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Abstract

Freshwater ecosystems worldwide are facing the establishment of non-native species, which, in certain cases, exhibit inva-
sive characteristics. The impacts of invaders on native communities are often detrimental, yet, the number and spread of
non-native invasive species is increasing. This is resulting in novel and often unexpected combinations of non-native and
native species in natural communities. While the impact of invaders on native species is increasingly well-documented, the
interactions of non-native invaders with other non-native invaders are less studied. We assessed the potential of an invasive
amphipod, the killer shrimp Dikerogammarus villosus (Sowinsky, 1894), to cope with other established invaders in European
waters: North American crayfish of the Astacidae family—represented by signal crayfish Pacifastacus leniusculus (Dana,
1852), and the Cambaridae family—represented by marbled crayfish Procambarus virginalis Lyko, 2017. The main goal of
this study was to investigate if killer shrimp, besides their role as prey of crayfish, can significantly influence their stocks by
predating upon their eggs, hatchlings and free-moving early juveniles. Our results confirmed that killer shrimp can predate
on crayfish eggs and hatchlings even directly from females abdomens where they are incubated and protected. As marbled
crayfish have smaller and thinner egg shells as well as smaller juveniles than signal crayfish, they were more predated upon
by killer shrimp than were signal crayfish. These results confirmed that the invasive killer shrimp can feed on different
developmental stages of larger freshwater crustaceans and possibly other aquatic organisms.

Keywords Freshwater - Crustacea - Amphipod - Invasive species - Interaction - Predation

Introduction

Crustaceans play an important role as prey and consumers
in aquatic ecosystems, transferring energy from lower to
higher trophic levels. However they are also very successful
invaders and the increased introduction, establishment and
dispersal of non-native crustaceans in Europe has the poten-
tial to wreak havoc on freshwater foodwebs (Strayer 2010;
Hinfling et al. 2011). They play an irreplaceable role in food
chains, both as prey and as consumers transferring energy
from lower to higher trophic levels (MacNeil et al. 1997;
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Dorn and Wojdak 2004; Viainoli et al. 2008; Lodge et al.
2012). In Europe, there are many native species of freshwa-
ter crustaceans, but the last decades have seen the increased
introduction, establishment and dispersal of non-native crus-
tacean species (Gherardi 2007). Many of these alien species
have become invasive pests, even more frequently than usu-
ally hypothesised (Jeschke and Strayer 2005; Jeschke 2008),
and their occurrence threatens native biota (Ricciardi et al.
2017; Jeschke and Heger 2018).

Freshwater ecosystems, especially large rivers, are
increasingly subject to multiple invasions where several
groups of invasive alien species (IAS) occur simultaneously
in space and time (Gebauer et al. 2018). They compete for
space, food, predate on natives and can sometimes transmit
diseases and parasites (Ricciardi et al. 2011; Jeschke and
Heger 2018). Increased spread of IAS in European waters
results not only in contact and competition among native and
non-native invasive species, but also among invaders from
different biogeographic regions (Ricciardi et al. 2011). In
addition, the presence of invasive species in an ecosystem

@ Springer


http://orcid.org/0000-0003-2220-5579
http://crossmark.crossref.org/dialog/?doi=10.1007/s00027-020-00762-8&domain=pdf

5 Page2of12

S.Roje et al.

can facilitate invasion by other species (invasional meltdown
hypothesis), and increase the likelihood of their survival and
negative ecological impacts (Simberloff 2006). Their effects
on ecosystems can be divergent but simultaneously additive
or even multiple. One way or another, IAS can inhibit, dis-
place or even eradicate each other (Ricciardi and Atkinson
2004).

Decapods and amphipods are particularly successful
and diverse orders of crustaceans, especially the non-native
representatives of these groups in Europe (Gherardi 2007;
Hinfling et al. 2011). Crayfish are the most abundant deca-
pod invaders in European freshwaters, with at least eleven
non-native species (Kouba et al. 2014; Weiperth et al. 2017).
The vast majority of these species are classed as invasive,
especially those originating from North America (Holdich
et al. 2009; Kouba et al. 2014). They are characterized by
the ability to withstand extreme conditions (Haubrock et al.
2019; Vesely et al. 2015), high fecundity, aggressiveness,
activity, fast maturation, high population densities and/or
the ability to transmit diseases deadly to native crayfish
(Bufic et al. 2013; Kotovska et al. 2016; Svoboda et al. 2017,
Vodovsky et al. 2017). In amphipods, species originating
from the Ponto-Caspian basin are the most problematic IAS
of the main river catchments across Europe (Bij de Vaate
et al. 2002). In general, species of the genus Dikerogam-
marus, with the flag bearer species D. villosus (Sowinsky,
1894) known as the killer shrimp, are the most reported
invasive amphipods in European freshwaters (Bij de Vaate
et al. 2002; Pockl 2009; Rewicz et al. 2014). Killer shrimp is
a voracious predator, preying on a wide spectrum of benthic
macroinvertebrates including insect larvae, leeches, isopods,
other amphipods, and juvenile crayfish (Krisp and Maier
2005; Bufic et al. 2009; Boets et al. 2010; Rewicz et al.
2014). Predation on fish eggs is also reported (Taylor and
Dunn 2017). Moreover, killer shrimp have been observed
injuring or even killing other macroinvertebrates without
consuming them, which illustrates their aggressive nature
and potential impact on prey populations (Dick and Platvoet
2000).

