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Abstract The invasion of non-native species into an

ecosystem can markedly alter the structure and

functioning of the system. Yet, we have limited

knowledge of the factors that determine invasion

success. Behavioural interactions have been suggested

as critical determinants of invasion success in animals,

but the exact mechanisms are less well known. We

investigated if density-dependent behavioural interac-

tions could have facilitated the invasion of the shrimp

Palaemon elegans into the spawning habitat of the

threespine stickleback Gasterosteus aculeatus in the

Baltic Sea. This was done by manipulating the

densities of the two species in mesocosms. We found

the stickleback to dominate behaviourally over the

shrimp through higher aggression, but that the impact

on the shrimp was density-dependent; a high density

of sticklebacks increased aggressive interactions,

which caused the shrimps to decrease their activity

and restrict their habitat use to dense vegetation, while

a low density of sticklebacks had no impact on the

distribution and activity of the shrimps. The density of

the shrimps had no impact on stickleback behaviour.

These results suggest that the present density of the

stickleback has allowed the invasion of the shrimp into

the habitat. However, a current increase in stickleback

abundance caused by human-induced ecological dis-

turbances could limit the further expansion of the

shrimp. Thus, our results indicate that a behavioural

mechanism–density-dependent aggression–can influ-

ence invasion success and subsequent population

expansion. At a broader level, our results stress the

importance of considering density-dependent beha-

vioural interactions when investigating the mecha-

nisms behind invasion success.

Keywords Aggression � Density dependence �
Invasion � Foraging � Habitat use � Nonindigenous

species

Introduction

The abundance of non-native species in ecosystems

has increased during the last decades because of

human activities (Early et al. 2016; Pysek et al. 2010;

Ricciardi et al. 2017; Seebens et al. 2017). Their

presence influences biodiversity and ecological and

evolutionary processes, and, thus, the structure and
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functioning of ecosystems (Mooneyand and Cleland

2001; Simberloff et al. 2013; Strayer 2012). Yet, the

factors that determine invasion success are still poorly

known, which is restricting our ability to predict

invasions and evaluate their impact on ecosystems

(Crystal-Ornelas and Lockwood 2020; Ricciardi et al.

2013; Seebens et al. 2018; Simberloff et al. 2013).

Invasion success generally depends on the avail-

ability of suitable niches, either vacant niches or

niches that can be seized from native species (Jeschke

2014; Ricciardi et al. 2013). In a stable environment,

most niches are already occupied by well-adapted

native species difficult to displace, which can restrict

invasion success. In addition, the density of the

invader is often low at the initial stage of invasion,

which gives native species a numerical dominance.

Yet, some species successfully invade new areas and

integrate into the ecosystem, sometimes drastically

altering the structure and functioning of the system

(Pysek and Richardson 2010; Simberloff 2011). The

characteristics that determine invasion success vary

among species (Catford et al. 2019; Hayes and Barry

2008; Jeschke and Strayer 2006; van Kleunen et al.

2010), and in animals behavioural interactions have

been proposed to be important determinants of inva-

sion success (Chapple et al. 2012; Holway and Suarez

1999; Sol et al. 2002). They determine the ability of

the species to find food, avoid predators, and compete

for resources. However, the behaviour of an invader is

not fine-tuned to that of the native species, or to the

abiotic environment, which can give native species a

competitive edge. The invader may also lack the

phenotypic plasticity needed to adjust its behaviour to

the new conditions, and evolutionary changes may be

too slow to allow the species to genetically adapt to the

invaded habitat. On the other hand, native species may

lack the behaviours needed to compete with invaders

for resources (Damas-Moreira et al. 2019; Pintor et al.

2008), or to prey on them (Colautti et al. 2004), or

avoid them as predators (Sih et al. 2010), which, in

turn, can give the invader an advantage. Thus,

mismatches in behavioural responses between native

and non-native species can favour either species and

influence invasion success.

In the Baltic Sea, the shrimp Palaemon elegans has

invaded the spawning habitat of the threespine stick-

leback Gasterosteus aculeatus in Southern Finland

during the last one to two decades (Candolin et al.

