energy costs incurred by the 
predator due to extended handling time. However, we must 
be aware that any capture is usually associated with harm to 

the prey’s body. The ability of the bullhead to actively escape 
from the predator’s mouth allows it to survive a direct pred-
ator attack, but it is difecult to predict the long-term survival 
costs of such an escape and this may require further research. 
We observed that the European bullhead was the only prey 
studied which exhibited a zig-zagging escape trajectory 

Figure 3. Behaviors of the European bullhead (blue/light) and racer goby (red/dark) (A, B) as well as of their predator (perch) (C–E). A—prey activity; B—

prey escape; C—predator activity; D—predator efficiency of attacks; E—delay in predator success. Asterisks indicate significant differences: *P < 0.05, 

**P < 0.01, ***P <0.001 (see online for color figures).

Table 4. Two-way ANOVA for cross-over designs to test the behaviors of the gudgeon and monkey goby (A, B), as well as their predator (perch) (C–D)

Principal component Effect df MS F P 

(A) Prey PC1,
Activity

Round (R) 1 0.27 0.25 0.627

Prey species (R × S) 1 0.02 0.02 0.894

Error 13 1.08

Sequence (S) 1 0.59 0.54 0.474

Error 13 1.09

(B) Prey PC2,
Escape

Round (R) 1 4.39 6.21 0.027*

Prey species (R × S) 1 3.67 5.19 0.040*

Error 13 0.71

Sequence (S) 1 2.00 2.83 0.117

Error 13 0.71

(C) Predator PC1,
Predation intensity

Round (R) 1 <0.01 <0.01 0.998

Prey species (R × S) 1 0.68 1.28 0.279

Error 13 0.53

Sequence (S) 1 1.21 0.78 0.393

Error 13 1.68

(D) Predator PC2,
Activity

Round (R) 1 0.18 0.35 0.564

Prey species (R × S) 1 0.12 0.24 0.631

Error 13 0.50

Sequence (S) 1 0.56 0.34 0.572

Error 13 1.55

The round of the experiment (the erst and second prey individuals of 2 different species, offered consecutively to the predator) was set as a within-subject 
factor, sequence (the sequence of offering the prey species to the predator: invasive after native, or native after invasive, indicating potential carryover 
effects) as a between-subject factor. The effect of prey species was coded as a round × sequence interaction. Asterisks indicate signiecant effects at P < 0.05.
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(personal qualitative observations, not analyzed formally) 
which is considered an escape behavior with multiple direc-
tion changes increasing the chances of survival (Ros et al. 
2019). This may also increase the survival of the European 
bullhead in the wild by confusing the predator, which may 
lose interest and switch to another prey individual. Our end-
ings suggest that the racer goby, being easier to catch and 
swallow for the Eurasian perch than the European bullhead, 
is more beneecial for predators in terms of hunting effort 
than the native prey from the same guild. On the other hand, 
the monkey goby, being similarly susceptible to capture and 
ingestion by Eurasian perch as the gudgeon, is equivalent to 
its native analog from the same guild as prey for local preda-
tors, in terms of the hunting effort of predators.

It should be noted that in our study, antipredatory 
responses of the gudgeon, although more sophisticated, were 
not more effective than those of its invasive goby counter-
part. Moreover, the European bullhead was enally hunted 
successfully by the predator, even though it took more time 
than in the case of the invasive goby. However, we must be 
aware that our study was geared speciecally toward the 
behavior of prey facing direct threat from a predator, that is, 
in the phase when the prey has been detected and is exposed 
to the predator attack. Laboratory experiments were the 
only possible way to observe the locomotion of esh in repeat-
able conditions. The strategies of the natives, compared to 
the invasive gobies, involved a greater number of more var-
ied movements and therefore might be more effective on a 
wider spatial scale. It is known that the spatial structure of 
the environment may affect the predator–prey relationships 
(Mercado-Vásquez and Boyer 2018), because an animal in a 
conened space cannot perform a straight long-distance relo-
cation, moving away from a dangerous location (Cuddington 
and Yodzis 2002). In an environment where the space is not 
limited, the European bullhead may discourage the predator 
by escaping from its mouth and confuse it by zig-zagging, 
thus gaining an advantage over the racer goby, whereas the 

gudgeon would be likely to gain an advantage over monkey 
goby by moving away from the predator to a safe distance. 
Nevertheless, laboratory experiments can provide valua-
ble data on interspeciec differences in prey behavior, when 
their results are interpreted taking the above-mentioned 
limitations into account. The above considerations provide 
a rationale for believing that under natural conditions, the 
higher proetability of the invasive gobies as prey for local 
predators over their native counterparts can be even greater 
than our laboratory study suggests.

Finally, our results support the idea that the 2 invasive 
gobies are potentially attractive prey for predators in their 
novel environments, as we found no greater defensive capac-
ity in these esh compared to the native species. However, 
extrapolation of these conclusions to other Ponto-Caspian 
gobies must be done with care. A similar experimental study 
conducted on the invasive Ponto-Caspian round goby N. 
melanostomus showed that the native predators, the bur-
bot (Lota lota) and smallmouth bass Micropterus dolomieu, 
hunted the round goby less efeciently than a native cottid 
prey species, the mottled sculpin Cottus bairdii (Michels et 
al. 2021). One of the reasons for the discrepancy between 
the studies may be morphological differences between the 
gobiids (Jakub inová et al. 2017). The round goby is dis-
criminated from the other goby species by a signiecantly 
deeper caudal peduncle, which may be associated with 
their better locomotion abilities (Jakub inová et al. 2017) 
and, consequently, better ability to escape from attacks of 
predators. Nevertheless, the shorter, less pronounced, and 
less diverse defensive behavior we recorded in the inva-
sive gobies is consistent with the study by KSosi ski et al. 
(2022), who showed that the monkey goby is generally 
less responsive to the damage-released chemical alarm cues 
compared to the gudgeon. Thus, our endings suggest that 
the signiecant share of the invasive gobies in the predator 
diet may be not only due to their high density (PS chocki 
et al. 2012; Crane and Einhouse 2016; Mikl et al. 2017), 
according to the optimal foraging theory (Werner and Hall 
1974; Pyke and Starr 2021), but also because of the weak 
behavioral defenses of invasive gobies against predators. 
Additionally, if this lower defense activity is associated with 
a reduction in energy expenditure, it may give the gobies 
an advantage over native esh species in the environments 
where the predation risk is low, as they may allocate more 
energy to growth or fecundity rather than to defense against 
a predator. However, as the invasive gobies do not exhibit 
more effective defense behavior when facing direct predator 
danger, they might lose their advantage over native esh in 
high-risk areas. The above considerations suggest that the 
invasive gobies, as newly emerged and easily accessible prey, 
can induence trophic relationships in invaded ecosystems. 
However, the long-lasting effects of the gobies on popula-
tions of native predators and prey are more complex, dife-
cult to predict, and this issue requires further research.
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Invasive species may differ from native species in terms of behavioural responses to the stress of

encountering a novel environment. Learning about the nature of these differences can help us under-

stand the mechanisms of dispersal and success of the alien species in colonized environments. Here, we

investigated this topic using two Ponto-Caspian gobies as model species. They constitute a speci c group

of invasive  sh spreading in North America and Europe. They are benthic, territorial  sh of low mobility;

they are poor swimmers and are strongly associated with shelters. We compared the behaviour of two

invasive goby  shes (the racer goby, Babka gymnotrachelus, and the monkey goby, Neogobius  uviatilis) to

that of their native counterparts (the European bullhead, Cottus gobio, and the gudgeon, Gobio gobio,

respectively). We used three laboratory tests to measure boldnesseshyness traits: shelter occupancy test,

novel object test and open  eld test. The European bullhead left the shelter later and was less active, and

avoided the open  eld to a greater extent than the racer goby. The gudgeon was more associated with the

shelter and novel object than the monkey goby and, in contrast to the monkey goby, decreased its activity

in the presence of the novel object and in the open  eld. All the species were attracted to the vicinity of

the novel object. Our study suggests that the invasive Ponto-Caspian gobies are bolder when confronted

with structural changes in their environment and have a greater potential to spread across the open

bottom, devoid of hiding places, compared to their native analogue species.

© 2023 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal

Behaviour. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).

Freshwater  sh are among the largest groups of animals

involved in biological invasions Bernery et al., 2022; Genovesi et al.,

2015). There is a growing number of papers on the mechanisms of

the spread of invasive freshwater  sh species (Bernery et al., 2022;

Hayes & Barry, 2008), but many aspects of the process are still not

fully understood, including the role of behavioural traits. After

establishment, invasive organisms expand their ranges in new

environments, which, in the case of mobile animals such as  sh, is

commonly related to active habitat exploration. The tendency to

take risks and explore unfamiliar environments is often related to

the organism's dispersal ability (Chapple et al., 2012; Myles-

Gonzalez et al., 2015). In general, in their introduced range, inva-

sive animals are associated with a higher level of boldness and

habitat exploration, and greater dispersal capabilities compared to

both conspeci cs remaining in the native range (Myles-Gonzalez

et al., 2015; Pintor et al., 2008), and native species encountered in

the invaded areas (Juette et al., 2014 and references therein). It is

unclear, however, how these behavioural traits are manifested in a

speci c group of demersal, shelter-associated invasive freshwater

 sh with burst-and-hold swimming modes, such as invasive gobies

(Egger et al., 2021; Tierney et al., 2011). A  sh exhibiting this spe-

ci c swimming behaviour maintains its position on the substrate

using its modi ed pelvic  ns (pelvic sucker) and moves forward

using brief bursts, after which the  sh holds still on the substrate

again. Thus, the  sh characterized by this type of swimming spend

most of their time motionless and therefore we can expect that

their behavioural reaction to novelty will be different from that of

the  sh continuously present in the water column. For burst-and-

hold swimmers, behavioural responses to novelty in the environ-

ment can be varied and complex depending on their association

with a shelter. For example, for organisms less associated with

shelters, a structural change in the environment may pose a threat,

whereas for shelter users, such a change may indicate an attractive

hiding opportunity. On the other hand, shelter-associated burst-* Corresponding author.
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and-hold swimmers may respond more negatively to unfamiliar

locations. Therefore, the interpretation of boldness and dispersal

abilities in these  sh is not easy and cannot be inferred from studies

on invasive pelagic  sh species showing prolonged swimming (e.g.

Ashenden et al., 2017; Lukas et al., 2021; Rehage & Sih, 2004).

Importantly, it is unclear here how such invasive species differ from

their native counterparts in this respect.

The Ponto-Caspian gobies (Gobiidae) provide a good example of

typically benthic invasive  sh that spread in freshwater systems.

Their native Ponto-Caspian region, consisting of the Black, Azov and

Caspian Seas, lower sections of rivers  owing into these seas and

their deltas, is a rich hotspot of invasive species that have success-

fully established themselves in many temperate regions ofthe world.

This has been facilitated by their evolution under conditions of high

 uctuations of abiotic factors (e.g. salinity, water level, temperature,

dissolved oxygen) leading to the formation of a speci c assemblage

of eurytopic species tolerant to sudden changes in the environment

(Bij de Vaate et al., 2002; Rewicz et al., 2014). The Ponto-Caspian

species spread successfully within European waters (Roche et al.,

2013), facilitated by interconnecting river basins and shipping,

including the use ofship ballast waters (Bij de Vaate et al., 2002). Via

ballast waters, they have also colonized the Laurentian Great Lakes of

North America (Kornis et al., 2012). Invasion of the gobiids has

caused changes in biocenoses, as these animals displace or threaten

native  sh species (Kornis et al., 2012; van Kessel et al., 2016) by

outcompeting them for food (Kakareko et al., 2013) or shelter

(Bło nska et al., 2016; Jermacz et al., 2015), alter food webs as pred-

ators (Barton et al., 2005; Janssen & Jude, 2001) and prey (Almqvist

et al., 2010) and affect  sh parasite populations (Ondra ckov a et al.,

2021). The gobies are habitat generalists associated with diverse

types of bottom habitats, ranging from homogeneous open bottom

areas (Płąchocki et al., 2020; Sapota, 2004) to structurally complex

locations (Borcherding et al., 2013; Jan a c et al., 2018).

Our goal was to determine whether the behavioural reactions of

the invasive gobies to novel environments and risky situations

differ from those exhibited by the native co-occurring  sh. We

conducted laboratory tests to assess a range of behaviours associ-

ated with exploration and reactions to novelty in the environment.

Three types of exploratory behaviour are worth mentioning here.

The  rst is novelty-adjustive behaviour, in which the animal is

passively confronted with a novel environment (an open  eld) or a

novel environmental feature (a new object) and must adapt to the

new situation. The second type is novelty-seeking behaviour. In this

case, the individual searches for novelty on its own initiative (e.g.

by leaving the shelter and exploring the area outside). The last type

is goal-oriented, novelty-seeking behaviour. In this case, active

exploration is only a means to achieve a goal, which, in itself, may

be familiar (e.g. exploring an unfamiliar area to  nd a familiar food;

Mc Reynolds, 1962). In our study, we used behavioural tests to

explore both forced and spontaneous exploration, and our labora-

tory conditions allowed the use of completely novel stimuli

(Berlyne, 1960). Following the classical approach of measuring

animal boldnesseshyness, we performed (1) a shelter occupancy

test, (2) a novel object test and (3) an open  eld test.

We hypothesized that the invasive gobies would react differ-

ently to the novel environment compared to their native counter-

parts. Speci cally, we predicted the gobies would be bolder, that is,

spend less time in the shelter, approach the novel object sooner and

spend more time in the open  eld, and more explorative, thus

covering a greater area in the open  eld test and leaving the shelter

more often. Testing these hypotheses would help identify behav-

ioural traits of strictly benthic  sh allowing a better understanding

of their dispersal mechanisms, which is particularly important in

the case of invasive species.

METHODS

Animals

We tested two goby species of Ponto-Caspian origin, pairing

them with their native counterparts, which were local benthic  sh,

co-occurring with the gobies in the  eld and with a similar lifestyle:

(1) the invasive racer goby, Babka gymnotrachelus, and the native

European bullhead, Cottus gobio and (2) the invasive monkey goby,

Neogobius  uviatilis and the native gudgeon, Gobio gobio (Kakareko

et al., 2016; Płąchocki et al., 2020).