Killer shrimp often co-exist and interact with several
invasive crayfish species, e.g. the signal crayfish Pacifasta-
cus leniusculus (Dana, 1852) and the spiny-cheek crayfish
Faxonius limosus (Rafinesque, 1817), representatives of the
families Astacidae and Cambaridae (Gherardi 2007). Killer
shrimp have been observed predating on early independent
crayfish juveniles (Bufi¢ et al. 2009), but their impact on
other life stages remains unclear. Thus in our present study,
we hypothesized a negative impact of killer shrimp on dif-
ferent developmental stages of crayfish (eggs, hatchlings,
first independent stage of juveniles) even those actively pro-
tected by mothers. Species in the family Astacidae, such
as the signal crayfish and native European noble crayfish
Astacus astacus (Linnaeus, 1758), typically have larger eggs
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and early developmental stages (Kozék et al. 2009; Kouba
et al. 2010), while species in Cambaridae, such as the clonal
marbled crayfish Procambarus virginalis Lyko, 2017, are
small bodied crayfish with smaller eggs and smaller juve-
niles (Kouba et al. 2014; Patoka et al. 2016). This study will
elucidate if small amphipods like killer shrimp can nega-
tively affect populations of larger decapods (including both
mentioned families) via predation on their actively protected
early developmental stages.

Materials and methods
Animals acquisition and maintenance
Killer shrimp

Killer shrimp adults were collected at the lower reaches of
the Czech section of the River Elbe (coordinates: 50.655 N,
14.043 E) from shallow rocky habitats in April 2015. Indi-
viduals were hand collected by walking upstream and turn-
ing over stones, shaking the bottom substrate and using hand
nets to capture individuals escaping or carried by the water
flow. Killer shrimps were transported in polyethylene bags
with water to the experimental facility of the Research Insti-
tute of Fish Culture and Hydrobiology (RIFCH) in Vodiiany,
where they were identified to species level using morpholog-
ical characters (Eggers and Martens 2001) and acclimated
to laboratory conditions before beginning the experiment.
Killer shrimps were placed individually in 100 ml boxes
half-filled with aged tap water. Water was exchanged daily
and killer shrimps were fed once per day with one chirono-
mid larvae, except on the day prior to the start of the experi-
ment. The mean body weight of killer shrimps used in the
experiments is reported below.

Marbled crayfish

Marbled crayfish was used as a suitable model species
comparable with other cambarids (Hossain et al. 2018) like
spiny-cheek crayfish or calico crayfish Faxonius immunis
(Hagen, 1870) which are known to co-occur with killer
shrimp in European rivers. Marbled crayfish were obtained
from our own experimental culture held at RIFCH. Females
with attached eggs were selected from the culture stock and
held individually to avoid interference by other crayfish.
They were acclimated to laboratory conditions in 2500 ml
plastic boxes with 2000 ml of aged tap water at 20 °C before
the experiments. The temperature was maintained by storing
the boxes in an adjustable temperature incubator with 12 h
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light and 12 h dark photoperiod. The females were used in
four different ways:

1. 38 females (carapace length, CL =22.7 +4.0 mm, meas-
ured from the tip of rostrum to the posterior edge of
cephalothorax, weight=4.3+2.5 g) were stripped of
eggs to estimate fecundity. Eggs were carefully stripped
firstly from the 3rd pair of pleopods using entomological
forceps and placed in a Petri dish with a small amount of
water and counted. Then, the rest of attached eggs were
stripped to another Petri dish with a small amount of
water and counted. Data obtained were used in a regres-
sion analysis to obtain an equation for linear regression
to estimate total fecundity from eggs sampled from the
3rd pair of pleopods (as recommended by Hossain et al.
2019).