2018). It originates from the Mediterranean or the

Black Sea (Reuschel et al. 2010), and was first

detected in the habitat of the stickleback in Southern

Finland in 2003 (Lavikainen and Laine 2004). The

population grew rapidly in the 2010s, with no

observable negative impacts on the native threespine

stickleback population (Candolin et al. 2018). The

shrimp spends the winter in deeper water and migrates

in early summer to shallow coastal areas. Its niche

overlaps with that of the threespine stickleback in

coastal areas, in both habitat choice and diet (Berglund

1980; Candolin et al. 2018). However, while the

stickleback feeds strictly on animal prey, the shrimp is

omnivorous and feeds on both animals and algae

(Janas and Baranska 2008; Jephson et al. 2008;

Persson et al. 2008). Both species are gape-limited

and not able to feed on adult stickleback and shrimp,

but whether they consume small juveniles of the

species is unknown.

A recent study suggested that the ability of the

shrimp to invade an area could depend on the density

of the threespine stickleback, as a high density of the

stickleback restricts the habitat use of the shrimp to

dense vegetation and its diet to algae in place of the

more nutritious animal prey (Candolin et al. 2018).

However, the mechanism behind the influence of the

stickleback on the shrimp is unknown. It could be

aggressive interactions, as the stickleback is a bold and

highly aggressive fish that readily attacks both con-

and heterospecifics in the competition for space and

food (Vollset and Bailey 2011; Wootton 1976). The

aggressiveness of the shrimp towards the stickleback

is unknown, but shrimps do defend resources against

conspecifics, such as food sources and cavities for

hiding (Correa and Thiel 2003; Evans and Shehadi-

Moacdieh 1988). More information is consequently

needed on behavioural interactions between the two

species in order to assess the factors that have allowed

the invasion of the shrimp into the habitat of the

stickleback, and to predict the future trajectories of the

two species. Predicting their current and future

development is of ecological importance as the

stickleback is a key species that influences the

population dynamics of a range of other species

(Candolin 2019; Des Roches et al. 2013; Harmon et al.

2009; Rudman and Schluter 2016). In particular, the

shift that the stickleback causes in the diet of the

shrimp—from animal prey to filamentous algae–could

influence algae biomass and, hence, the ecological

conditions that influence the population dynamics of
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other species, such as oxygen levels, light conditions,

the amount of decaying organic material, and nutrient

cycling (Candolin 2019; Candolin et al. 2018). The

impact of the stickleback and the shrimp on the

biomass of filamentous algae is opposing, as the

stickleback increases the biomass, including the

biomass of decaying algae, through the predation on

grazers, i.e., through a ‘top-down effect’, while the

shrimp decreases the biomass of filamentous algae

through its consumption (Candolin et al. 2018).

Moreover, the abundance of the stickleback is cur-

rently increasing in the Baltic Sea because of human-

induced ecological disturbances, particularly through

overfishing of top predators and eutrophication

(Bergström et al. 2015; Candolin et al. 2016b;

Candolin and Voigt 2020; Olsson et al. 2019; Saarinen

and Candolin 2020). This could influence its interac-

tions with the shrimp, hence, the biomass of algae and

ecological conditions.

To determine if density-dependent behavioural

interactions between the shrimp and the threespine

stickleback could have influenced the invasion success

of the shrimp and its subsequent population growth,

we investigated behavioural interactions between the

two species at different densities, and the impact that

their interactions have on their habitat choice and

activity. We related the findings to recorded popula-

tion densities in the field to evaluate whether the

present density of the stickleback could have allowed

the invasion of the shrimp into the habitat of the

stickleback, and the effect that an increase in the

density of the stickleback could have on the future

development of the shrimp population. To this end, we

first determined the behaviour of the two species in the

absence of the other species, and then in the presence

of the other species at different density combinations.

Methods

We collected threespine sticklebacks and shrimps (P.

elegans) from spawning habitats of the stickleback in

the Tvärminne region in Southern Finland (59�50’N,

23�15’E) in June and July 2018 and 2019, using

Plexiglas traps (Candolin and Voigt, 2001) and a

beach seine. We maintained the two species in large

flow-through tanks, species separated, under natural

water, light and temperature conditions in an outdoor

facility at Tvärminnen Zoological Station. We fed the

individuals daily with defrosted chironomid larvae.