We collected ca. 120 juvenile  sh (ca. 5 cm in total length) from

the wild in summer (JulyeAugust). The European bullhead and the

racer goby were caught from the Brda River (central Poland,

53 08052.50N, 17 58010.50E) by a diver using an aquarium net. The

gudgeon and the monkey goby were obtained from the Pilica River

(eastern Poland, 51 45049.000N, 21 08056.700E) by electro shing

(EFGI 650, BSE Bretschneider Spezialelektronik, Germany). As we

compared the results only between the co-occurring pair members,

different capture methods did not in uence the results of the

comparisons. After capture, we transported the  sh to the labora-

tory and held them in 420-litre single-species stock tanks (50 in-

dividuals per tank). The stock tanks were  lled with conditioned

(24 h aged, aerated) tap water (pH 8.12 ± 0.19, electrical conduc-

tivity 606.2 ± 3.7 mS/cm, oxygen level 8.2 ± 0.4 mg/litre and

82.4 ± 3.6%; mean ± SD; measured with a Multi 340i Meter, WTW,

Weilheim, Germany) at a temperature of 16.5 ± 0.5  C, maintained

by air conditioning. The stock tanks were equipped with aquarium

 lters, aerators and ceramic and stony shelters, but had no bottom

substrate. The photoperiod was set at a 12:12 h light:dark cycle

with lights on at 0700. We fed the  sh daily with frozen chironomid

larvae ad libitum and exchanged water in the stock tanks once a

week (ca. 30% of water volume).

General Experimental Conditions

We performed three laboratory tests to assess behavioural re-

sponses of sh to a novel environment: (1) a shelter occupancy test,

(2) a novel object test and (3) an open  eld test. In the shelter oc-

cupancy test, the main measure of boldness is the latency to leave

the shelter: the shorter the time, the bolder the  sh (Brown et al.,

2007). In the novel object test, bolder  sh tend to inspect the ob-

ject sooner, more often and spend more time near the object

(Wright et al., 2006). In the open  eld test, boldness is indicated by

 sh activity, time spent in the central part and the number of en-

tries to the central part of the open  eld (Collier et al., 2017).

We tested single  sh in 33-litre plastic experimental tanks

(39   30 cm and 28 cm high) with opaque white walls. The tanks

were oval to avoid  sh using corners as shelters. They were  lled

with 24 h aged and aerated (with an air stone) tap water. Above the

experimental tank, we placed an IP video camera (SNB-6004P,

Samsung, Changwon, South Korea) and an infrared lamp (MFL-I/

LED5-12 850 nm, eneo, R odermark, Germany). The whole set-up

was covered by Styrofoam screens to prevent  sh being disturbed

by external visual stimuli. All the test species are nocturnal (Er}os

et al., 2005; Grabowska et al., 2016; Nowak et al., 2019), spending

most of the day hiding against predators. Exploration of a novel

environment may put an animal at risk of encountering a predator

regardless of the time of the day, but during a dark night the risk

may be lower because ofthe worse prey visibility. Thus, we checked

whether the studied species would show different propensities to

take this risk during their activity and resting periods, to get a full

picture of their behaviour. Therefore, experimental trials were

performed both during the day and at night. The trial timing was
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adjusted to the photoperiod in which the  sh were kept and

acclimatized to avoid disturbing their circadian rhythm. Accord-

ingly, the experiments were started 1 h after the light was turned

on or off for the day and night trials, respectively. At the end of the

trial, the  sh was moved to a postexperimental tank to guarantee

that each  sh was used only once in the experiment. The water in

the experimental tank was exchanged after each trial. Fish were not

fed for 12 h before the trial to standardize hunger levels.

Videos were analysed using Noldus Ethovision XT 10.1 (Noldus

Information Technology, Wageningen, The Netherlands). The be-

haviours determined in the three experiments are listed in Table A1.

As the tested species are associated with the bottom of water

bodies, we did not take their vertical movements into account. We

measured the total length of the  sh using the video frames and the

ImageJ (Schneider et al., 2012) program to check for natural dif-

ferences in size between sympatric species (see Results for details).

Experimental Procedures

Shelter occupancy test

The experimental tank was  lled with water to the level of 8 cm

and a shelter was provided for the  sh. This was made of two PVC

tubes of different diameters. The smaller tube was glued to the

bottom of the tank with aquarium silicone glue, whereas the bigger

tube was movable and allowed us to open and close the entrance to

the shelter. Additionally, we used two square PVC plates

(10   10 cm) to prevent the  sh from entering the space behind the

shelter (Fig. 1a). The shelter was equipped with a removable cap to

isolate  sh from external stimuli. At the start of the trial, a single

 sh was placed inside the closed shelter and the cap was placed on

the top. After 2 min, the experimenter gently turned the bigger

tube to open the shelter and allow the tested  sh to swim outside.

Each trial lasted for 30 min.

For the video analysis, we de ned four zones: (1) the Shelter

itself; (2) Inspection Zone, a 2 cm wide ring around the shelter

entry; in this zone only the  sh's head was outside the shelter; (3)

Near Shelter Zone, a 3 cm wide ring around the Inspection Zone;

when the  sh entered this zone, its whole body was outside the

shelter; (4) Dangerous Zone, the rest of the tank bottom (Fig. 2a); a

 sh was de ned as having entered this zone when its head and

pelvic  ns were inside (here and for the other tests).

Novel object test

The experimental tank was  lled with conditioned tap water to

the level of10 cm. A single  sh was placed in the experimental tank

for 12 h ofacclimation. We divided the  sh into two treatments: the

control group, which had no contact with the novel object (to

determine the baseline behaviour of tested  sh) and the group

experiencing the novel object during the test (hereafter: object

group). In the latter group, after the acclimation period, the novel

object (made of brown PVC, spherical with bevelled bottom and

top; Fig. 1b) was gently dropped from the surface as close to the
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Figure 1. Experimental set-ups. (a) The shelter occupancy test. The  sh was placed inside a closed shelter. After 2 min of acclimation, the shelter was opened (the bigger tube was

gently turned to match the entrance position with the smaller tube) and the observation started. (b) The novel object test. The  sh was placed in the tank for a 12 h acclimation

period. Then, in the novel object treatment, the novel object was gently placed near the middle of the tank and the observation started. (c) The open  eld test. The  sh was placed in

the insertion cylinder in the tank for a 5 min acclimation. Then, the cylinder was gently removed and the observation started. All the dimensions are given in cm.
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centre of the tank as possible. The novel object was  lled with

plasticine to make it sink faster and to stabilize it on the bottom.

Each trial lasted 20 min after the introduction of the novel object.

The  rst zone set for video analysis was the Object Zone. This was

the part of the bottom covered directly by the object. In the control

group, it was a randomly selected place near the centre of the

experimental tank, that is, within the area where the actual novel

object sank to the bottom. We used this approach to compare  sh

behaviour after the object introduction to their normal behaviour in

the tank. Around the object, we set a 2.5 cmwide (approximately half

oftheaverage body length ofthe tested sh) InspectionZone. The rest

of the tank bottom was the Safe Zone (Fig. 2b).

Open  eld test

In the open  eld test, the experimental tank was  lled with

water to the level of 10 cm. A grey PVC tube (10 cm in diameter,

15 cm in height) was placed in the centre of the experimental tank

(Fig. 1c) to provide the same start point for each trial. At the start of

the trial, a single  sh was placed into the tube for a 5 min accli-

mation period. Then, the tube was gently removed, and the trial

started. Each trial was recorded for 3 h. We selected two test pe-

riods from each trial for further analysis. The  rst period (early

response period) was the initial 20 min of the test, which corre-

sponded to the most stressful period for the  sh (i.e. just after

placing it in the novel environment). The second period (late

response period) was between 160 and 180 min after the start of

the test. It was set after preliminary observations as a period when

the  sh became better acclimatized to the novel conditions. The

differences between these periods indicate a stress response of the

 sh to the novel environment.

For the video analysis, we divided the bottom of the tank into 32

segments of equal areas, grouped in two zones. The Dangerous

Zone was the central part of the bottom (24 segments). The Safe

Zone was the 2.5 cm wide ring along the walls (eight segments;

Fig. 2c). We used segments to check whether the  sh explored the

whole tank bottom or was active only within its limited area.

Ethical Note

The present study adheres to the ASAB/ABS guidelines for the use

of animals in research (ASAB Ethical Committee & ABS Animal Care

Committee, 2019). The  sh were collected and used under the

permit of the Local Committee for Ethics in Animal Research in

Bydgoszcz, Poland, statement no. 53/2022. In addition, the capture

and use of the European bullhead, which is protected by law in

Poland, was approved by the Regional Directorate for Environmental

Protection in Poland (approval numbers: WOP.6401.4.5.2017.MO,

WOP.6401.4.19.2018.MO). All procedures carried out within the study

met the European Union guidelines on the protection ofanimals used

for scienti c purposes (Directive 2010/63/UE).

Fish were handled carefully during all procedures, including

collection from the wild, transport, holding in tanks, testing, etc., to

avoid affecting their welfare and behaviour. The catch was made as

quickly and gently as possible. The  sh were transported (over

2e3 h) in sealed plastic bags  lled with oxygenated water, placed

inside a Styrofoam cooler to maintain a constant temperature. The

housing conditions guaranteed good animal welfare, which was

manifested by the overall activity and food intake by the  sh

throughout the research period. We also did not notice any external

signs of stress or disease (e.g. unnatural body shape, skin changes,

swimming problems). After the experiments, the European bull-

head and gudgeon were released where they were caught. Invasive

gobies were euthanized by an overdose of tricaine methane

sulphonate (MS-222). We kept  sh in the anaesthetic solution up to

IZ, 2 cm around
the entry

DZ

NSZ, width:
3 cm

IZ, width:
2.5 cm

SZ, width:
2.5 cm

OZ, diameter:
7.6 cm

SZShelter

DZ

(a)

(c)

(b)

Figure 2. The zones set for the video analysis. (a) The shelter occupancy test. In the Inspection Zone (IZ) only the  sh's head was outside the shelter. The  sh present in the Near

Shelter Zone (NSZ) left the Shelter with its whole body. The rest of the bottom was the Dangerous Zone (DZ). (b) The novel object test. The Object Zone (OZ) was the area of the

object itself. In the control group (novel object absent), the Object Zone was set randomly near the centre of the tank, i.e. within the area where the actual novel object sank to the

bottom. The Inspection Zone (IZ) was set directly around the OZ. The rest of the bottom was the Safe Zone (SZ). (c) The open  eld test. The Safe Zone (SZ) contained 25% of the total

experimental area (bottom of the tank). The rest of the bottom was the Dangerous Zone (DZ). Both zones were divided into smaller segments of equal areas.
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10 min after cessation of opercular movement, which is enough to

cause brain death (Neiffer & Stamper, 2009).

Statistical Analysis

The differences in  sh total length within each pair were tested

using paired t tests.

For the European bullhead/racer goby pair we performed 16

trials of the shelter occupancy test with the racer goby and 20 trials

with the European bullhead for each time of day, and 16 trials for

each species   time ofday combination in the open  eld test. In the

novel object test, we performed 10 trials with the racer goby for

each treatment  time of day combination. For the European

bullhead, this experiment was replicated 12 times for each treat-

ment   time of day combination except the treatment with the

novel object present during the day, for which 16 trials were per-

formed. For the gudgeon/monkey goby pair, we performed 16 trials

of the shelter occupancy test for each species   time of day com-

bination, 12 trials of the novel object test for each species   -

treatment   time of day combination and 16 trials of the open  eld

test for each species   time of day combination. We compared re-

sults only within the above-mentioned pairs, as they were

composed of species co-existing and interacting with each other in

the same environments.

We performed a principal component analysis (PCA) on the

correlation matrix separately for each test and each pair of  sh

species (six analyses in total) using behavioural variables from

Table A1 (except for latency variables in the open  eld test, see

below). The PCA reduces problems with multiple statistical com-

parisons and avoids the multicollinearity of multiple independent

variables by producing orthogonal components based on sets of

intercorrelated raw variables. Principal components (PC) were

extracted based on their eigenvalues greater than 1. We took the

original variables with absolute values of their loadings greater

than 0.5 after KaisereVarimax rotation into account when

explaining the meanings of the particular PCs.

The normality and homoscedasticity assumptions of deter-

mined PCs were not violated based on visual inspection of residual

plots; thus, we decided to use parametric tests for their further

analysis. For the shelter occupancy test, we used a two-way general

linear model (GLM), with Species (one of the two species in the

pair) and Time of day (day or night) as between-subject factors.

Principal components from the novel object test were analysed

using a three-way GLM with Species, Time of day and Treatment

(control/object) as between-subject effects. For this test, we only

interpreted terms involving the novel object presence effect as

indicating responses of sh to the introduction of the novel object.

For the open  eld test, we used a three-way general linear mixed

model (GLMM), where Species and Time of day were between-

subject  xed effects, Period (early or late response) was a within-

subject  xed effect, and an individual ID was a random effect. For

the open  eld test, we analysed the latency variables (time to the

 rst occurrence of an event) separately, using the Cox proportional

hazards model, as censored observations were present in the data

set. Moreover, these variables were valid only for the early response

period. For the novel object and shelter occupancy tests, we

included latency variables to the PCA. For each analysis, we started

with the full factorial model, then we simpli ed it by dropping

consecutively the highest order nonsigni cant interaction terms.

Based on the Akaike information criterion (AIC), we retained a more

complex model when its AIC was lower than that of the simpler

model by 2 or more (Burham & Anderson, 2002). All models were

then followed by Tukey HSD post hoc tests. For the novel object

test, we were interested only in  sh responses to the introduction

of the novel object to the environment; thus, we only interpreted

the main effect of Treatment and its interactions with the other

factors. In the case of interactions, we tested all comparisons

involving treatment.

All the analyses were run in R 4.1.1 (R Core Team, 2021). The Cox

proportional hazards model was run using the ‘survival’ package

(Therneau, 2022), GLMMs using the ‘lmerTest’ package (Kuznetsova

et al., 2017) and post hoc tests using the ‘emmeans’ package (Lenth,

2022).

RESULTS

The descriptive statistics (means, SDs, sample sizes) for behav-

iours measured during each experiment are available in the

Supplementary material.

The total length of the  sh was (mean ± SD) 5.24 ± 0.75 cm for

the European bullhead, 5.30 ± 0.78 cm for the racer goby,

4.93 ± 0.93 cm for the gudgeon and 4.44 ± 0.82 for the monkey

goby. It did not differ between the species for the European bull-

head/racer goby pair (paired t test: open  eld test: t31 ¼  0.65,

P¼ 0.518; novel object test: t39 ¼  0.82, P¼ 0.419; shelter occu-

pancy test: t13 ¼ 0.70, P¼ 0.494). For the gudgeon/monkey goby

pair, the gudgeon individuals were longer than the monkey goby

individuals (paired t test; open  eld test: t31 ¼ 2.11, P¼ 0.043; novel

object test: t46 ¼ 3.62, P < 0.001; shelter occupancy test: t22 ¼ 2.43,

P¼ 0.024). As the  sh in both pairs lived in sympatry, we consid-

ered that the size differences between the gudgeon and the mon-

key goby re ected those found in nature.

The PCA extracted in total nine PCs for the racer goby/European

bullhead pair (two PCs for the shelter occupancy test, four PCs for

the novel object test, three PCs for the open  eld test) and 10 PCs for

the gudgeon/monkey goby pair (three PCs for the shelter occu-

pancy test, four PCs for the novel object test, three PCs for the open

 eld test). The details of the PCA results are presented in Tables A2

and A3.