The eggs were then used to test the ability of killer
shrimp to destroy and eat marbled crayfish eggs (see
below). The sample of 50 eggs was weighed using an
analytical scale (Mettler, Toledo, USA) to the nearest
0.1 mg to calculate average egg weight (2.4 mg). The
rest of the eggs were terminated by hot water and dis-
carded.

2. 16 ovigerous females (CL=25.2+4.3 mm,
weight=5.7 +3.6 g) were used to test the ability of killer
shrimp to destroy and eat marbled crayfish eggs directly
from the female’s pleopods in spite of maternal care and
protection. Prior to the experiment, all eggs from the
3rd pair of pleopods were carefully stripped from each
female using entomological forceps and counted to esti-
mate initial total fecundity.

3. 25 ovigerous females (CL=24.3+3.9 mm,
weight=5.3 +2.6 g) were incubated until hatched juve-
niles reached the 3rd developmental stage (DS)—the
stage of independence in cambarid crayfish (Andrews
1907; Vogt et al. 2004). Juveniles were carefully
detached using entomological forceps and then used to
test the ability of killer shrimp to overpower and eat
marbled crayfish early juveniles. The sample of 50 juve-
niles was individually weighed using an analytical scale
(Mettler, Toledo, USA) to the nearest 0.1 mg to calculate
the average individual weight (3.9 + 0.6 mg).

4. For the last experiment, 70 randomly selected
mature marbled crayfish (CL=22.6+2.8 mm,
weight=3.4+ 1.3 g) were taken from our own culture
and maintained in the same way as ovigerous females.
These were used to assess marbled crayfish predation on
mature killer shrimp individuals.

Signal crayfish

Signal crayfish were caught in April 2015 from the pond sys-

traps. After transfer to the experimental facility of RIFCH,
they were placed into flow through channels. Female cray-
fish with attached eggs were sorted and held individually
to avoid interference by other crayfish. These females were
acclimated to laboratory conditions in 2500 ml plastic boxes
with 2000 ml of tap aged water at 15 °C before the experi-
ments. The temperature was maintained by storing the boxes
in an adjustable temperature incubator with 12 h light and
12 h dark photoperiod. The females were used in different
ways:

1. 22 females (CL=39.9+4.3 mm, weight=21.0+6.6 g)
were used to estimate the correlation between egg
count on the 3rd pair of pleopods and total fecundity.
Eggs were stripped, weighed, counted and managed as
described above for marbled crayfish.

2. 16 ovigerous females (CL=40.0+5.0 mm,
weight=20.8 +7.0 g) were used to test the ability of
killer shrimp to destroy and eat signal crayfish hatch-
lings (juveniles in the 1st DS; Andrews 1907) directly
from a female’s pleopods in spite of maternal care and
protection. Juveniles in the 1st DS were used because
we observed low predation rates on signal crayfish eggs
(see below). Prior to the experiment, all hatchlings from
the 3rd pair of pleopods were carefully stripped from
each female using entomological forceps and counted
to estimate initial total fecundity.

3. 18 ovigerous females (CL=41.5+4.1 mm,
weight=23.3+6.3 g) were incubated till hatched juve-
niles reached the 2nd DS—the stage of independence in
astacid crayfish (Andrews 1907). Juveniles were care-
fully detached using entomological forceps and then
used to testing of killer shrimp ability to overpower and
eat signal crayfish early juveniles (see below an experi-
mental set-up part). The sample of 50 juveniles in the
2nd DS was individually weighed using an analytical
scale (Mettler, Toledo, USA) to the nearest 0.1 mg to
count the average individual weight (22.5 +2.9 mg).

4. For the last experiment, 70 randomly selected
young mature signal crayfish (sex ratio 1:1,
CL=30.5+2.7 mm, weight=8.1+2.2 g) from the
same source as females above were used for predation on
mature killer shrimp individuals (see below an experi-
mental set-up part).

Experimental set-up

Killer shrimp as predators of unprotected crayfish eggs

The feeding rates of killer shrimp (mean individual weight
65.5+28.1 mg and 62.2 +19.2 mg in signal and marbled

crayfish experiments, respectively) were quantified by using
seven egg densities (1, 3, 6, 10, 15, 20 and 25 eggs per

@ Springer



5 Page4of12 S.Roje et al.

experimental arena) with 8 replicates per each egg density W <ahN e‘“("hN0)>

and species. The experimental temperature was set at 15 and N =N, 0 3
=Ny

20 °C for signal and marbled crayfish, respectively. 15 °C
corresponds to the temperature at which signal crayfish can
develop and hatch and 20 °C corresponds to the suitable
temperature for marbled crayfish reproduction and the cul-
ture conditions of the experimental stock. The experiments
were conducted in a Velp Scientifica-FOC 215e incubator
with the light regime 12 h of light and 12 h of darkness.
Boxes of 500 ml volume (bottom area 7.5 X 6 cm, 300 ml of
aged tap water) were used as experimental arenas. Stripped
eggs were introduced in the experimental arenas 1 h before
the experiment. One individual killer shrimp was then
introduced to each arena. Each killer shrimp was starved
for 24 h prior to the experiment to standardize hunger level.
The number of remaining undamaged and damaged eggs
(chopped) in each arena was recorded after 24 h. In the case
of eggs, no control stock without killer shrimp was made,
because of the inactive nature of eggs.