The animals were maintained in the tanks for about

1 week before being used in the experiment, and no

individuals were used twice. Only adult individuals

were used, with the mean body mass of the stickleback

being 2.02 g (SD = 0.27), and that of the shrimp

1.23 g (SD = 0.13). We used only sticklebacks not in

breeding condition and whose sex could consequently

not be determined, as reproductive status influences

their behaviour (Wootton 1976). The sex ratio of the

shrimp was slightly male biased with a coefficient of

1.2 and both males and females were used in each

treatment, with most females carrying eggs. The

experiment was performed in the same outdoor facility

as where they were maintained, under similar

conditions.

To investigate density-dependent behavioural

interactions between the two species, we divided an

experimental tank (50 9 35 9 40 cm, L 9 W 9 H)

into two equal sized habitats (50 9 17.5 cm): an open

habitat in front containing only sand at the bottom, and

a vegetated habitat at the back containing both sand

and the filamentous algae Cladophora glomerata, with

the algae covering about 50% of the bottom. The set-

up imitated the natural habitat where C. glomerata is

the dominant filamentous algae and its density varies

spatially. To prevent the algal filaments from floating

to the water surface, we attached them to a plastic net

at the bottom of the tank through sewing. To record the

activity of the individuals, we marked a line in the

middle of the tank, from the front to the back, through

markings on the frontside and the backside of the tank.

We had six treatments, two single species treat-

ments with high species density, and four mixed

species treatments with a 2 9 2 design of normal and

high densities of the two species. In the single species

treatments, the two treatments were: (1) three stick-

lebacks, and (2) four shrimps. In the mixed species

treatments, the treatments were: (3) one stickleback

and two shrimps, (4) one stickleback and four shrimps,

(5) three sticklebacks and two shrimps, and (6) three

sticklebacks and four shrimps. We performed 15

replicates of each of the six treatments. The body size

distribution of the species did not differ among

treatments (ANOVA: stickleback body mass,

F4,70 = 1.88, P = 0.12; shrimp body mass,

F4,70 = 0.49, P = 0.74). The density of sticklebacks

in treatment 3 and 4 (6 per m2) reflected current

densities at the spawning sites (usually 2–8 per
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m2)(Candolin 2004; Candolin et al. 2016a, 2014),

while the density in treatments 5 and 6 (18 per m2)

reflected expected densities if the abundance of the

stickleback increases threefold, which can be expected

given current trends in other parts of the Baltic Sea; the

abundance of the stickleback has increased even 45

fold in some areas (Bergström et al. 2015; Olsson et al.

2019). The density of the shrimp varies in the field

from site to site and among years (Candolin et al.

2018), as the population has not yet reached a

stable distribution and abundance. The selected den-

sities reflected the variation encountered during the

last years (Candolin personal observation). The first

three treatments were carried out in 2018, and the

latter three in 2019 because of logistical constraints.

To record behavioural interactions, we placed the

individuals into the experimental tank 1 h before

recordings, to allow them to acclimatize to the new

conditions. We filmed them from the front side of the

tank for 30 min and analysed manually behaviours

that were clearly visible from the recordings: aggres-

sion, activity and habitat choice. Aggression was

recorded as number of attacks or rushes towards

another individual, conspecific or heterospecific;

sticklebacks aggressively attack and bite other indi-

viduals (Wootton 1976), while shrimps perform

rushing behaviour, attempting to touch another indi-

vidual (Evans, Shehadi-Moacdieh 1988). Activity was

recorded as number of times an individual of each

species crossed the line in the middle of the tank.

Habitat choice was recorded every 1 min for each

individual. To gain a measure of aggression and

activity, we calculated the mean of the observed

behaviours per individual per species per minute for

each replicate. To gain a measure of habitat choice, we

calculated the mean percentage of individuals of each

species that were in the vegetated habitat per minute in

each replicate. We compared the behaviours among

treatments using ANOVA, removing interaction terms

when these were non-significant.