The European Bullhead/Racer Goby Pair

In the shelter occupancy test, high PC1 scores indicated low

exploration of the area outside the shelter (shyness; Table A2). The

GLM for PC1 showed a signi cant effect of Time of day (Table A4).

Both species explored the area outside the shelter more at night

than during the day (Fig. 3a). For PC2, high scores indicated fewer

shelter exits and a higher association with the shelter (fear;

Table A2). The GLM showed a signi cant effect of a Species*Time of

day interaction (Table A4). The European bullhead tested during the

day was more associated with the shelter than at night, as well as

more associated with the shelter compared to the racer goby

(Fig. 3b).

In the novel object test, higher PC1 scores indicated more time

spent in the Inspection Zone, that is, at some distance to the object,

rather than in its close proximity (Table A2). The GLM for PC1

showed a signi cant effect of the Species*Time of day*Treatment

interaction (Table A5). When tested during the day, both species

spent time in the Inspection Zone experiencing the novel object. At

night, only the racer goby exhibited this response (Fig. 4a). For PC2,

higher scores indicated low general activity (inactivity: Table A2).

The GLM showed a signi cant Species*Time of day*Treatment

interaction (Table A5). When tested at night, both species

decreased their activity after the appearance of the novel object

compared to their baseline behaviour. This activity reduction

shown by the European bullhead was more pronounced than that

shown by the racer goby as indicated by the signi cant difference in

activity level between species at night when the novel object was

present. Moreover, in the presence of the novel object, the Euro-

pean bullhead was less active at night than during the day (Fig. 4b).
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For PC3, higher values indicated fewer freezing events by the  sh

(Table A2). The GLM showed signi cant main effects of Species and

Treatment and a Species*Time of day interaction (Table A5). Both

species exhibited more freezing events in the absence of the novel

object than in its presence (Fig. 4c). For PC4, higher scores indicated

avoidance of the zone directly associated with the object (Table A2).

The GLM showed a signi cant Species*Time of day*Treatment

interaction (Table A5). The racer goby avoided the novel object at

night. (Fig. 4d).

For PC1 in the open  eld test, higher scores indicated open  eld

exploration (Table A2). The GLMM showed a signi cant effect of

Species, as well as Species*Period and Time of day*Period in-

teractions (Table A6). The European bullhead decreased its open

 eld use in the late response period compared to the early response
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period. In contrast, the racer goby increased its open  eld use in the

late response period compared to the early response period. During

the late response period, the racer goby used the open  eld more

often than the European bullhead (Fig. 5a). The racer goby used the

open  eld more at night than during the day. Moreover, at night, it

used the open  eld more than the European bullhead (Fig. 5b). For

PC2, higher scores indicated high general activity level (Table A2).

The GLMM showed signi cant main effects of Species and Period,

as well as of their interaction, and of a Species*Time of day inter-

action (Table A6). The European bullhead was more active than the

racer goby during the day (Fig. 5c). In the early response period, the

European bullhead was more active than in its late response period

and than the racer goby (Fig. 5d). For PC3, higher scores indicated

exploration of the safe, peripheral part of the arena (Table A2). The

GLMM showed signi cant main effects of Species, Period and their

interaction (Table A6). The European bullhead explored the Safe

Zone to a greater extent than the racer goby during the early

response period. The racer goby explored the Safe Zone to a lesser

extent during the early than in the late response period (Fig. 5e).

The Cox proportional hazards model showed a signi cant effect of

Species on the latency to the  rst movement and the  rst transition

from the Safe Zone to the Dangerous Zone (Table A7). The European

bullhead started both activities sooner than the racer goby (Fig. 6).

The Gudgeon/Monkey Goby Pair

In the shelter occupancy test, the higher scores ofPC1 indicated

low exploration of the area outside the shelter (shyness; Table A3).

The GLM showed signi cant main effects ofSpecies and Time ofday

(Table A8). The gudgeon explored the area outside the shelter to a

lesser extent than the monkey goby (Fig. 7a). Both species explored

this part of the arena less during the day than at night (Fig. 7b). On

the other hand, the GLM showed no signi cant effects of the tested

factors on PC2 (Table A8), for which higher scores indicated fewer

shelter exits and a higher association with the shelter (fear;

Table A3). For PC3, higher scores indicated more time outside the

shelter (Table A3). The GLM showed a signi cant effect of Time of

day (Table A8): both species spent more time outside the shelter at

night than during the day (Fig. 7c).

In the novel object test, higher scores of PC1 indicated high

general activity of the  sh (Table A3). The GLM showed a signi cant

main effect of Time of day and of a Species*Treatment interaction

(Table A9). The gudgeon decreased its activity after the novel object

appearance. Moreover, when the object was present in the arena,

the gudgeon was less active than the monkey goby (Fig. 8a). For

PC2, higher scores indicated object avoidance (Table A3). The GLM

showed a signi cant effect of Species*Treatment and Time of

day*Treatment interactions (Table A9). Both species spent more

time in zones related to the object after the novel object appearance

compared to the control. This reaction was more pronounced in the

gudgeon, as indicated by the signi cant difference between the

species when the novel object was present (Fig. 8b). Both species

preferred the object more during the day than at night (Fig. 8c). For

PC3, higher scores indicated few object inspections (visits in zones

around the Novel Object; Table A3). The GLM showed signi cant

Species*Treatment and Time of day*Treatment interactions

(Table A9). The monkey goby entered the areas near the object less

often than in the control and less often than the gudgeon (Fig. 8d).

Moreover, at night, the  sh visited the novel object zones less

compared to their baseline behaviour (Fig. 8e). For PC4, higher

scores indicated more freezing events and more time spent in the

Safe Zone (fear; Table A3). The GLM showed signi cant effects of
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Species*Time of day, Species*Treatment and Time of day*Treat-

ment interactions (Table A9); however, the post hoc tests revealed

the differences only for the last interaction. During the day, both

species decreased their fear level after the novel object appearance

compared to their baseline behaviour. At night, we observed the

opposite response: in the presence of the novel object, both species

increased their fear level compared to the baseline behaviour. In

general, both species exhibited more fear responses at night than

during the day when the novel object was present (Fig. 8f).

For PC1 in the open  eld test, higher scores indicated low ac-

tivity and more freezing events (inactivity; Table A3). The GLMM for

PC1 showed a signi cant effect of a Species*Time of day*Period

interaction (Table A10). In the early response period, the gudgeon

was less active than the monkey goby regardless of the time of day.

In the late response period, the gudgeon was also less active during

the day than at night. Moreover, at night, the gudgeon was less

active in the early than in the late response period (Fig. 9a). For PC2,

higher scores indicated high explorative behaviour (Table A3). The

GLMM showed a signi cant effect of a Species*Period interaction

(Table A10). The monkey goby was more explorative in the early

than in the late response period (Fig. 9b). For PC3, higher scores

indicated more time spent in and more visits to the Dangerous Zone

(boldness; Table A3). The GLMM showed a signi cant effect of a

Species*Time of day*Period interaction (Table A10), resulting from

the higher boldness of the gudgeon compared to the racer goby in

the late response period during the day (Fig. 9c). The Cox propor-

tional hazards model showed a signi cant effect of Species on the

latency to the  rst movement (Table A11), whereas there were no

effects of the tested factors on the time of the  rst transition from

the Safe Zone to the Dangerous Zone (Table A11). The gudgeon

showed the  rst movement earlier than the monkey goby (Fig. 10).

DISCUSSION

We con rmed our hypothesis that, at least in some contexts

shaped by additional factors, the invasive gobies presented

different behaviours from their native counterparts when facing

novel situations. The results of the three tests, used to assess

boldnesseshyness of the  sh, suggest that the invasive gobies were

relatively bolder than the natives.

In the shelter occupancy test, the European bullhead left the

shelter later and was less active outside the shelter than the racer

goby. The gudgeon also showed higher af nity with the shelter and

explored the arena outside the shelter to a lesser extent than the

monkey goby. We therefore observed a similar pattern of behav-

ioural differences in the pairs of species studied. In both cases, the

gobies were less shelter-oriented (although for the racer goby this

was visible only during the day) and more active than the natives.
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These behaviours in the shelter occupancy test are typically

considered boldness indicators (Brydges & Braithwaite, 2009;

McCormick et al., 2017; Mustafa et al., 2019). In this context, the

two gobies could be considered bolder, as they were more likely to

exhibit active novelty-seeking behaviour and take risks in an area

outside their safe hiding place.

In the novel object test, all the species were attracted to the

object's vicinity, which suggests that they seemed to treat it as a

potential shelter. On the other hand, they tended to decrease their

activity in the presence of the object. A decrease in activity in the

form of an active search for stimuli is one of the most common

reactions of animals to a threat and the observed behaviour  ts

more to an attempt to adapt to the prevailing conditions. This re-

action was generally more pronounced in the native species than in

the invaders. Additionally, for the European bullhead and racer

goby pair there were differences in  sh reaction to the novel object

depending on the time of day. This dependence may be explained

by the lower visibility of the object at night (i.e. in darkness)

compared to the day, and, in consequence, a limited capability of

assessment of the real threat. As the novel object in our test was an

arti cial, inanimate object, the only source of information about it

was the visual cue. When the object appeared during the day, both

species could see and determine it as not dangerous. When the

same situation took place at night, low visibility combined with the

absence of other signals (i.e. chemicals) resulted in a higher level of

uncertainty about danger for the  sh. The propensity to inspect a

novel object shown by the racer goby combined with its higher

activity, despite its avoidance of the novel object itself, could be

associated with the higher boldness (White et al., 2013) of this

species at night compared to the European bullhead. The native

gudgeon spent more time close to the object and visited the zones

around it more often than the monkey goby. These results inter-

preted alone may indicate that the gudgeon is bolder than the

monkey goby as it took a risk inspecting the novel object (White

et al., 2013; Wright et al., 2006). However, the higher af nity of

the gudgeon with the shelter (in the shelter occupancy test) and its

lower general activity after the novel object's appearance compared

to the monkey goby suggest that the gudgeon perceived the object

as a potential shelter, and that is why it was associated with its

vicinity. At the same time, the bolder monkey goby explored the

environment.

The results of the open  eld test, considered in the light of the

results of the previous two tests, indicated lower boldness of the

native  sh compared to the invasive gobies. In the  rst pair, the

European bullhead started its activity faster, was more active and

explored the peripheral zone to a greater extent than the racer goby

in the initial period after emerging into the open  eld, suggesting

higher boldness (Forsatkar et al., 2016). However, this activity can

also be interpreted as an attempt to  nd an escape route to a more

friendly environment in a sheltered location. The results of the

shelter occupancy and novel object tests showed that the bullhead

was more associated with the shelter and less active after the novel

object's appearance than the racer goby. Taking the results of the

three tests together, the high levels of activity and exploration

expressed by the bullhead during the initial period of the open  eld

test might have resulted from the hyperactivity caused by the high

anxiety experienced by the tested  sh (Jarrold et al., 2020). As the

bullhead was active mostly in the peripheral part of the arena, this
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was likely related to looking for a refuge and/or possibility to

escape. The results from the late response period, when the  sh

became more acclimated to the experimental arena, support the

idea that, apart from an initial period ofhyperactivity, the European

bullhead was less explorative (which could be interpreted as more

cautious) than the racer goby. The exploration of the open  eld by

the European bullhead decreased, while the exploration of the

whole arena by the racer goby increased compared to the early

response period. As a result, the racer goby during the late response

period explored the whole arena to a greater extent than the

bullhead, while during the initial period, facing the uncertainty

about the environment, the racer goby reduced its activity to avoid

detection by a potential predator. To sum up, we are of the opinion

that behavioural reactions to stress related to the novel environ-

ment were more pronounced in the European bullhead, which is

more associated with shelter and less explorative than the racer

goby. In the second pair of  sh tested, we do not associate the

higher activity of sh with hyperactivity, and we therefore interpret

it classically as a sign of boldness. This is because there is no

contrast between the elevated activity ofthe  sh in the initial phase

of the open  eld test and the generally low activity in the previous

tests, as it was in the case of the European bullhead. The native

gudgeon showed lower activity in the early response period

compared to the late response period at night. Such lower activity

in the initial period in the novel environment is a typical behav-

ioural response to danger (Lima & Dill, 1990; Teplitsky & Laurila,

2007), indicating that the gudgeon was less bold than the mon-

key goby. Moreover, the bolder behaviour of the monkey goby was

also con rmed by its higher activity in the initial test period

compared to the gudgeon, regardless of the time of day. We

observed the lower boldness of the monkey goby compared to the

gudgeon in the late response period at night and the lower

explorative behaviour of the former in the late response period

compared to the initial period regardless of the time ofday. In light

of the previous, shorter tests, we may assume that the goby

collected information about the environment during the initial

period in the open  eld test, so that in the second period of this test

it could reduce its activity, as there were no further changes in the

environment (no novel stimuli). To summarize, the behavioural

responses to novelty expressed by the gudgeon were more pro-

nounced than those of the monkey goby.
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Our  ndings on the activity of these  sh and their association

with the hiding places, are supported by the other studies that have

been carried out on these species. Augustyniak et al. (2022) showed

that the European bullhead, facing a predator danger (a direct

stressor affecting behaviour), spent more time in the shelter and

was less active than the racer goby. The greater association of the

European bullhead with the shelter compared to the racer goby was

also shown by Grabowska et al. (2016). In the wild, the European

bullhead is commonly associated with areas with high water ve-

locities (Carter et al., 2004; Roje et al., 2021) and stony bottoms

(Kakareko et al., 2016). Thus, the shelter, besides providing pro-

tection against predators, allows them to save energy resources

when facing higher water currents. The racer goby, in turn, occurs

in more lentic habitats, including soft (mud, sand) sediments

(Kakareko et al., 2016; Płąchocki et al., 2020), which demand lower

energy expenditure to keep the position against the water current.

The more pronounced behavioural responses of the gudgeon than

the monkey goby to predation cues was shown by Kłosi nski et al.

(2022). They found that the gudgeon decreased its activity to a

greater extent relative to the monkey goby. Importantly, the gud-

geon individuals showed thigmotaxis in the presence of predation

cues. The authors concluded that this probably increased the sense

of safety in stressed  sh. These results can be related to our ob-

servations in the novel object test, where the gudgeon spent more

time near the object and treated it as a potential shelter. Combining

the results by Kłosi nski et al. (2022) and our current study, it seems

that the gudgeon facing a stressful situation  rst tries to  nd a

shelter. This seems to be in contrast with the results ofAugustyniak

et al. (2022), where the gudgeon facing a direct predator danger

exhibited escape responses instead of staying inside a provided

shelter. However, we could assume that the risk ofa direct predator

attack is a more stressful stimulus than the novel environment or

the presence of an alarm substance alone; thus, the  sh exhibit

different behavioural strategies to survive. The monkey goby, in

turn, relies on the shelter to a lesser extent, as in dangerous situ-

ations it may burrow in the sandy bottom and stay there motionless

(e.g.  C apov a et al., 2008; Er}os et al., 2005).