We distinguished between eaten eggs (IV,), and damaged
(chopped) eggs. We then analysed the effects of prey density
and prey size (species). For prey species, a logistic regres-
sion between initial prey density (V,) and the proportion of
prey eaten (NV,/N,) was computed to identify the shape of the
functional response:

N, exp (Py + PNy + P,N3 + P3N3)
Ny 1+exp (Py+ PNy + P,N2 + P;N?)

ey

where P, P, P,, and P; are the intercept, linear, quadratic,
and cubic coefficients, respectively, estimated by the maxi-
mum likelihood (Juliano 2001). If P, <0, the proportion of
prey killed declines monotonically with the initial density
of prey, matching a type II functional response. If P; >0
and P, <0, the proportion of prey killed is a unimodal func-
tion of prey density, corresponding to a type III functional
response (Juliano 2001). When our results indicated type
II functional response we estimated functional response
parameters using the type II Rogers random predator equa-
tion (Rogers 1972) that accounts for prey depletion during
the experiment:

N, = No(1 = exp (ali-hN,))) @

where N, is number of prey eaten, N, is initial prey density
per litre, a is the consumer attack rate (a, L.day_l), h is the
consumer handling time (h, day.prey~!) and ¢ is the duration
of experiment in days. Before fitting the Rogers model to
our experimental data, we used Lambert W function to solve
Eq. 2 for N, (for further details see Bolker 2008).
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We then tested whether the attack rate and handling time
of each predator was influenced either by type of prey or
predator species by comparing the overlap in the 95% con-
fidence intervals (CI) of the parameter estimated values. We
assumed differences among treatment to be significant if CI
of the parameter estimates did not overlap (Sentis et al. 2012,
2013). We calculated 95% CI using the standard errors for
the estimates of each model parameter.

To determine the maximal number and biomass of eggs
that killer shrimp are able to destroy or consume, we used
the results from the three highest egg densities (15, 20, 25
eggs per arena), at which killer shrimp never killed or ate
all the available prey. We calculated the average number of
eaten prey, attacked prey (including eaten and attacked but
not eaten prey together) and the biomass of prey eaten and
expressed it as the percentage of individual predator body
weight.

Killer shrimp as predators of juvenile crayfish

Functional response of killer shrimp (weight of
80.8+31.4 mg and 87.1 +31.0 used for signal and marbled
crayfish respectively) was quantified by measuring their
feeding rate at seven densities of independent crayfish juve-
niles (1, 3, 6, 10, 15, 20 and 25 juveniles per experimental
arena) for each crayfish species. As in the egg experiment,
two experimental temperatures were used (15 and 20 °C) in
accordance with the conditions experienced in the terminal
stages of egg incubation and postembryonal development.
Stripped independent juveniles (in the 2nd and 3rd develop-
mental stage for signal and marbled crayfish, respectively)
were introduced to the experimental arenas one hour prior
to predators. After this acclimation period, killer shrimps
were released into the arenas. The number of remaining
prey and dead prey in each arena was recorded after 24 h.
Nine and eight replicates were made for signal and marbled
crayfish juveniles. In addition, replicates without consumers
(five and three for signal and marbled crayfish, respectively)
were conducted at each prey density to control for potential
“natural” mortality of prey. We then used the same models
as described above for crayfish eggs.

To determine the maximal number and biomass of juve-
niles that killer shrimp are able to destroy or consume, we
again used the results from the three highest densities (15,
20, 25 per arena) at which killer shrimp never killed or ate
all the available prey. We calculated the average number of
eaten prey, attacked prey (including eaten and attacked but
not eaten prey together) and the biomass of prey eaten and
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expressed it as the percentage of individual predator body
weight.