Results

In the absence of the other species, sticklebacks were

highly aggressive towards each other, but shrimps

showed no aggressive behaviour, rushes, towards each

other (Fig. 1). Sticklebacks were also more active than

shrimps in the single species treatments (F1,28 = 7.09,

P = 0.013, Fig. 2), but the two species did not differ in

habitat choice (F1,28 = 1.12, P = 0.30, Fig. 3).

Across all treatments, the aggression of the stick-

lebacks increased with the density of conspecifics, and

marginally with the density of shrimps (Fig. 1,

Table 1). The proportion of the attacks that were

directed towards the shrimps (in treatments with high

stickleback density) did not differ between low and

high shrimp density (mean ± SE at low shrimp

density: 16.19% ± 0.01, at high shrimp density:

Fig. 1 Frequency of aggressive behaviour by each individual in

the single species treatment, and in the mixed species treatments

with different combination of low (L) and high (H) densities of

sticklebacks (St) and shrimps (Sh). The shrimps performed no

aggressive behaviour, rushes towards other individuals (all bars

have the value of zero)

Fig. 2 Activity by each individual in the single species

treatment, and in the mixed species treatments with different

combination of low (L) and high (H) densities of sticklebacks

(St) and shrimps (Sh). Activity was calculated as number of

times an individual crossed a line in the middle of the tank
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14.80% ± 0.01, F1,28 = 0.66, P = 0.42). The shrimps

showed no aggressive behaviour (rushes towards other

individuals) in any of the treatments.

The activity and habitat choice of the sticklebacks

did not change with the density of conspecifics or

shrimps (Table 1). The activity and habitat choice of

the shrimps, on the other hand, depended on the

density of sticklebacks, but not on the density of

conspecifics (Table 1): shrimps decreased their activ-

ity and increased their use of the vegetated habitat

when the density of sticklebacks increased from low to

high (activity F1,43 = 24.94, P\ 0.001, habitat

choice: F1,43 = 75.84, P\ 0.001, Figs. 2 and 3), and

they tended to decrease their activity when the density

of sticklebacks increased from no sticklebacks to low

density (F1,43 = 3.34, P = 0.075, Fig. 3). The shrimps

did not alter their habitat choice when the density of

sticklebacks increased from no sticklebacks to low

density (F1,43 = 2.248, P = 0.133, Fig. 3).

Discussion

Our results show that the two mesopredator species—

the native threespine stickleback and the non-native

shrimp P. elegans—do not alter their activity or

habitat choice when confronted with each other at

densities that reflect current densities in the field.

However, at a higher density of the native stickleback

– which reflects possible future densities if the

abundance of the stickleback continues to increase

(Candolin and Voigt 2020)—the aggressiveness of the

stickleback increases towards both con- and hetero-

specifics. This causes the shrimp to reduce its activity

and restrict its habitat use to vegetated habitat patches.

A higher density of the shrimp, on the other hand, has

only a marginally boosting effect on the aggressive

behaviour of the stickleback, probably because the

shrimp shows no aggression against the stickleback.

These results suggests that density-dependent aggres-

sion of the stickleback influences the distribution and

activity of the shrimp and, thus, can influence its

integration into the habitat.

The higher level of aggression of the stickleback is

probably the cause of its dominance over the shrimp.

The aggression was mainly directed towards con-

specifics and increased when their density increased,

but decreased when sticklebacks were replaced with

shrimps. This suggests that the increased attack rate of

the sticklebacks towards the shrimps at the higher

stickleback density was mostly a spillover from

aggression towards conspecifics. This is supported

by the proportion of attacks directed towards the

shrimps not increasing when shrimp density increased

and stickleback density was kept high. Shrimps can

perform rushing behaviour against other individuals

when defending a resource (Correa and Thiel 2003;

Evans and Shehadi-Moacdieh 1988), and, thus, might

have shown some level of aggression if maintained in

the experimental tank for longer than 1.5 h and given

Fig. 3 Proportion of individuals in the vegetated part of the tank

in the single species treatment, and in the mixed species

treatments with different combination of low (L) and high

(H) densities of sticklebacks (St) and shrimps (Sh)