To summarize, in the present work, we showed for the  rst time

that the invasive Ponto-Caspian gobies faced with stressful situa-

tions related to sudden changes in the environment containing a

new stimulus ofan absolute nature (new object, open  eld) may be

less dependent on the availability of hiding places than native

species of the same guild. Instead, they explore the area to a greater

extent than their native counterparts. Although these differences

seem to appear in speci c ecological contexts shaped by additional

factors, for example, the time of day, they are likely to occur in the

wild and affect behaviour. It is also worth noting that the gudgeon

was the only gregarious species in our study; thus, the presence of

conspeci cs could also affect its behavioural responses to novelty.

Nevertheless, behaviours exhibited by invasive gobies may enhance

their dispersal abilities over long distances, as active exploration of

the area may increase the probability of nding the transport vector

(e.g. entering the ballast water tank of a ship). This would allow the

invaders to enter novel areas (Chapple et al., 2012), whereas their

boldness may be related to the short-distance (local) dispersal after

their release in the  eld (Fraser et al., 2001). The same set of be-

haviours may facilitate goby establishment in the invaded areas, as

their greater activity may lead to more ef cient resource  nding

and utilization compared to the native  sh species present in the

environment. Additionally, the gobies, which are less shelter-

dependent than the native species encountered in the invaded

areas, may be capable of colonizing bare, open bottom areas, which

was not considered earlier. We must keep in mind that the greater

boldness of the gobies compared to the natives may also increase

the risk ofencountering a predator (McGlade et al., 2022), although

this is not always the rule as Blake et al. (2018) showed a positive

predator-dependent role of boldness in the prey's survival. How-

ever, the net effect ofsuch a set offeatures can signi cantly increase

the chances of a successful invasion of these species in aquatic

environments where human interference leads to uniformity of the

bottom topography, such as the offshore areas of regulated, chan-

nelized rivers. The results of our study also bring new information

about the methodology used to study the boldness-related be-

haviours of shelter-associated species. As the gudgeon in our study

treated the novel object as a shelter rather than as a source of

novelty, we recommend introducing a familiar hiding place in the

experimental set-up of future novel object tests with this species.

Moreover, to avoid the hyperactivity of the tested  sh in the open

 eld, as shown by the European bullhead in our study, the meth-

odology of the open  eld test for this speci c group of shelter-

associated  sh species might be improved by providing more

realistic conditions inside the arena, by, for example, adding a

substrate to the bottom of the tank.
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Appendix

Table A1

The list of behaviours determined during the analysis of each test

Shelter occupancy test Novel object test Open  eld test

Continuous events

Time spent in the Shelter (%ET)

Time spent in IZ (%)

Latency to the  rst visit in IZ (s)

Time spent in NSZ (%ET)

Latency to the  rst visit in NSZ (s)

Time spent in DZ (%ET)

Latency to the  rst visit in DZ (s)

Mean distance to the Shelter entry (cm)

Time spent in SZ (%ET)

Time spent in IZ (%ET)

Latency to the  rst visit in IZ (s)

Time spent in the OZ (%ET)

Latency to the  rst visit in OZ (s)

Mean distance to the Object (cm)

Latency to the  rst movement (s)

Movement duration (%ET)

Mean duration of freezing events (s)

Time spent in DZ (%ET)

Latency to the  rst transition SZ-DZ (s)

Latency to the  rst movement (s)

Movement duration (%ET)

Mean duration of freezing events (s)

Count events

Number of Shelter exits

Number of visits in NSZ

Number of visits in DZ

Number of visits in IZ

Number of visits in OZ

Number of freezing events (inactivity >30 s)

Unique segments visited in SZ

Unique segments visited in DZ

Number of visits in DZ

Number of freezing events (inactivity >30 s)

DZ, Dangerous Zone; SZ, Safe Zone; IZ, Inspection Zone; NSZ, Near Shelter Zone; OZ, Object Zone; %ET, Percentage of the total experimental time.

See Fig. 2 for explanation of zones in the different experiments.
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Table A2

Results of the principal component analyses (PCA) on behavioural variables of the

European bullhead and racer goby in various experiments.

PCa lb % Variancec Variable loadingsd

Shelter occupancy test

PC1 7.7 70.0 Time in the Shelter (0.843),

Distance to the Shelter entry ( 0.838),

Latency to the  rst IZ visit (0.526),

Time in the NSZ ( 0.687),

Number of the NSZ visits ( 0.802),

Latency to the  rst DZ visit (0.816),

Time in the DZ ( 0.934),

Number of the DZ visits ( 0.931)

PC2 1.3 12.2 Time in the Shelter (0.512),

Number of the Shelter exits ( 0.863),

Latency to the  rst IZ visit (0.786),

Time in the IZ ( 0.852),

Latency to the  rst NSZ visit (0.782)

Novel object test

PC1 3.7 31.0 Time in the SZ ( 0.844),

Latency to the  rst IZ visit ( 0.614),

Time in the IZ (0.917),

Distance to the OZ (0.730)

PC2 3.1 25.5 Latency to the  rst movement (0.744),

Time on the move ( 0.866),

Freezing event duration (0.613)

PC3 1.3 10.9 Freezing events number ( 0.924)

PC4 1.0 8.6 Latency to the  rst IZ visit (0.530),

Number of the IZ visits ( 0.851),

Latency to the  rst OZ visit (0.849),

Time in the OZ ( 0.709),

Number of the OZ visits ( 0.524)

Open  eld test

PC1 3.1 46.0 Number of the DZ visits (0.832),

Unique segments in the DZ (0.770)

PC2 1.3 19.4 Time on the move (0.644),

Freezing events number ( 0.946)

PC3 1.1 16.2 Unique segments in the SZ (0.754),

Time in the DZ ( 0.977),

Freezing event duration ( 0.697)

DZ, Dangerous Zone; SZ, Safe Zone; IZ, Inspection Zone; NSZ, Near Shelter Zone; OZ,

Object Zone. See Fig. 2 and Table A1 for details.
a Principal components discriminated by the PCA.
b Eigenvalue of the principal component.
c Percentage of variance explained by the principal component.
d Correlations of measured variables with the principal component after

KaisereVarimax rotation (loadings with absolute values higher than 0.5 shown).

Table A3

Results of the principal component analyses (PCA) on behavioural variables of the

gudgeon and monkey goby in various experiments

PCa lb % Variancec Variable loadingsd

Shelter occupancy test

PC1 5.1 46.1 Distance to the Shelter entry ( 0.889),

Latency to the  rst IZ visit (0.802),

Latency to the  rst NSZ visit (0.883),

Latency to the  rst DZ visit (0.954),

Time in the DZ ( 0.813),

Number of the DZ visits ( 0.694),

PC2 2.9 26.4 Number of the Shelter exits ( 0.732),

Time in the IZ ( 0.826),

Time in the NSZ ( 0.804),

Number of the NSZ visits ( 0.689)

PC3 1.0 9.3 Time in the Shelter ( 0.932),

Number of the Shelter exits ( 0.507)

Novel object test

PC1 3.6 30.0 Latency to the  rst movement ( 0.826),

Time on the move (0.617),

Freezing event duration ( 0.924)

PC2 2.4 20.4 Time in the SZ (0.552),

Time in the IZ ( 0.835),

Time in the OZ ( 0.506),

Distance to the OZ (0.671)

PC3 1.5 12.8 Number of the IZ visits ( 0.864),

Latency to the  rst OZ visit (0.789),

Number of the OZ visits ( 0.857)

PC4 1.3 10.8 Time in the SZ (0.655),

Time on the move ( 0.601),

Freezing events number (0.868)

Open  eld test

PC1 2.2 31.6 Time on the move ( 0.900),

Freezing events number (0.832)

PC2 1.5 21.1 Unique segments in the SZ (0.876),

Unique segments in the DZ (0.815)

PC3 1.3 18.5 Time in the DZ (0.829),

Number of the DZ visits (0.670)

DZ, Dangerous Zone; SZ, Safe Zone; IZ, Inspection Zone; NSZ, Near Shelter Zone; OZ,

Object Zone. See Fig. 2 and Table A1 for details.
a Principal components discriminated by the PCA.
b Eigenvalue of the principal component.
c Percentage of variance explained by the principal component.
d Correlations of measured variables with the principal component after

KaisereVarimax rotation (loadings with absolute values higher than 0.5 shown).

Table A4

Two-way general linear models to test the shelter occupancy of the European

bullhead and racer goby depending on the time of day

Principal component Effect df Mean square F P

PC1

Shyness

Time of day 1 6.09 6.56 0.013

Residuals 70 0.93

PC2

Fear

Species (S) 1 3.07 3.49 0.07

Time of day (D) 1 1.99 2.26 0.14

S*D 1 6.03 6.85 0.01

Residuals 68 0.88

The Species and Time ofday were set as between-subject factors. Bold type indicates

signi cant effects (P< 0.05). The analyses were run for principal components ob-

tained in the PCA based on  sh behavioural variables (Table A2).
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Table A5

Three-way general linear models to test the response of the European bullhead and racer goby to the novel object depending on the time of day

Principal component Effect df Mean square F P

PC1

Inspection Zone use

Species (S) 1 0.53 1.22 0.272

Time of day (D) 1 1.34 3.08 0.083

Treatment (T) 1 48.39 111.43 <0.001

S*D 1 0.13 0.29 0.591

S*T 1 0.46 1.05 0.308

D*T 1 0.91 2.10 0.151

S*D*T 1 2.78 6.39 0.013

Residuals 84 0.43

PC2

Inactivity

Species (S) 1 6.13 10.93 0.001

Time of day (D) 1 0.06 0.10 0.752

Treatment (T) 1 15.07 26.90 <0.001

S*D 1 0.02 0.04 0.837

S*T 1 0.00 0.00 0.964

D*T 1 18.33 32.71 <0.001

S*D*T 1 4.33 7.72 0.007

Residuals 84 0.56

PC3

Low number of freezing events

Species (S) 1 7.52 9.71 0.002

Time of day (D) 1 1.91 2.47 0.120

Treatment (T) 1 11.06 14.29 <0.001

S*D 1 3.17 4.10 0.046

Residuals 87 0.77

PC4

Object avoidance

Species (S) 1 7.37 10.26 0.002

Time of day (D) 1 0.36 0.50 0.482

Treatment (T) 1 1.35 1.88 0.174

S*D 1 4.73 6.58 0.012

S*T 1 3.72 5.17 0.025

D*T 1 7.22 10.05 0.002

S*D*T 1 5.87 8.17 0.005

Residuals 84 0.72

The Species, Time of day and Treatment (novel object present or absent) were set as between-subject effects. Bold type indicates signi cant effects (P< 0.05). The analyses

were run for principal components obtained in the PCA based on  sh behavioural variables (Table A2).

Table A6

Three-way general linear mixed model to test the behaviour of the European bullhead and racer goby in the open  eld depending on the time of day

Principal component Effect df Mean square F P

PC1

Open  eld exploration

Species (S) 1 8.80 13.33 0.001

Time of day (D) 1 2.49 3.77 0.057

Period (P)RM 1 2.03 3.08 0.084

S*PRM 1 20.12 30.49 <0.001

D*PRM 1 3.59 5.45 0.023

PC2

Activity

Species (S) 1 6.92 8.64 0.004

Time of day (D) 1 1.08 1.34 0.249

Period (P)RM 1 7.86 9.81 0.002

S*PRM 1 4.25 5.31 0.023

D*PRM 1 9.18 11.47 0.001

PC3

Exploration of the peripheral part of the arena

Species (S) 1 31.55 62.59 <0.001

Period (P)RM 1 15.49 30.73 <0.001

S*PRM 1 17.20 34.12 <0.001

Species and Time ofday were set as between-subject  xed effects, Period (early response, immediately after the introduction to the open  eld tank, and late response, after the

initial acclimation) as a within-subject (repeated measures)  xed effect and  sh ID as a random effect. Bold type indicates signi cant effects (P < 0.05). The analyses were run

for principal components obtained in the PCA based on  sh behavioural variables (Table A2). RM: repeated measures effect.

Table A7

Cox proportional hazards model to test the latency to move after the introduction to

the open  eld tank shown by the European bullhead and racer goby depending on

the time of day

Variable Effect df c2 P

Latency to the  rst movement Species 1 16.07 <0.001

Time of day 1 2.31 0.129

Latency to the  rst

SZ -> DZ transition

Species 1 3.95 0.047

Time of day 1 0.32 0.571

SZ: Safe Zone; DZ: Dangerous Zone. Bold type indicates signi cant effects (P < 0.05).

Table A8

Two-way general linear models to test the shelter occupancy of the gudgeon and

monkey goby depending on the time of day

Principal component Effect df Mean square F P

PC1

Shyness

Species 1 7.39 8.89 0.004

Time of day 1 4.92 5.92 0.018

Residuals 61 0.83

PC2

Fear

Species 1 0.14 0.13 0.717

Time of day 1 0.05 0.05 0.828

Residuals 61 1.03

PC3

Time outside the shelter

Species 1 0.14 0.14 0.709

Time of day 1 4.46 4.65 0.035

Residuals 61 0.96

The Species and Time ofday were set as between-subject factors. Bold type indicates

signi cant effects (P < 0.05). The analyses were run for principal components ob-

tained in the PCA based on  sh behavioural variables (Table A3).
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Table A9

Three-way general linear models to test the response of the gudgeon and monkey goby to the novel object depending on the time of day

Principal component Effect df Mean square F P

PC1

Activity

Species (S) 1 8.33 10.27 0.002

Time of day (D) 1 5.64 6.95 0.010

Treatment (T) 1 2.24 2.75 0.100

S*T 1 4.93 6.08 0.016

Residuals 91 0.81

PC2

Object avoidance

Species (S) 1 3.29 7.62 0.007

Time of day (D) 1 4.27 9.90 0.002

Treatment (T) 1 37.38 86.69 <0.001

S*D 1 1.44 3.34 0.071

S*T 1 2.28 5.29 0.024

D*T 1 7.97 18.49 <0.001

Residuals 89 0.43

PC3

Low number of object inspections

Species (S) 1 1.55 2.51 0.117

Time of day (D) 1 3.53 5.72 0.019

Treatment (T) 1 16.19 26.21 <0.001

S*D 1 4.04 6.54 0.012

S*T 1 3.62 5.86 0.018

D*T 1 11.11 17.98 <0.001

Residuals 89 0.62

PC4

Fear

Species (S) 1 0.01 0.01 0.915

Time of day (D) 1 0.59 0.78 0.380

Treatment (T) 1 0.11 0.14 0.708

S*D 1 3.69 4.91 0.029

S*T 1 3.20 4.27 0.042

D*T 1 20.57 27.39 <0.001

The Species, Time of day and Treatment (novel object present or absent) were set as between-subject effects. Bold type indicates signi cant effects (P< 0.05). The analyses

were run for principal components obtained in the PCA based on  sh behavioural variables (Table A3).