Killer shrimp vs. ovigerous crayfish

In total, 14 carrying females were tested per crayfish species.
For marbled crayfish we used ovigerous females, while in
signal crayfish we used females carrying 1st DS juveniles
(Andrews 1907) since we found low predation of signal
crayfish eggs in the previous set-up. As before, experiments
were run at 15 and 20 °C for signal and marbled crayfish
respectively, maintained by a Velp Scientifica-FOC 215e
incubator with a regime of 12 h of light and 12 h of darkness.
Boxes with a volume of 2500 ml (bottom 25.4% 17.3 cm,
bottom area 0.044 m?, 2000 ml of aged tap water) with a
shelter (halved ceramic plant pot) and gravel substrate were
used as experimental arenas.

Before stocking the experimental arenas, all eggs/juve-
niles were stripped from the females® 3rd pair of pleopods
and counted to estimate the initial total fecundity (see
above) in both control and amphipod-exposed females.
Seven females from each species were individually placed
in arenas together with a stock of killer shrimps and, as a
control, seven females were placed in arenas without killer
shrimps. Killer shrimp stock consisted of 16 animals per
arena (weight of 76.8 +32.4 mg and 81.5+26.7 mg used
for signal and marbled crayfish, respectively), equivalent
to a density of ~360 individuals per m?. This corresponds
with densities of killer shrimp found in natural conditions
(e.g. MacNeil et al. 2010) but is much less than the high-
est recorded densities: 4000—-10,000 individuals per square
meter (Van Riel et al. 2006; Gallardo et al. 2012).

Experimental arenas were then placed in the incubators
for 72 h. After this period all females were removed and all
eggs/juveniles were gently stripped from their pleopods and
counted. The remaining killer shrimps in the experimental
arena were also counted. The estimated initial fecundity was
then compared with actual counts in control and amphipod-
exposed females.

Crayfish as predators of killer shrimps

Functional response of mature crayfish (both signal and mar-
bled crayfish) was quantified by measuring their feeding rate
at seven densities of mature killer shrimps (1, 3, 6, 10, 15,
20 and 25 killer shrimps per experimental arena). Individual
killer shrimps had a mean weight of 95.4 +26.4 mg and
91.3+31.5 mg for signal and marbled crayfish experiments,
respectively. To account for small differences in crayfish
body weight, the predator pressure on prey is expressed as
number of prey eaten per gram of predator. The experimen-
tal temperature of 20 °C was used for both species, main-
tained by Velp Scientifica-FOC 215e incubator with light

regime 12 h of light and 12 h of darkness. Killer shrimps
were introduced to the experimental arenas one hour prior
to consumers. After this acclimation period, crayfish were
released into the arenas. The number of remaining prey and
dead prey in each arena was recorded after 24 h. Eight rep-
licates of each density were made for both signal and mar-
bled crayfish. In addition, three replicates without consumers
were conducted for each prey density to control for potential
“natural” mortality of prey. We then modelled functional
response as described above.

To reveal the maximal numbers of prey and biomass
which each crayfish species is able to destroy or eat, we
used the results from the tests with the three highest densi-
ties of killer shrimp (15, 20, 25 per arena), in which crayfish
never killed or ate all prey offered. We calculated the aver-
age number of eaten prey, attacked prey (including eaten
and attacked but not eaten prey together) and the biomass
of eaten prey and expressed it as a percentage of individual
predator body weight.

Statistical analyses

The statistical analyses were conducted in R and Statistica
13. Analysis of functional response of organisms and their
parameters was performed in R (R Core Team 2016). To
compare differences in estimated and observed fecundity
in both control and amphipod-exposed carrying females we
used paired 7 tests. A Mann Whitey non-parametric test was
used to assess differences in estimated and observed fecun-
dity between amphipod-exposed crayfish and the control
group, and to test for differences in the relative biomass of
prey eaten (relative to the individual predator biomass) by
signal and marbled crayfish. For all the statistical test we
used a=0.05.

Results
Killer shrimp as predators of crayfish eggs

Only 10 of 54 killer shrimps were able to open and con-
sume the eggs of signal crayfish, i.e., only 18.5% of indi-
viduals. These 10 killer shrimps were able to eat up to 2 eggs
and damage 3 eggs (damaged uneaten eggs) at maximum,
respectively. Damaged eggs were observed in all densities,
eaten eggs only in densities 6, 10, 20, and 25. In all cases
we observed the consumption of all egg-stalks, the connect-
ing parts between the female pleopods and eggs. There was
no relationship between prey density and number of prey
eaten so the relationship was not investigated by functional
response approach.