Table 1 Influence of the

density of threespine

sticklebacks and shrimps

Palaemon elegans on the

behaviour of the two

species

Stickleback Shrimp

Stickleback density Shrimp density Stickleback density Shrimp density

F71 P F71 P F71 P F71 P

Aggression 44.88 \ 0.001 2.80 0.068

Activity \ 0.01 0.995 0.13 0.875 14.47 \ 0.001 0.40 0.527

Habitat choice 0.02 0.888 0.10 0.904 29.26 \ 0.001 1.53 0.220
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resources to defend, such as food or shelters against

predators. However, it is unlikely that the level of

aggression would have arisen to the level of the

stickleback. Both male and female shrimps were used

in the trials, which indicates that differences between

the sexes in aggression cannot explain the lack of

rushing behaviour. Sticklebacks are aggressive also in

the absence of territorial behaviour, and only breeding

males establish territories (Wootton 1976). Further

studies are needed to determine whether the level of

aggression between the species changes if shrimps are

given the opportunity to establish territories.

These results indicate that the two species can

coexist when their densities are low, but that a higher

density of the stickleback forces the shrimp to reduce

its activity and restrict its habitat use to vegetated sites.

Combined with a shift towards algae food in place of

animal prey when competing with the stickleback for

food, as found in an earlier study (Candolin et al.

2018), these results suggest that a high density of the

native stickleback restricts the ecological niche of the

invading shrimp. Thus, the growth of the stickleback

population in the Baltic Sea could limit the further

expansion of the shrimp population.

The critical densities that allow the coexistence of

the two species probably depend on the characteristics

of the habitat. Influencing factors could be visibility,

habitat structure, and the abundance of animal prey.

The current density of sticklebacks in the field

corresponds to the lower stickleback density treatment

(Candolin et al. 2016a), which suggests that the

current density of sticklebacks has allowed the shrimp

to avoid aggressive interactions with the stickleback,

which could have facilitated its invasion. However,

the ongoing increase in the abundance of the stickle-

back in the Baltic Sea (Bergström et al. 2015;

Candolin and Voigt 2020; Olsson et al. 2019) could

restrict the habitat use, activity and foraging of the

shrimp, and thereby its population growth. On the

other hand, other ongoing environmental perturba-

tions, such as climate change and eutrophication, are

also taking place in the Baltic Sea (Andersen et al.

2017; Meier et al. 2019; Rutgersson et al. 2014), which

could influence the interactions between the two

species and the critical densities that allow their

coexistence (Clark and Johnston 2011; MacDougall

and Turkington 2005). For instance, an increased

abundance of animal prey because of anthropogenic

eutrophication could allow higher densities of both

species. Predicting the future trajectory of species is

challenging when they are exposed to multiple human

disturbances that may interact. Yet, determining the

ultimate impact of multiple disturbances is of increas-

ing importance in our rapidly changing world.

The proportion of introduced or invading species

that succeed in becoming part of an ecosystem is

generally small (Blackburn et al. 2011). Yet, these

species can markedly alter the structure and function-

ing of the ecosystem (Bradshaw et al. 2016; Paini et al.

2016; Pimentel et al. 2005; Pysek and Richardson

2010; Ricciardi et al. 2013). The present results

indicate that an important determinant of both inva-

sion success and subsequent population growth can be

density-dependent behavioural interactions with

native species. Such effects could be common, con-

sidering that the ecological niche of a species depends

on its interactions with other species, and that the

strength of these interactions are often density-depen-

dent (Chase and Leibold 2003; HilleRisLambers et al.

2012).

To conclude, our results show that a native species

can restrict the ecological niche of a non-native

species through behavioural interactions, and that the

effect can be density-dependent. Thus, changes in the

density of native species–whether natural or human

induced–can influence the integration of non-native

species into an ecosystem. This emphasises the

importance of considering density-dependent beha-

vioural interactions between native and non-native

species when assessing the determinants of invasion

success of alien species and their probability of

population expansion.
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