Table A10

Three-way general linear model to test the behaviour of the gudgeon and monkey goby in the open  eld depending on the Time of day and two periods

Principal component Effect df Mean square F P

PC1

Inactivity

Species (S) 1 13.75 32.99 <0.001

Time of day (D) 1 5.64 13.52 0.001

PeriodRM (P) 1 3.80 9.12 0.004

S*D 1 0.00 0.00 0.982

S*PRM 1 10.80 25.91 <0.001

D*PRM 1 3.07 7.37 0.009

S*D*PRM 1 4.30 10.32 0.002

PC2

Explorative behaviour

Species (S) 1 0.21 0.41 0.526

PeriodRM (P) 1 4.71 9.06 0.004

S*PRM 1 4.89 9.41 0.003

PC3

Boldness

Species (S) 1 2.42 5.16 0.027

Time of day (D) 1 0.83 1.78 0.187

PeriodRM (P) 1 4.00 8.53 0.005

S*D 1 0.54 1.15 0.289

S*PRM 1 2.53 5.38 0.024

D*PRM 1 1.54 3.29 0.075

S*D*PRM 1 2.82 6.00 0.017

Species and Time ofday were set as between-subject  xed effects, Period (early response, immediately after the introduction to the open  eld tank, and late response, after the

initial acclimation) as a within-subject (repeated measures)  xed effect and  sh ID as a random effect. Bold type indicates signi cant effects (P< 0.05). The analyses were run

for principal components obtained in the PCA based on  sh behavioural variables (Table A3). RM: repeated measures effect.

Table A11

Cox proportional hazards model to test the latency to move after the introduction to

the open  eld tank shown by the gudgeon and monkey goby depending on the time

of day

Variable Effect df c2 P

Latency to the  rst movement Species 1 8.74 0.003

Time of day 1 1.65 0.199

Latency to the  rst

SZ -> DZ transition

Species 1 0.50 0.481

Time of day 1 1.57 0.210

SZ: Safe Zone; DZ: Dangerous Zone. Bold type indicates signi cant effects (P< 0.05).
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Lay Summary 29 

The ability of invasive bottom-dwelling fish to use public cues released by natives can be linked with the 30 

spread of the former in new areas. Fish can use public cues, presented inadvertently by individuals of 31 

their own or other species, to recognize danger and food location. We proved experimentally that invasive 32 

bottom-dwelling fish can use public cues more efficiently (from a wider range of species) than sympatric 33 

native species, which may contribute to the invasion success of the former. 34 

35 
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Abstract 36 

Organisms determine environmental quality using their senses and personal experience (personal 37 

information), but can also use by-products of other individuals’ activities, i.e. public information. The 38 

ability to use public information originating from both con- and heterospecifics gives an advantage over 39 

individuals relying only on personal information or conspecific cues. The role of public information in 40 

invasion ecology is of high concern, as any differences in this aspect between alien and native species 41 

may determine the success of the former. Here we used two pairs of sympatric invasive and native 42 

demersal fish species (racer goby Babka gymnotrachelus / European bullhead Cottus gobio; monkey goby 43 

Neogobius fluviatilis / gudgeon Gobio gobio) facing two types of public cues (associated with frightened 44 

and foraging individuals) as a model to check if the invaders are more effective in public information use 45 

than the natives. Both invaders and the native gudgeon used danger cues from con- and heterospecifics, 46 

while the native bullhead failed to recognize heterospecific danger cues. The monkey goby and both 47 

native species appear to be attracted to foraging cues from donors less likely to exert competitive pressure 48 

on the observer (i.e. native species rather than potentially more aggressive invaders), while the racer goby 49 

appeared unable to correctly recognize heterospecific cues. Our results showed that public cues can 50 

enable invaders to read threat from a wide range of individuals and to find optimal food patches, which 51 

may contribute to their invasion success. 52 

 53 

Keywords: biological invasions, cognitive abilities, food location, goby, predation risk, social information 54 

55 
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Invasive species constitute a great threat to global biodiversity (Rodriguez 2006; Dueñas et al. 2021). 56 

Freshwater ecosystems, which cover only around 0.8 % of the Earth’s surface, but provide habitats for 57 

around one-third of all vertebrate species, are particularly vulnerable to biodiversity loss (Dudgeon et al. 58 

2006). They are subject to high anthropogenic pressure, including habitat modifications which make them 59 

less suitable habitats for native organisms. However, invasive, usually opportunistic species may benefit 60 

from human impact and successfully establish themselves in human-modified environments (e.g. Koehn 61 

2004; Scott 2006; Johnson et al. 2008). Invasive species appear in freshwater ecosystems because of 62 

human activities, such as aquaculture, transport by ships, commercial stocking and recreational activities 63 

(Nunes et al. 2015). Thus, fresh waters are recipients of a huge number of invasive species, especially 64 

fish, which belong to the most commonly introduced animals in the world (Gozlan 2008; Bernery et al. 65 

2022). 66 

Invasive species often differ substantially from natives and usually their appearance in novel 67 

habitats causes consequences for native communities (Ricciardi and MacIsaac 2011). The establishment 68 

of an invasive species leads to changes in local communities, in which the invader interacts with the 69 

natives (especially those phylogenetically related or ecologically similar), forming new relationships and 70 

modifying existing ones. These interactions may be direct or indirect and include predation, 71 

hybridization, disease transmission and/or competition (Genovesi et al. 2015). Invasive fish species 72 

usually exhibit a generalist diet, broad environmental tolerance, high phenotypic plasticity and high 73 

reproductive success (Bernery et al. 2022), which provide them with a competitive advantage over native 74 

organisms. However, some aspects of the ecology of invasive fish and their consequences for native 75 

aquatic communities are still poorly understood, one of them being the ability to use and/or provide 76 

public information by invaders. 77 

Organisms collect information about their environment by direct interactions with its elements, 78 

using their senses (“personal information use”) and personal experience from the past. In addition, they 79 

can use social information, provided by other individuals (Danchin et al. 2004). One of the social 80 

information types is public information, based on inadvertent cues being by-products of other individuals’ 81 

activities, such as behaviour (Bonnie and Earley 2007; Valone 2007). The ability to use the knowledge of 82 

other individuals gives an advantage over those relying only on their personal information. The public 83 

information cues may originate from conspecifics or heterospecific individuals (Danchin et al. 2004), 84 

particularly within the same ecological guild, coexisting for a long time. Using these cues may be 85 
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particularly useful in novel environments (Terkel 1995), as individuals need to collect information about 86 

predation risk and available resources as soon as possible to increase their chances of successful 87 

establishment. Thus, a special case of the role of public information use in ecosystem functioning is the 88 

establishment of invasive species, entering an unknown community and being potential users and 89 

demonstrators (donors) of cues within that community. Any differences in this aspect between the alien 90 

and native species may contribute to the success or failure of the former in a novel location. 91 

A good example of invasive species that have joined and altered freshwater fish communities on 92 

a large scale is that of the goby fish (Gobiidae) originating from the Ponto-Caspian region. Several 93 

species of goby spread spectacularly in Europe (Copp et al. 2005; Roche et al. 2013; Grabowska et al. 94 

2023) and the Laurentian Great Lakes of North America (Kornis et al. 2012). They constitute a specific 95 

group of solitary (i.e. not showing schooling behavior), bottom-dwelling, shelter-associated species that 96 

may cause biocoenotic changes, particularly in local fish communities. Indeed, there is evidence that 97 

invasions of the gobies displace or threaten native demersal fish species (Kornis et al. 2012; van Kessel et 98 

al. 2016) by outcompeting them for food (Kakareko et al. 2013) or shelter (Jermacz et al. 2015; Błońska 99 

et al. 2016). In European fresh waters, missing native gobies, these Ponto-Caspian invaders interact with 100 

phylogenetically distant but ecologically similar fish species. However, the relationships between these 101 

species in the context of public information use remain unclear. It was not known whether and how the 102 

invaders participate in public information use in such new fish communities. If so, are they superior to 103 

their native analogous species in this respect? Can they also act as public information demonstrators for 104 

native species? 105 

Our main goal was to check differences in the public information use between co-occurring 106 

gobies and native fish species. We performed a series of experiments to check if the fish can use public 107 

information cues from con- and heterospecifics. We tested two types of cues differing in their immediate 108 

importance for the survival of the tested individual. In the first scenario, public information demonstrators 109 

presented a fright reaction. This was considered a “strong” stimulus, as failure to use such information 110 

properly may put an individual in a life-threatening situation. In the second scenario, test fish were 111 

confronted with public information produced by foraging individuals. This was considered a “weak” 112 

stimulus, as, if the fish are not able to use such information properly, they only risk staying hungry.  113 

We hypothesized that the invasive species would use public information more effectively than 114 

natives. Specifically, invaders will change their behavior in response to public information cues provided 115 
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by both conspecifics and heterospecifics irrespective of the stimulus type. In turn, we assumed that the 116 

native species would recognize cues provided by con- and heterospecifics displaying a strong stimulus 117 

but only by conspecifics exhibiting weaker cues. This is because, at the beginning of the invasion process, 118 

conspecifics are unfamiliar with the new environment and present in low numbers (Terkel 1995; 119 

Camacho-Cervantes et al. 2015) and the ability to recognize diverse cues, including those from other 120 

species, may be beneficial (Hazlett 2000; Damas-Moreira et al. 2018) for the invader. Thus, individuals 121 

with such an ability would exhibit higher fitness and contribute to the future invasive population to a 122 

greater extent. Also, enhanced cognitive abilities might help them outcompete their native competitors 123 

(Szabo et al. 2020). Clarifying this issue would allow a better understanding of mechanisms that may 124 

contribute to the successful dispersal of invasive species in new environments.  125 

MATERIALS AND METHODS 126 

Animals 127 

We tested the Ponto-Caspian gobies and their native analogues arranged in two pairs consisting of a co-128 

existing invasive vs. native species. We used the racer (Babka gymnotrachelus, (Kessler 1857)) and 129 

monkey goby (Neogobius fluviatilis, (Pallas 1814)), both invasive in European fresh waters (Copp et al. 130 

2005; Grabowska et al. 2023). We chose the European bullhead (Cottus gobio (Linnaeus 1758)), as a 131 

native counterpart for the racer goby, as their ranges overlap and they are known to co-exist in the same 132 

habitats (Kakareko et al. 2016; Janáč et al. 2018). Both these species are strongly associated with the 133 

bottom and shelters. For a native counterpart of the monkey goby, we selected the gudgeon (Gobio gobio 134 

(Linnaeus 1758)). Both these species occupy sandy bottom areas (Kottelat and Freyhof 2007; Płąchocki et 135 

al. 2020) and are likely to interact with each other. Jakovlić et al. (2015) observed a decline in a gudgeon 136 

population when the monkey goby density increased, which suggests the competition between species in 137 

the wild.  138 

Fish were collected in the autumn of 2021. European bullhead and racer goby were collected 139 

from the Brda River (53°08'52.5"N 17°58'10.5"E), by a diver using an aquarium net. Gudgeon and 140 

monkey goby were collected from the Pilica River (51°45'49.0''N 21°08'56.7''E) by electrofishing (EFGI 141 

650, BSE Bretschneider Spezialelektronik, Germany). The fish were transported (2-3h) in sealed plastic 142 

bags filled with oxygenated water, and placed inside a Styrofoam cooler to maintain a constant 143 

temperature. After transport, they were kept in an air-conditioned stocking room in single-species 420-l 144 
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stock tanks (max. 50 individuals per tank). The tanks were filled with conditioned tap water (mean 145 

temperature ± SD: 16.5 ± 0.5 oC, pH: 8.1 ± 0.2, electrical conductivity: 603 ± 4 µS/cm, oxygen level: 8.1 146 

± 0.4 mg/l, 82.2 ± 3.7 %; measured with a Multi 340i Meter, WTW, Weilheim, Germany). The stock tanks 147 

were equipped with aquarium filters and aerators. Ceramic and stony shelters were provided, but no 148 

bottom substrate. The photoperiod was set at 12:12 h L:D cycle, with lights on at 0700. The fish were fed 149 

daily ad libitum with frozen chironomid larvae. The water was exchanged once a week (c.a. 30% of the 150 

water volume). The filters were cleaned during each water exchange. 151 

Two weeks before the start of the experiments, the fish were moved to pre-experimental tanks 152 

(60 x 40 x 35 cm; length x width x height; water level: 30 cm), devoid of any shelters and bottom 153 

substrate (10 individuals per tank). They were filled with the same conditioned tap water as experimental 154 

tanks. This was to make the fish more familiar with the lack of shelters, which were absent in the 155 

experimental tank as well. Fish of each species were kept separately and there was no visual contact 156 

between individuals of different species. The maintenance of the pre-experimental tanks was the same as 157 

that of the stock tanks (feeding, water exchange, filter cleaning).  158 

The total length (TL) of the fish was measured using the video frames of experimental 159 

recordings and the ImageJ (Schneider et al. 2012) program (see Results section).  160 

Ethical note 161 

The present study adheres to the ASAB/ABS guidelines for the use of animals in research 162 

(ASAB Ethical Committee & ABS Animal Care Committee, 2020). The fish were collected and used 163 

under the permit of the Local Committee for Ethics in Animal Research in Bydgoszcz, Poland, statement 164 

no. 51/2021. The capture and use of the European bullhead, partially protected by law in Poland, was 165 

approved by the Regional Directorate for Environmental Protection in Poland (approval numbers: 166 

WOP.6401.4.5.2017.MO, WOP.6401.4.19.2018.MO, WOP.6401.4.52.2022.MO). 167 

Fish manifested overall activity and food intake, which confirmed that housing conditions 168 

guaranteed good animal welfare throughout the research period. We did not observe any external signs of 169 

stress or disease (e.g., unnatural body shape, skin changes, swimming problems). After the experiments, 170 

the European bullhead and gudgeon were released where they had been caught. Invasive gobies were 171 

euthanized by an overdose of Tricaine Methanesulfonate (MS-222). 172 

The main idea of the experiment 173 
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Our study aimed to investigate the ability of invasive fish to use public information. We were interested in 174 

how the invaders integrate into freshwater communities in terms of exchanging (i.e. using and providing) 175 

information with native heterospecifics. In the first experiment, we checked if fish can recognize danger 176 

based on public information cues from con- and heterospecifics within each pair. If so, we expected the 177 

test fish to avoid the area near the cue demonstrators and reduce their activity, as these are well-known 178 

anti-predator behaviors (Lima and Dill 1990; Teplitsky and Laurila 2007; Kłosiński et al. 2022; 179 