Only one killer shrimp from 54 (i.e. 1.9%) did not dam-
age and eat any marbled crayfish eggs (prey density 3). The
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Fig.1 Prey type dependent functional responses. Individual repli-
cates (dots=eggs, triangles=juveniles) overlaid by prediction of
the most parsimonious model (full and dashed line). Red=eggs,
blue =juveniles

maximum amount of eggs consumed and damaged was 5
and 11, respectively. The smallest killer shrimp that suc-
cessfully damaged and even consumed the egg was equal
to the size of the smallest killer shrimp used (35 mg). The
functional response curve corresponded to the Holling type
II (P1=-4.03; SE=1.07; P<0.001) (Fig. 1). Calculated
attack rate and handling time are presented in Fig. 2 and
Table 1. Those values indicate the lower effort to find and
attack immobile prey but its more difficult handling.

At the three highest prey densities, the number of eaten
marbled crayfish eggs and damaged eggs was significantly
higher than that of signal crayfish (eaten eggs Z=-3.50,
P <107; damaged eggs Z=-5.82, P < 107). There was no
difference in the relative biomass eaten between the two spe-
cies. The average number of eaten prey, attacked prey and
the prey eaten biomass expressed as the percentage of preda-
tor body weight is shown in Table 2.

Killer shrimp as predators of crayfish juveniles

Only 13 of 63 killer shrimps were able to predate on signal
crayfish independent juveniles (2nd DS), i.e. only 20.6% of
individuals. We therefore did not find a significant relation-
ship between prey density and number of prey eaten, and did
not calculate functional response. These 13 killer shrimps
were able to eat up to 3 juveniles and kill 4 juveniles (killed
and uneaten) at maximum, respectively. Eaten and/or killed
juveniles were observed in all densities tested. The smallest
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Fig.2 Comparison of killer shrimp (Dikerogammarus villosus) attack
rates and handling times between marbled crayfish (Procambarus vir-
ginalis) eggs and juveniles. Data shown as mean+95% confidence
interval. Significant differences (revealed by comparing the overlap in
the 95% confidence intervals (CI) of the parameter estimated values
in accordance to Sentis et al. 2012, 2013) are marked by asterisk

Table 1 Handling time (h) and attack rate (a) of killer shrimp Dikero-
gammarus villosus preying on marbled crayfish (Procambarus virgin-
alis) juveniles and eggs.

Estimate SE CI Min Max
Marbled crayfish
Eggs
a 0.70 0.36 0.70 0.008 1.4
h 0.40 0.09 0.17 0.23 0.58
Juveniles
a 4.26 1.26 2.49 1.78 6.74
h 0.155 0.013 0.03 0.13 0.18

Standard error of mean (SE), confidence interval (CI), minimal (Min)
and maximal value (Max)
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Table 2 The number of prey

. Predator Prey Prey eaten Prey killed Biomass eaten (%)

eaten, prey killed (attacked

but not eaten), and the weight Mean Range Mean Range Mean Range

of prey eaten expressed as a

percentage of predator biomass Dv-15 °C Eggs—S 0.6+ O.Sb 0-2 1.0+1 ,1b 0-3 6.6+10.0% 0-32.3

in different predator—prey Dv—20°C  Eggs-M  22+1.6*  0-5 78+1.7* 3-11 9.4+6.6" 4.8-21.3

set-ups Dv-15°C  Juv.-S 0.3+0.7°  0-3 0.6+09° 04 6.0+£12.9° 0452
Dv-20 °C Juv.-M 6.3+2.1° 3-10 9.3+23% 4-13 27.2+10.0* 5.9-43.8
S-20°C Dv 47+35  0-15 77451  0-21 6.1+4.7° 0-17.7
M-20 °C Dv 53+25% 1-12 13.1+6.4% 3-23 17.0+7.9? 1.9-33.4

killer shrimp able to predate on signal crayfish independent
juveniles weighed 47.7 mg.

All killer shrimps were able to kill and eat marbled cray-
fish independent juveniles (3rd DS). The maximum number
of juveniles consumed and killed was 10 and 13, respec-
tively. The minimal size of the killer shrimp that successfully
killed and consumed an independent marbled crayfish juve-
nile was 38 mg (at the density 10), equal to the size of the
smallest killer shrimp used. The functional response curve
corresponded to the Holling type IT (P1=-3.71, SE=0.77,
P <0.001) (Fig. 1). Calculated attack rate was significantly
higher than on marbled crayfish eggs (P <0.001) while han-
dling time was significantly lower than on marbled crayfish
eggs (see Fig. 2, Table 1).

At the three highest prey densities, killer shrimp ate sig-
nificantly more marbled crayfish juveniles than signal cray-
fish juveniles (Z=- 6.00, P < 1079), killed more juveniles
(Z=- 6.03, P< 107 and consumed a greater biomass of
marbled crayfish juveniles than signal crayfish juveniles
(Z=— 4.79 P<107). The average number of eaten prey,
attacked prey and the biomass eaten expressed as the per-
centage of predator body weight is shown in the Table 2.

Killer shrimp (Dv; Dikerogammarus villosus), marbled
crayfish (M; Procambarus virginalis), and signal crayfish (S;
Pacifastacus leniusculus) were used as predators as well as
prey. Juv.—crayfish juveniles in 2nd and 3rd developmental
stage of signal (S) and marbled crayfish (M), respectively.
Eggs—egg of signal (S) and marbled crayfish (M). Experi-
ments were performed at 15 °C and 20 °C for signal and
marbled crayfish eggs and juveniles respectively (prey densi-
ties 15, 20, and 25 individuals), according to their tempera-
ture specific incubation terminal phases

Different superscripts indicate significant differences
within experimental set-ups («=0.05). Data are presented
as mean =+ standard deviation

Killer shrimp vs. ovigerous crayfish

A highly significant linear relationship was found between
the egg number on the 3™ pair of pleopods and overall
fecundity in both signal crayfish (y =35.924 4+ 3.019x,
R?2=0.856, P<107% and marbled crayfish

(y=-9.730+3.431x, R?=0.937, P < 107%). This linear
relationship was used to estimate fecundity of control and
amphipod-exposed females. Egg-carrying signal crayfish
females stocked together with killer shrimp individuals
had significantly lower final fecundity than estimated
(t=7.39, P < 107%) while control females did not. The dif-
ference between estimated and observed fecundity was
significantly higher in amphipod-exposed females than in
control ones (Z=2.30, P=0.021), on average 12.6% more
juvenile losses than the control. While counting attached
juveniles, some were found still attached to pleopods but
missing substantial parts of their body (usually whole
abdomen and part of the carapace).

Similarly to signal crayfish, marbled crayfish females
stocked together with killer shrimp individuals had signifi-
cantly lower fecundity than estimated (r=3.79, P=0.009)
while control females did not. The difference between
estimated and observed fecundity was also significantly
higher in amphipod-exposed females than in control ones
(Z=2.68, P=0.007). It is in average 14.6% more juvenile

Table 3 The fecundity estimated (E) and observed (O), and the aver-
age difference (%) between estimated and observed values in carrying
females of signal crayfish (S; Pacifastacus leniusculus) and marbled
crayfish (M; Procambarus virginalis) when exposed to killer shrimp
(Dv; Dikerogammarus villosus) and without killer shrimp presence
[control (C]

Species Fecundity E Fecundity O Difference
between E and
0 (%)
S
C 133.4+16.1° 122.1+£23.7* -9.0+954
Dv 151.0+49.3* 119.3+42.0° —21.6+6.6°
M
C 186.3+102.6 191.7+106.2% 42479
Dv 183.4+96.9* 164.9+95.5° —104+6.6°

Significant differences (x=0.05) between estimated and observed
values in particular rows are highlighted by lower case superscripts
Significant difference in average differences between control and
amphipod-exposed females in the last column are highlighted by
upper case superscripts. Data are presented as mean + standard devia-
tion
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losses compared to control. Estimated and observed fecun-
dity and mean differences are presented in Table 3.
During exposure time females were able to substan-
tially reduce the number of killer shrimps. Signal and mar-
bled crayfish females killed on average 53.6 +38.0% and
57.1+6.7% of stocked killer shrimps, respectively.

Crayfish as predators of killer shrimps

Signal crayfish used in the experiments were significantly
larger (r=16.09, P < 10‘6) and heavier (t=14.04, P<107%)
than marbled crayfish. Signal crayfish were able to eat 15
(density 20) or kill 21 (density 25) killer shrimps (killed
and uneaten) at maximum while marbled crayfish ate 12
(density 20) and killed 23 (density 25) killer shrimps at
maximum. Thus, a ratio between crayfish weight and prey
eaten was applied to account for crayfish size.

The functional response curve corresponded to the
Holling type II for both signal crayfish (P1=— 4.99,
SE=1.73, P<0.001) and marbled crayfish (P1 =— 4.29,
SE=1.14, P<0.001) (Fig. 3). Attack rate did not differ
significantly between signal and marbled crayfish, while
handling time was significantly lower in marbled crayfish
than in signal crayfish (Fig. 4).