Augustyniak et al. 2023). In the second experiment, we checked if fish are able to differentiate between 180 

foraging and non-foraging demonstrators of the public information cues. If so, we expected them to 181 

approach the foraging demonstrators. In both experiments, we confronted fish with conspecific and 182 

heterospecific cues within each pair. Additionally, in the second experiment, we confronted the fish from 183 

the first pair (racer goby and European bullhead) with heterospecific cues from the gudgeon, a native 184 

species commonly present in rivers, also in the Brda River, from which the racer goby and European 185 

bullhead were collected (Radtke et al. 2015). This allowed us to check whether the native fish can 186 

recognize and discriminate between heterospecific cues released by two heterospecifics: one invasive and 187 

the other native. Also, we checked whether the invasive species reacted differently to the cues from 188 

different natives. The cue demonstrators were not used later in the experiment. 189 

Experimental setup 190 

We used LCD computer monitors to present the cues to the fish tested. To make sure that the fish were 191 

able to see and recognize the cues shown on the monitors, we performed a preliminary test. We recorded a 192 

short video showing the introduction of food, viz. frozen chironomids, to the tank. The food was applied 193 

with a pipette, in the same way the fish were fed on a daily basis. Then, we displayed this video on the 194 

monitors to the fish in the stock tank (using the same monitors as in the actual experiments, facing the 195 

stock tank wall). All the test species reacted to the displayed chironomids by approaching the monitor and 196 

swimming up to the surface to grab the food.  197 

The experimental setup consisted of a glass experimental tank (30 x 30 x 30 cm; length x width 198 

x height), with two computer monitors (BenQ GW2280-B, Taipei) placed on two opposite sides of the 199 

tank (Figure 1) to display the stimulus videos (1 cm from the tank wall). The whole tank (except the areas 200 

where the stimuli were displayed on the monitors) was covered by Styrofoam screens. The experimental 201 

tank was filled with conditioned (24-h aged and aerated) tap water (mean temperature ± SD: 16.9 ± 0.9 202 

oC, pH: 8.6 ± 0.1, conductivity: 661 ± 25 µS/cm, oxygen level: 8.5 ± 0.4 mg/l, 87.6 ± 4.0 %;). The water 203 
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level in the tank was 5 cm, which was sufficient for test fish to exhibit natural behavior based on 204 

preliminary tests, and allowed to limit their vertical movements, potentially interrupting our observations 205 

from the top. An IP camera (Samsung SNB-6004P, Changwon, South Korea) was placed 50 cm above the 206 

water surface to record the fish behavior. The whole setup (the experimental tank and monitors) was 207 

covered by white Styrofoam screens to prevent the fish from receiving any external stimuli. A Styrofoam 208 

screen was also placed below the tank to provide a white homogenous background for better fish 209 

visibility on recorded videos. 210 

Stimulus preparation 211 

Each stimulus video (displaying the foraging or fright reaction of demonstrator fish of a particular 212 

species) consisted of a sequence of videos described below. Videos to be used as a stimulus (1920 x 1080 213 

pixels, 30 frames per second) were recorded in a rectangular demonstrator tank (30 x 20 x 15 cm; length x 214 

width x height) filled with 5 cm of conditioned tap water (the same as in the experimental tanks). The 215 

camera recording the cues faced the longer wall of the demonstrator tank, which was of the same length 216 

as the wall of the experimental tank (30 cm). Therefore, the frame size of the stimulus videos matched the 217 

dimensions of the experimental tank and displayed demonstrators were shown in their actual size, 218 

corresponding to the size of the test individuals. 219 

Experiment 1. Public information from individuals exhibiting a fright reaction 220 

To prepare the stimulus for Experiment 1, three individuals of the same species (demonstrators) were 221 

placed in the demonstrator tank for 30 min acclimation. Then the experimenter presented a strong 222 

stressful stimulus using three circular (5 cm in diameter), red plastic objects suspended by a wire from a 223 

steel rod (Figure 2). The experimenter remained invisible to the fish, while red objects swinging above 224 

the tank caused a strong fright reaction of the demonstrators: an intensive period of erratic movements 225 

followed by a phase of immobility when the fish were squeezed into one corner of the tank. 226 

Experiment 2. Public information from foraging individuals 227 

To prepare the stimulus for Experiment 2, we recorded the behavior of foraging demonstrators. The 228 

demonstrator tank was equipped with two Tygon® tubes mounted on the longer wall of the tank and 229 

connected with a Watson-Marlow 323U (Watson-Marlow Fluid Technology Solutions, Falmouth, 230 

Cornwall, UK) peristaltic pump. The other end of each tube was placed in another tank of the same 231 
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dimensions, containing a Petri dish with defrosted Chironomidae larvae used as a food source (Figure 3). 232 

One of the tubes was set up to provide the food to the demonstrator tank (to the “feeder” placed in the 233 

center of the tank wall), and the other tube was used to pump out excess water to maintain the water level 234 

at 5 cm during the recording (i.e. the tubes transported water in the opposite directions). This approach 235 

guaranteed that the food was provided in the same, repeatable manner, without any disturbance to the fish 236 

in the demonstrator tank. The IP camera was placed next to the demonstrator tank, 20 cm from the wall 237 

with the Tygon® tubes. There were two plasticine stripes on the outside surface of this wall. The vertical 238 

stripe covered the tube providing the food, and the horizontal stripe was put adjacent to the bottom of the 239 

tank. The stripes were used to make the food itself invisible (neither during the feeding phase nor later 240 

when lying on the bottom) in the videos, which was confirmed by watching the recorded videos. Thus, 241 

the only source of information about the food presence available to the fish tested in the experimental 242 

tank (observer) was the behavior of demonstrators, rather than the view of the food itself. The 243 

demonstrator tank was covered by white Styrofoam screens to keep the fish away from any external 244 

stimuli, while the second tank with food in a Petri dish remained uncovered, thus the experimenter had 245 

easy access to it without disturbing the demonstrators. First, we made a 5-min recording of an empty 246 

demonstrator tank (with no fish). Then we placed three individuals of the same species (food-deprived for 247 

24 h) acting as demonstrators into the tank. The demonstrators had 30 min to acclimatize, during which 248 

the peristaltic pump was working (only water was pumped, but there was no food in the Petri dish). Then, 249 

the experimenter gently provided the first portion of food (5 defrosted Chironomidae larvae) to a Petri 250 

dish in the second tank. The food was sucked by the nearby tube into the tank with the demonstrators. 251 

Two min after the demonstrators consumed the first portion, the experimenter provided the next food 252 

portions (5 times in total, every 2 min).  253 

Processing video recordings 254 

For each experiment, we prepared two video sequences: the “stimulus sequence” and the 255 

“control sequence”. For Experiment 1, the “stimulus sequence” was a record of freely swimming 256 

demonstrators (30 min) followed by a record of intense erratic movements of the demonstrators (0.5 min) 257 

and a record of inactive demonstrators squeezed into one corner of the tank (30 s of this behavior 258 

multiplied to obtain a 4.5 min sequence). We showed intense erratic movements of the demonstrators for 259 

30 s to reflect the short and intense nature of this behavior, which was observed during the cue recording. 260 

The “control sequence” contained a 35-min record of an empty demonstrator tank. Both sequences are 261 
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presented in Figure 4a. We showed the stimulus video on only one monitor, as we were interested in the 262 

time spent near the stimulus monitor as a response variable. We used an empty tank, rather than freely 263 

swimming fish as a control sequence to be displayed on the other monitor, because a situation when 264 

frightened and freely swimming individuals are simultaneously present in the environment might be 265 

misleading.  266 

In Experiment 2, the “stimulus sequence” was a record of an empty demonstrator tank (30 min) 267 

followed by a record of foraging demonstrators (10 min). To prepare the record of foraging 268 

demonstrators, a period of their most intense foraging was chosen (30 s since one of the food portions was 269 

added) and multiplied to obtain a 10 min long video of continuous foraging. The “control sequence” 270 

consisted of a record of an empty demonstrator tank (30 min) followed by a record of demonstrators 271 

swimming freely in the tank (without foraging, 10 min). Both sequences are presented in Figure 4b. We 272 

prepared one sequence of each type (stimulus and control) with each demonstrator species.  273 

To minimize the disturbance of the test fish caused by a sudden change on the monitors, we have 274 

added smooth, slow transitions between particular video segments. One segment disappeared for 3 275 

seconds, and simultaneously the second one started to appear. These effects were obtained using the video 276 

processing software Movavi Video Suite 18. 277 

Experimental procedure 278 

The experiments were conducted in May 2022, between 08:00 and 14:00 hours. The “stimulus” 279 

and “control” video sequences were switched between the monitors in each consecutive trial. In 280 

Experiment 1, fish from both pairs were divided into two groups facing con- or heterospecifics fright 281 

reaction. In Experiment 2, fish from the first pair (the racer goby vs European bullhead) were divided into 282 

three groups. The first group was exposed to the videos with the conspecific demonstrators, the second 283 

group was exposed to the videos with heterospecific demonstrators, i.e., individuals from the other 284 

species in each pair, and the third group was exposed to the videos with the gudgeon as demonstrators. 285 

The fish from the second pair (the monkey goby vs gudgeon) were divided into two groups and these 286 

were confronted with public information cues from con- or heterospecific (the other species from this 287 

pair) demonstrators, respectively. A single observer fish was placed in the experimental tank for 30 min 288 

acclimation period, during which both monitors were turned on and displayed the first part of the proper 289 

video (Figure 4). After 30 min, one monitor started to show the “stimulus” sequence, and the other one 290 

displayed the “control” sequence. The trial ended when both videos stopped (see Figure 4 for the duration 291 
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of the sequences). The fish was netted from the experimental tank and transferred to the post-292 

experimental tank. Each fish individual was used in only one trial of the particular experiment. We 293 

performed 10 trials for each species and variant (con- and heterospecific cues) of the experiment. The 294 

water in the experimental tank was totally exchanged after each trial.  295 

In Experiment 1, we did not randomize the order of cue presentation to control for the effect of 296 

passing time. This is because the applied order is natural for a fish facing a danger. Thus, assuming that 297 

the test fish will recognize the presented cue, changing the order could be misleading. 298 

Video analysis 299 

To minimize observer bias, we used the Ethovision XT® 10.1 program to analyze the fish behavior in the 300 

videos recorded, with a sample rate of 5 frames per second. We were interested in fish behaviors in two 301 

periods: (1) the last 5 and 10 min of the acclimation period of Experiment 1 and 2, respectively, hereafter 302 

referred to as a pre-stimulus period (i.e. before presenting a stimulus), and (2) the period of the cue 303 

presentation. In Experiment 1, these were: 30 s of a fright reaction of demonstrators (hereafter: fright 304 

reaction period) and 4.5 min during which the demonstrators were inactive (hereafter: inactive 305 

demonstrator period). In Experiment 2, the cue was presented for 10 min (Figure 4), and hereafter we 306 

referred to this period as a stimulus period.  307 

For Experiment 1, we set two zones on the experimental tank bottom, covering the whole tank 308 

width: (1) the “stimulus zone”, adjacent to the “stimulus” monitor (showing demonstrators) and (2) the 309 

“control zone”, adjacent to the monitor displaying the control sequence (Figure 5a). We measured the 310 

time spent by the test fish in each zone in each period (expressed as % of the total period time) and its 311 

general activity, expressed as the time spent on the move (% of the total period time).  312 

To analyze Experiment 2, we set two zones on the experimental tank bottom: (1) the “foraging 313 

zone”, set up around the feeder on the monitor displaying foraging demonstrators, and (2) the “non-314 

foraging zone” adjacent to the wall facing the monitor displaying the “control” sequence (Figure 5b). We 315 

measured the time spent by the tested fish in each zone (expressed as % of the total period time) in each 316 

period. 317 

Statistical analyses 318 

Fish total length was compared within the pairs using independent sample T-tests. 319 
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We calculated zone preference indices using times spent by fish in particular zones in both 320 

experiments, using the formula: 321 

(time spent in the zone of interest) − (time spent in the other zone)

(time spent in the zone of interest) + (time spent in the other zone)
 322 

 The value of “0” meant that the fish showed no preference for or avoidance of any zone. The 323 

positive and negative values meant that the fish showed a preference for or avoidance of the zone of 324 

interest, respectively.  325 

 To test the effects of observer species, demonstrator species and period on zone preference index 326 

(Experiments 1 and 2) and general fish activity (in Experiment 1), we performed Linear Mixed Models 327 

(LMM). The observer species and demonstrator species were set as between-subject fixed effects, the 328 

period as a within-subject fixed effect and the test fish ID as a random effect. In both experiments, we 329 

interpreted the main effect of period and its interactions with other factors as indicators of fish reaction to 330 

different types of cues presented. The parametric test assumptions were not violated based on the visual 331 

inspection of residual plots. 332 

We performed model simplification by dropping the highest-order non-significant interaction 333 

terms and chose the best-fitting models based on the Akaike information criterion. We retained the more 334 

complex model when its AIC value was lower than that of the simpler model by 2 or more (Burham and 335 

Anderson 2002). For significant interactions, we performed LSD pairwise post-hoc comparisons with 336 

sequential Bonferroni corrected critical p-value. All analyses were performed were performed using IBM 337 

SPSS Statistics 29.0 (IBM Corp.). 338 

RESULTS 339 

The TL of the fish was (mean ± SD): 4.35 ± 0.51 cm for the European bullhead, 4.53 ± 0.52 cm for the 340 

racer goby, 5.37 ± 0.63 cm for the gudgeon, and 4.51 ± 0.61 cm for the monkey goby. The TL of the 341 

experimental fish did not differ between the European bullhead and racer goby (Experiment 1: t58 = -1.25, 342 

p = 0.22; Experiment 2: t58 = -1.31, p = 0.20). On the other hand, the gudgeon had greater TL than the 343 

monkey goby (Experiment 1: t38 = 4.47, p < 0.01; Experiment 2: t38 = 5.01, p < 0.01). As the fish in both 344 

pairs lived in sympatry and were randomly collected in the field, we considered that the size differences 345 

between the gudgeon and the monkey goby reflected those found in nature. 346 

Responses of the European bullhead and racer goby 347 

91



 

In Experiment 1 (fear cues), the LMM on the “stimulus zone” preference index showed a 348 

significant observer species x period interaction (Table 1). The European bullhead was less associated 349 

with the “stimulus zone” during the fright reaction period compared to the other periods regardless of the 350 

demonstrator species (Figure 6a). The LMM on activity showed a significant effect of observer species x 351 

demonstrator species x period interaction (Table 2). The European bullhead reduced its activity in the 352 

fright reaction period compared to the other two periods when demonstrators were conspecifics. The racer 353 

goby reduced its activity in the fright reaction period compared to the pre-stimulus period regardless of 354 

demonstrator species. When demonstrators were the European bullhead, the racer goby was less active in 355 

the inactive demonstrator period compared to the pre-stimulus period. In the pre-stimulus period, the 356 

racer goby was less active when facing freely swimming gobies compared to the racer goby viewing 357 

freely swimming bullhead. When demonstrator racer goby individuals presented a fright reaction, the 358 

observer racer goby were less active compared to the observer European bullhead (Figure 6b). 359 

The LMM on the “foraging zone” preference index in Experiment 2 (foraging cues) showed a 360 

significant effect of an observer species x demonstrator species x period interaction (Table 3). The post-361 

hoc analysis showed no significant differences between groups defined by these factors. However, there 362 

are visible tendencies that the European bullhead was more associated with the foraging zone when 363 

demonstrators were gudgeons and the racer goby exhibited the same behavior facing foraging racer 364 

gobies (Figure 7), which made this interaction significant. 365 

Responses of the gudgeon and monkey goby  366 

In Experiment 1 (fear cues), the LMM on the “stimulus zone” preference index showed a 367 

significant main effect of period (Table 4). The post-hoc tests showed no significant differences in 368 

preference index between different periods, however, the association of fish tended to be lower in the 369 

inactive demonstrators period compared to the other periods (Fig. 8A). For the activity, the LMM showed 370 

a significant effect of an observer species x period interaction (Table 5). The monkey goby reduced its 371 

activity in the fright reaction period compared to the pre-stimulus period regardless of the demonstrator 372 

species (Figure 8b). 373 

In Experiment 2 (foraging cues), LMM indicated a significant effect of observer species x 374 

demonstrator species and demonstrator species x period interactions on the “foraging zone” preference 375 
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index (Table 6). Both observer species were more associated with the “foraging zone” during the stimulus 376 

period compared to the pre-stimulus period when demonstrators were gudgeons (Figure 9). 377 

DISCUSSION 378 

The study aimed to check whether there are differences in the public information use between invasive 379 

gobies and sympatric native fish species in two scenarios differing in the level of cue importance for 380 

animal survival, i.e. public information about danger (strong stimulus) or feeding ground (weak stimulus). 381 

We have partially confirmed our hypothesis that invasive species use public information more effectively 382 

than natives in some contexts. 383 

 When confronted with a strong stimulus, both invasive species reduced their activity in response 384 

to cues from con- and heterospecifics, and the monkey goby tended to avoid inactive (after fright 385 

reaction) fish regardless of their species. Activity reduction and avoidance of dangerous areas are basic 386 

antipredator strategies (Lima and Dill 1990; Teplitsky and Laurila 2007), thus we can conclude that the 387 

invaders can effectively use this type of cue from individuals of the same and other species, which 388 

emphasizes their ability to avoid danger based on public information cues from a variety of species 389 

around.  390 

Among the native species, only the European bullhead exhibited activity reduction and only in 391 

response to conspecifics. However, the bullhead avoided both con- and heterospecific frightened fish, and 392 

the gudgeon showed the same tendency in the presence of inactive demonstrators of both species. 393 

Considering both responses of the European bullhead to conspecifics, we can relate them to an 394 

antipredator response, where an endangered individual first tries to avoid a dangerous area and then 395 

reduces its activity to remain less conspicuous. Yet, when the fright behavior was demonstrated by the 396 

racer goby, the response of the European bullhead should be interpreted with care. Despite the avoidance 397 

of a dangerous area, the native species did not reduce its activity, which is in contrast with the results by 398 

Augustyniak et al. 2023, who showed low activity of the European bullhead facing a direct predator 399 

danger. We can interpret this lack of activity reduction in our current study in the light of the high 400 

aggressiveness of the racer goby towards the European bullhead individuals showed during shelter 401 

(Grabowska et al. 2016; Jermacz et al. 2015) and food competition (Kakareko et al. 2013). The native 402 

species, faced with the fright behavior of the racer goby, could interpret this as an attack attempt (i.e. did 403 

not interpret the cue properly), thus swimming away to avoid the risk of an attack, but stayed active and 404 

did not present the full repertoire of antipredator behaviors. The indicator of potential high aggressiveness 405 
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of the racer goby towards the European bullhead was observed also in the current study when the racer 406 

goby was more active facing freely swimming bullheads than viewing other gobies. The study by 407 

Kakareko et al. (2016) showed that small (< 6 cm in TL) racer gobies can outcompete small European 408 

bullheads (also < 6 cm in TL) from habitats where both species coexist. As we used individuals of similar 409 

size in the current study, we may assume that the racer goby individuals tried to chase European bullheads 410 

away. The level of aggression of the racer goby towards conspecifics and European bullheads was found 411 

to be similar (Kakareko et al. 2013). Thus, it is possible that the racer goby facing other gobies were less 412 

active than in the presence of bullhead individuals to avoid a direct confrontation with conspecifics, 413 

associated with the high risk of injury. The native gudgeon showed a tendency to avoid inactive (after the 414 

fright reaction) con- and heterospecifics, but did not reduce its activity.  415 

The behavior of gregarious gudgeon might differ when tested in conspecific groups. However, 416 

stressed gudgeon reduced its activity regardless if tested individually (Augustyniak et al. 2024) or in 417 

groups (Kłosiński et al. 2022). On the other hand, as the avoidance of dangerous areas seems to be the 418 

main antipredator behavior of the gudgeon facing a direct predator danger (Augustyniak et al. 2023), we 419 

may assume that it recognized public information cues from surrounding frightened individuals properly, 420 

being as effective as invasive gobies. To summarize, both invasive gobies as well as the native gudgeon 421 

effectively used cues about danger from con- and heterospecifics and exhibited antipredator response. 422 

However, behavioral responses of the native European bullhead were less clear (different behaviors 423 

facing con- and heterospecifics). We may assume that it is less effective in recognizing the nature of 424 

public information cues than the invaders, which in the natural environment may put the European 425 

bullhead in a life-threatening situation. 426 

The fish confronted with the public information cues from foraging individuals exhibited a 427 

species-specific repertoire of behaviors, which can be explained by the theoretical competition-428 

information quality trade-off (Gil et al. 2017). The concept assumes that the information (cue) is more 429 

valuable when the potential costs of competition with cue donors remain low, and these costs are greater 430 

when the distance between individuals (demonstrators and observers) in time, space and ecology is 431 

shorter (Seppänen et al. 2007). In the current study, the invasive monkey goby did not show any 432 

behavioral reaction to public information cues from foraging conspecifics. Following our hypothesis, we 433 

might expect that they will not be effective in using public information cues from a wide variety of 434 

species if they cannot use conspecific cues. However, in the light of the theoretical competition-435 
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information quality trade-off concept, this may be an adaptive behavior. Although conspecifics can 436 

provide more relevant public information than heterospecifics, the greater niche overlap between the 437 

conspecifics intensifies the competition for resources (Gil et al. 2017). Invasive gobies are known for 438 

their high intra- and interspecific aggressiveness (van Kessel et al. 2011; Kakareko et al. 2013; 439 

Grabowska et al. 2016). Thus, facing foraging conspecifics, the monkey goby may recognize the cue, but, 440 

because of the short distance between the demonstrators and observers in our study, they did not join an 441 

already occupied food patch avoiding a confrontation with aggressive conspecifics. Gil et al. (2017) 442 

showed that heterospecific groups are optimal in terms of foraging efficiency because of lower 443 

competition than in conspecific groups. Thus, the invader joined the food patch in response to gudgeon 444 

cues, as the risk of potential competition was lower than in the case of conspecifics, while the quality of 445 

information (i.e. potential food gains) still sufficient to trigger this behavior.   446 

The behavior of the European bullhead in the current study also supports the theoretical 447 

competition-information quality trade-off concept, as this species, after assessing potential benefits (i.e. 448 

food gain) and costs (i.e. energy loss for competition), stayed away from foraging demonstrators of the 449 

same species. However, its reaction to public cues from foraging heterospecifics differed between 450 

demonstrator species. The European bullhead was attracted (though the tendency was non-significant) to 451 

foraging gudgeons. Both species coexist in the natural environment and, after recognizing a familiar 452 

representative of another species, the European bullhead joined the food patch since the potential risk of 453 

direct competition with the gudgeon was assessed as lower than that posed by the racer goby and 454 

conspecifics. The racer goby was able to outcompete the European bullhead in the laboratory study 455 

(Kakareko et al. 2013), and, accordingly, the native species did not join foraging gobies in the current 456 

study.  457 

The invasive racer goby and native gudgeon, attracted to foraging conspecifics (though in the 458 

case of the racer goby this was a marginally significant tendency), seem to contradict the theoretical 459 

competition – information quality trade-off concept. The lack of reaction of the racer goby to foraging 460 

gudgeons can be accounted for by the habitat occupied by the racer goby. It is often found in stony areas 461 

(Kakareko et al. 2016), spending most of the time inside a shelter (Grabowska et al. 2016). It is possible 462 

that with such a specific lifestyle the racer goby does not often encounter pelagic species during foraging, 463 

and because of a short co-existence time, may not be able to assess properly the potential level of 464 

aggression posed by the gudgeon. Moreover, the racer goby was not attracted to foraging European 465 
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bullhead. It is known that the racer goby can outcompete the European bullhead for food (Kakareko et al. 466 

2013), so the potential competition cost was low for the invader. The possible reason why the racer goby 467 

did not join the foraging European bullhead may be that the invader did not recognize these public cues 468 

properly. Thus, it failed to assess the heterospecific information quality and to make a proper decision 469 

based on a potential cost-to-benefit trade-off. Gudgeon responses to foraging individuals can be 470 

considered concerning its gregarious nature, which makes it likely to rely more on conspecific 471 

information cues (Jones and Sieving 2019), and thus join foraging conspecifics. It could be that the 472 

gudgeon recognized public information cues from foraging monkey gobies, but, according to the 473 

theoretical competition-information quality trade-off concept, stayed away from foraging invaders to 474 

avoid direct competition. On the other hand, it is possible that both native species do not recognize 475 

properly public cues demonstrated by foraging invaders and avoid them instead of benefiting from their 476 

presence. This scenario suggests another facilitation mechanism for the invaders in new places.  477 

The above considerations partially support our hypothesis about the greater effectiveness of 478 

public information use by invasive benthic fish compared to the natives. When there is an imminent 479 

danger associated with making the wrong decision based on public information cues, the invaders can use 480 

cues from con- and heterospecifics. This may be particularly helpful during the invasion process, as 481 

increasing the chance of survival when the invader encounters new enemies. The native gudgeon is able 482 

to use public danger cues from both con- and heterospecifics as effectively as the invasive gobies, while 483 

the native European bullhead turned out to be the least effective, and potentially most vulnerable to 484 

danger, presenting the full antipredator behavior only in response to frightened conspecifics. When public 485 

information cues are not associated with the immediate consequences for survival, all the test species can 486 

make a behavioral decision based on the cost and benefit trade-off assessment. In this case, proper 487 

reactions (attraction to foraging cues from fish posing a lower competitive pressure on the observer) were 488 

exhibited by the monkey goby and both native species, whereas the racer goby seemed not to be able to 489 

recognize properly heterospecific cues. Nevertheless, the ability of the invasive benthic fish to use public 490 

cues released by natives can be linked with the spread of the former into new habitats. Locally occurring 491 

species may provide them with public information about danger and resource locations, while the risk of 492 

direct competition with aggressive conspecifics will decrease (Grabowska et al. 2019). Moreover, the 493 

avoidance of foraging invasive species by natives observed in the current study may pose a risk of 494 

increasing dominance of invasive species, which will replace the native species from optimal food 495 
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patches. Thus, as pointed out by Gil et al. (2017) and Seppänen et al. (2007), interspecific social 496 

information exchange may be an important factor shaping animal communities, which highlights the role 497 

of further research on the role of public information cues in invasion ecology.  498 

References 499 

ASAB Ethical Committee, ABS Animal Care Committee. (2020). Guidelines for the treatment of animals 500 

in behavioural research and teaching. Animal Behaviour, 159, p. I-XI.  501 

Augustyniak M, Kobak J, Trojan M, Kakareko T. 2024. Behavioural responses to environmental novelty 502 

in demersal, shelter-associated invasive fish and their native analogues. Anim Behav. 208:111–126.. 503 

Augustyniak M, Kołacka K, Kobak J, Hliwa P, Kłosiński P, Poznańska-Kakareko M, Jermacz Ł, 504 

Kakareko T. 2023. Differences in predator-avoidance behavior between two invasive gobies and their 505 

native competitors. Curr Zool. 69(6):727–737.  506 

Bernery C, Bellard C, Courchamp F, Brosse S, Gozlan RE, Jarić I, Teletchea F, Leroy B. 2022. 507 

Freshwater fish invasions: A comprehensive review. Annu Rev Ecol Evol Syst. 53(1):427–456.  508 

Błońska D, Kobak J, Kakareko T, Grabowska J. 2016. Can the presence of alien Ponto–Caspian gobies 509 

affect shelter use by the native European bullhead? Aquat Ecol. 50:653–665.  510 

Bonnie KE, Earley RL. 2007. Expanding the scope for social information use. Anim Behav. 74(2):171–511 

181.  512 

Burham KP, Anderson DR. 2002. Model selection and multimodel inference: a practical information-513 

theoretic approach. Second. Burham KP, Anderson DR, editors. New York: Springer. 514 

Camacho-Cervantes M, Ojanguren AF, Magurran AE. 2015. Exploratory behaviour and transmission of 515 

information between the invasive guppy and native Mexican topminnows. Anim Behav. 106:115–120.  516 

Copp GH, Bianco PG, Bogutskaya NG, Eros T, Falka I, Ferreira MT, Fox MG, Freyhof J, Gozlan RE, 517 

Grabowska J, et al. 2005. To be, or not to be, a non-native freshwater fish? J of Appl Ichthyol. 21(4):242–518 

262.  519 

97



 

Damas-Moreira I, Oliveira D, Santos JL, Riley JL, Harris DJ, Whiting MJ. 2018. Learning from others: 520 

an invasive lizard uses social information from both conspecifics and heterospecifics. Biol Lett. 521 

14:20180532.  522 

Danchin É, Giraldeau LA, Valone TJ, Wagner RH. 2004. Public information: From nosy neighbors to 523 

cultural evolution. Science (1979). 305(5683):487–491.  524 

Dudgeon D, Arthington AH, Gessner MO, Kawabata ZI, Knowler DJ, Lévêque C, Naiman RJ, Prieur-525 

Richard AH, Soto D, Stiassny MLJ, et al. 2006. Freshwater biodiversity: Importance, threats, status and 526 

conservation challenges. Biol Rev Camb Philos Soc. 81(2):163–182.  527 

Dueñas MA, Hemming DJ, Roberts A, Diaz-Soltero H. 2021. The threat of invasive species to IUCN-528 

listed critically endangered species: A systematic review. Glob Ecol Conserv. 26:e01476.  529 

Genovesi P, Carnevali L, Scalera R. 2015. The impact of invasive alien species on native threatened 530 

species in Europe. Rome: ISPRA - ISGG. 531 

Gil MA, Emberts Z, Jones H, St. Mary CM. 2017. Social information on fear and food drives animal 532 

grouping and fitness. Am Nat. 189(3):227–241.  533 

Gozlan RE. 2008. Introduction of non-native freshwater fish: Is it all bad? Fish Fish. 9(1):106–115.  534 

Grabowska J, Błońska D, Ondračková M, Kakareko T. 2023. The functional ecology of four invasive 535 

Ponto–Caspian gobies. Rev Fish Biol Fish. 33(4):1329–1352.  536 

Grabowska J, Kakareko T, Błońska D, Przybylski M, Kobak J, Jermacz Ł, Copp GH. 2016. Interspecific 537 

competition for a shelter between non-native racer goby and native European bullhead under 538 

experimental conditions – Effects of season, fish size and light conditions. Limnologica. 56:30–38.  539 

Grabowska J, Zięba G, Przybylski M, Smith C. 2019. The role of intraspecific competition in the 540 

dispersal of an invasive fish. Freshw Biol. 64(5):933–941.  541 

Hazlett BA. 2000. Information use by an invading species: do invaders respond more to alarm odors than 542 

native species? Biol Invasions. 2:289–294.  543 

Jakovlić I, Piria M, Šprem N, Tomljanović T, Matulić D, Treer T. 2015. Distribution, abundance and 544 

condition of invasive Ponto-Caspian gobies Ponticola kessleri (Günther, 1861), Neogobius fluviatilis 545 

98



 

(Pallas, 1814), and Neogobius melanostomus (Pallas, 1814) in the Sava River basin, Croatia. J of Appl 546 

Ichthyol. 31(5):888–894.  547 

Janáč M, Roche K, Šlapanský L, Polačik M, Jurajda P. 2018. Long-term monitoring of native bullhead 548 

and invasive gobiids in the Danubian rip-rap zone. Hydrobiologia. 807:263–275. 549 

Jermacz Ł, Kobak J, Dzierżyńska A, Kakareko T. 2015. The effect of flow on the competition between 550 

the alien racer goby and native European bullhead. Ecol Freshw Fish. 24(3):467–477.  551 

Johnson PTJ, Olden JD, Vander Zanden MJ. 2008. Dam invaders: Impoundments facilitate biological 552 

invasions into freshwaters. Front Ecol Environ. 6(7):357–363.  553 

Jones HH, Sieving KE. 2019. Foraging ecology drives social information reliance in an avian 554 

eavesdropping community. Ecol Evol. 9(20):11584–11597.  555 

Kakareko T, Kobak J, Grabowska J, Jermacz Ł, Przybylski M, Poznańska M, Pietraszewski D, Copp GH. 556 

2013. Competitive interactions for food resources between invasive racer goby Babka gymnotrachelus 557 

and native European bullhead Cottus gobio. Biol Invasions. 15(11):2519–2530.  558 

Kakareko T, Kobak J, Poznańska M, Jermacz Ł, Copp GH. 2016. Underwater evaluation of habitat 559 

partitioning in a European river between a non-native invader, the racer goby and a threatened native fish, 560 

the European bullhead. Ecol Freshw Fish. 25(1):60–71.  561 

van Kessel N, Dorenbosch M, de Boer MRM, Leuven RSEW, van der Velde G. 2011. Competition for 562 

shelter between four invasive gobiids and two native benthic fish species. Curr Zool. 57(6):844–851.  563 

van Kessel N, Dorenbosch M, Kranenbarg J, van der Velde G, Leuven RSEW. 2016. Invasive Ponto-564 

Caspian gobies rapidly reduce the abundance of protected native bullhead. Aquat Invasions. 11(2):179–565 

188.  566 

Kłosiński P, Kobak J, Augustyniak M, Pawlak R, Jermacz Ł, Poznańska-Kakareko M, Kakareko T. 2022. 567 

Behavioural responses to con- and heterospecific alarm cues by an alien and a coexisting native fish. 568 

Hydrobiologia. 849:985–1000. 569 

Koehn JD. 2004. Carp (Cyprinus carpio) as a powerful invader in Australian waterways. Freshw Biol. 570 

49(7):882–894.  571 

99



 

Kornis MS, Mercado-Silva N, vander Zanden MJ. 2012. Twenty years of invasion: A review of round 572 

goby Neogobius melanostomus biology, spread and ecological implications. J Fish Biol. 80(2):235–285.  573 

Kottelat M, Freyhof J. 2007. Handbook of European freshwater fishes. Berlin: Cornol, Switzerland: 574 

Publications Kottelat. 575 

Lima SL, Dill LM. 1990. Behavioral decisions made under the risk of predation: a review and prospectus. 576 

Can J Zool. 68(4):619–640.  577 

Nunes AL, Tricarico E, Panov VE, Cardoso AC, Katsanevakis S. 2015. Pathways and gateways of 578 

freshwater invasions in Europe. Aquat Invasions. 10(4):359–370.  579 

Płąchocki D, Kobak J, Poznańska-Kakareko M, Kakareko T. 2020. Environmental factors associated with 580 

the occurrence of the Ponto–Caspian gobies in a lowland river belonging to the central European invasion 581 

corridor. River Res Appl. 36(1):25–35.  582 

Radtke G, Bernaś R, Dębowski P, Morzuch J, Skóra M. 2015. Ichtiofauna systemu rzeki Brdy. Roczniki 583 

Naukowe PZW. 25:31–47.  584 

Ricciardi A, MacIsaac HJ. 2011. Impacts of biological invasions on freshwater ecosystems. In: 585 

Richardson DM, editor. Fifty years of invasion ecology: The legacy of Charles Elton. Hoboken, NJ: 586 

Wiley-Blackwell. p. 211–224. 587 

Roche KF, Janač M, Jurajda P. 2013. A review of Gobiid expansion along the Danube-Rhine corridor-588 

geopolitical change as a driver for invasion. Knowl Manag Aquat Ecosyst.(411):01.  589 

Rodriguez LF. 2006. Can invasive species facilitate native species? Evidence of how, when, and why 590 

these impacts occur. Biol Invasions. 8(4):927–939.  591 

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25 years of image analysis. Nat 592 

Methods. 9(7):671–675.  593 

Scott MC. 2006. Winners and losers among stream fishes in relation to land use legacies and urban 594 

development in the southeastern US. Biol Conserv. 127(3):301–309.  595 

Seppänen JT, Forsman JT, Monkkönen M, Thomson RL. 2007. Social information use is a process across 596 

time, space, and ecology, reaching heterospecifics. Ecology. 88(7):1622–1633. 597 

100



 

Szabo B, Damas-Moreira I, Whiting MJ. 2020. Can cognitive ability give invasive species the means to 598 

succeed? A review of the evidence. Front Ecol Evol. 8:187.  599 

Teplitsky C, Laurila A. 2007. Flexible defense strategies: Competition modifies investment in behavioral 600 

vs. morphological defenses. Ecology. 88(7):1641–1646.  601 

Terkel J. 1995. Cultural Transmission in the Black Rat: Pine Cone Feeding. Adv Study Behav. 24:119–602 

154.  603 

Valone TJ. 2007. From eavesdropping on performance to copying the behavior of others: A review of 604 

public information use. Behav Ecol Sociobiol. 62(1):1–14.  605 

606 

101



 

Figures 607 

Figure 1: 608 

 609 

Figure 2: 610 

 611 

612 

102



 

Figure 3: 613 

 614 

Figure 4: 615 

 616 

617 

103



 

Figure 5: 618 

 619 

Figure 6: 620 

 621 

622 

104



 

Figure 7: 623 

 624 

Figure 8: 625 

 626 

627 

105



 

Figure 9: 628 

 629 

 630 

631 

106



 

Figure legends 632 

Figure 1: Experimental setup to test public information use by fish. Two identical computer monitors 633 

were placed on the opposite sides of the experimental tank. The camera placed above the tank recorded 634 

fish behavior. An individual test fish (observer) was placed in the experimental tank for 30 min for 635 

acclimation. Simultaneously, we started to display the prepared videos (see “Stimulus preparation” 636 

section) on the monitors. Dimensions are given in cm 637 

Figure 2: Setup to record fear reaction cues for Experiment 1. Three individuals of the same species 638 

(demonstrators) were placed in the demonstrator tank. Red plastic objects suspended by a wire from a 639 

steel rod were used to trigger a fright reaction of the demonstrators. See the text for further details.  640 

Dimensions are given in cm 641 

Figure 3: Setup to record foraging cues for Experiment 2. Three individuals of the same species 642 

(demonstrators) were placed in the demonstrator tank. Food was provided to a Petri dish in a separate 643 

tank and sucked into the demonstrator tank with a Tygon® tube. The other tube pumped water out of the 644 

demonstrator tank to maintain the water level at 5 cm. Plasticine stripes made the food invisible in the 645 

videos. See the text for further details. Dimensions are given in cm 646 

Figure 4: Video sequences used in Experiment 1 (a) and Experiment 2 (b). The video fragments were put 647 

together using smooth and slow transitions to minimize fish disturbances. The whole sequence was 648 

presented during each trial automatically. Procedures used to record each fragment are described in the 649 

“Processing the video recordings” section (Materials and Methods) 650 

Figure 5: Zones set in the Ethovision XT ® 10.1 for video analyses. (a) Experiment 1. The “stimulus 651 

zone” faced the monitor showing demonstrators. (b) Experiment 2. The “foraging zone” faced the 652 

monitor with the stimulus video sequence. Dimensions are given in cm 653 

Figure 6: The behavior of European bullhead and racer goby facing public information about danger in 654 

Experiment 1 (fear cues). (a) The “stimulus zone” preference index model estimates (means ± 95% CI) 655 

for the significant effect of observer species x period interaction (Table 1). (b) The activity model 656 

estimates (means ± 95% CI) for a significant observer species x demonstrator species x period interaction 657 

(Table 2). Asterisks indicate differences between particular groups after sequential Bonferroni corrected 658 

critical p-value 659 
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Figure 7: The behavior of European bullhead and racer goby facing public information from foraging 660 

demonstrators in Experiment 2 (foraging cues). The “foraging zone” preference index model estimates 661 

(means ± 95% CI) for the significant observer species x demonstrator species x period interaction (Table 662 

3). There were no significant differences between groups after sequential Bonferroni correction for 663 

multiple analyses 664 

Figure 8: The behavior of gudgeon and monkey goby facing public information about danger in 665 

Experiment 1 (fear cues). (a) The “stimulus zone” preference index results model estimates (means ± 95% 666 

CI) for the significant main effect of period (Table 4). There were no significant differences between 667 

groups after sequential Bonferroni correction for multiple analyses. (b) The activity model estimates 668 

(means ± 95% CI) for the significant observer species x period interaction (Table 5). Asterisk indicates 669 

differences between particular groups after sequential Bonferroni corrected critical p-value 670 

Figure 9: The behavior of gudgeon and monkey goby facing public information from foraging 671 

demonstrators in Experiment 2 (foraging cues). The “foraging zone” preference index model estimates 672 

(means ± 95% CI) for a significant demonstrator species x period interaction (Table 7). Asterisk indicates 673 

differences between particular groups after sequential Bonferroni corrected critical p-value 674 

675 
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Tables and table legends 676 

Table 1: Linear Mixed Model on the “stimulus zone” preference index exhibited by the European 677 

bullhead/racer goby in Experiment 1 (fear cues).  678 

Source df1 df2 F P 

Observer Species (O) 1 37.004 8.132 0.007* 

Demonstrator Species (D) 1 37.004 2.129 0.153 

Period (P) 2 76.001 4.545 0.014* 

O x P 2 76.001 3.243 0.045* 

The observer species (European bullhead/racer goby) and demonstrator species (European bullhead/racer 679 

goby) were specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive 680 

demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate 681 

significant effects at p < 0.05. 682 

683 
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Table 2: Linear Mixed Model on the activity by the European bullhead/racer goby in Experiment 1 (fear 684 

cues).  685 

Source df1 df2 F P 

Observer Species (O) 1 36 10.286 0.003* 

Demonstrator Species (D) 1 36 2.097 0.156 

Period (P) 2 72 22.843 <0.001* 

O x D 1 36 2.229 0.144 

O x P 2 72 1.945 0.150 

D x P 2 72 4.011 0.022* 

O x D x P 2 72 3.208 0.046* 

The observer species (European bullhead/racer goby) and demonstrator species (European bullhead/racer 686 

goby) were specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive 687 

demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate 688 

significant effects at p < 0.05. 689 

690 
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Table 3: Linear Mixed Model on the “foraging zone” preference index exhibited by the European 691 

bullhead/racer goby in Experiment 2 (foraging cues).  692 

Source df1 df2 F P 

Observer Species (O) 1 54 0.032 0.859 

Demonstrator Species (D) 2 54 0.830 0.442 

Period (P) 1 54 0.494 0.485 

O x D 2 54 1.482 0.236 

O x P 1 54 1.152 0.288 

D x P 2 54 0.793 0.458 

O x D x P 2 54 3.295 0.045* 

The observer species (European bullhead/racer goby) and demonstrator species (European bullhead/racer 693 

goby/gudgeon) were specified as between-subject fixed effects, period (pre-stimulus and stimulus) as a 694 

within-subject fixed effect and the fish ID as a random effect. Asterisks indicate significant effects at p < 695 

0.05. 696 

697 
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Table 4: Linear Mixed Model on the “stimulus zone” preference index by the gudgeon/monkey goby in 698 

Experiment 1 (fear cues).  699 

Source df1 df2 F P 

Observer Species (O) 1 37.000 0.474 0.495 

Demonstrator Species (D) 1 37.000 0.935 0.340 

Period (P) 2 78.000 3.225 0.045* 

The observer species (gudgeon/monkey goby) and demonstrator species (gudgeon/monkey goby) were 700 

specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive 701 

demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate 702 

significant effects at p < 0.05. 703 

704 
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Table 5: Linear Mixed Model on the activity by the gudgeon/monkey goby in Experiment 1 (fear cues).  705 

Source df1 df2 F P 

Observer Species (O) 1 36 0.001 0.982 

Demonstrator Species (D) 1 36 0.230 0.634 

Period (P) 2 74 1.333 0.270 

O x D 1 36 0.388 0.537 

O x P 2 74 8.976 <0.001* 

D x P 2 74 1.315 0.275 

The observer species (gudgeon/monkey goby) and demonstrator species (gudgeon/monkey goby) were 706 

specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive 707 

demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate 708 

significant effects at p < 0.05. 709 

710 
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Table 6: Linear Mixed Model on the “foraging zone” preference index exhibited by the gudgeon/monkey 711 

goby in Experiment 2 (foraging cues).  712 

Source df1 df2 F P 

Observer Species (O) 1 36.002 0.036 0.851 

Demonstrator Species (D) 1 36.002 0.119 0.732 

Period (P) 1 38.000 1.562 0.219 

O x D 1 36.002 7.137 0.011* 

D x P 1 38.000 10.218 0.003* 

The observer species (gudgeon/monkey goby) and demonstrator species (gudgeon/monkey goby) were 713 

specified as between-subject fixed effects, period (pre-stimulus and stimulus) as a within-subject fixed 714 

effect and the fish ID as a random effect. Asterisks indicate significant effects at p < 0.05. Post-hoc tests 715 

showed no difference for an observer species x demonstrator species interaction. 716 
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