At the three highest prey densities, the number of eaten
killer shrimps did not significantly differ between signal
crayfish and marbled crayfish, but the number of killed
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Fig.3 Curves corresponding to Holling type II calculated for density
dependent functional responses from single-consumer (signal crayfish
Pacifastacus leniusculus and marbled crayfish Procambarus virgin-
alis) preying on killer shrimp (Dikerogammarus villosus). Individual
replicates (dots) overlaid by prediction of the most parsimonious
model (dashed line)
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Fig.4 Comparison between attack rate and handling time of sig-
nal crayfish (Pacifastacus leniusculus) (n=56) and marbled crayfish
(Procambarus virginalis) (n=56) predating on killer shrimp (Dikero-
gammarus villosus). Data shown as mean +95% confidence interval.
Significant differences (revealed by comparing the overlap in the 95%
confidence intervals (CI) of the parameter estimated values in accord-
ance to Sentis et al. 2012, 2013) are marked by asterisk

killer shrimps (i.e. eaten + killed and uneaten) was signifi-
cantly higher in marbled crayfish (Z=— 3.09, P =0.002),
as well as the biomass eaten (Z=— 4.35 P<10™). The
average number of eaten prey, attacked prey and the bio-
mass eaten expressed as percentage of predator body
weight is shown in Table 2.

Discussion

As a result of multiple invasions, novel and often unex-
pected species compositions are reported with many effects
on native biodiversity. Except the strong effect on native
species, non-native invaders can also have an impact on
other non-native invaders. These interactions are still not
well studied. Killer shrimp co-exist and interact in many
European rivers with invasive crayfish species. In the present
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study the example species included two invasive crayfish
species: (1) signal crayfish representing family Astacidae
and hence also partially European native crayfish potentially
co-existing with killer shrimp, and (2) marbled crayfish
representing family Cambaridae which differ from astac-
ids, among others, by the smaller size of eggs and inde-
pendent juveniles (Kozék et al. 2015). Crayfish, no matter
from which family are characterised by intensive brood care
and further maternal care even in stages when juveniles are
freely moving, fully developed and independent (Aquiloni
and Gherardi 2008; Mathews 2011; Vogt 2013).

During embryonal development crayfish clean the clutch
and move by pleopods to prepare the best conditions for
incubation. After hatching, the female’s care continues dur-
ing the stages of dependent juveniles—1st developmental
stage in astacids and Ist and 2nd stage in cambarids (Vogt
2013; Kozak et al. 2015). In the following stages, juveniles
become independent, actively feeding and moving in the
proximity of the mother, but still use the mother’s abdomen
as a safe port in danger (Aquiloni and Gherardi 2008; Kubec
et al. 2019). Egg clutches and early juveniles therefore seem
to be well protected, but are they protected when exposed to
strong killer shrimp pressure? As it known, killer shrimp is
able to predate on independent cambarid juveniles till 4th
or even Sth developmental stage with a potential to reduce
the crayfish offspring recruitment (Bufic et al. 2009) but can
they predate on larger astacid juveniles or even predate on
protected eggs and juveniles directly at the female’s abdo-
men? The present study elaborated the influence of killer
shrimp on incubated egg clutches and juveniles from the
theoretical (predation on detached eggs/juveniles without
guarding females) as well as practical point of view when
carrying females were faced with the group of killer shrimps
at a realistic field density more than 20 times lower than
maximal reported values (Van Riel et al. 2006; Gallardo
et al. 2012).

We found that killer shrimp can predate on both eggs
and juveniles of both tested crayfish species, although the
larger size of astacid eggs and juveniles as well as lower
incubation temperature of eggs and thus lower metabolic
activity of predators, may partially protect them. But the
smaller sized cambarid eggs and first developmental stages
were very good prey for killer shrimps, and were consumed
in high quantities. The estimated attack rates and handling
times indicated that killer shrimps are more efficient at (or
prefer) catching juveniles than eggs. Also, shorter handling
times indicate that they can consume more juveniles than
eggs when their densities are not limited. Overall, it seems
that killer shrimps feed more on juveniles than eggs which
is a bit surprising. It may be that the nutritional quality of
eggs is poor compared to juveniles, or killer shrimp may
prefer moving prey. However, we suggest it is more likely
that killer shrimps simply struggle to open the egg shell,

increasing the handling time. Moreover, crayfish juveniles
are more common, so amphipods are more “experienced” in
handling them throughout evolution, while crayfish eggs are
something rare in the environment because of their attach-
ment to mother during incubation.

The biomass consumed by killer shrimp illustrates its
high impact on invertebrate communities (Hellmann et al.
2017). We confirmed that killer shrimp kill more prey than
they can eat (only 28% of and 68% of killed marbled cray-
fish eggs and juveniles were also consumed) as described
also Dick and Platvoet (2000). In real conditions, where the
clutches of eggs/juveniles are actively guarded and cared
by females (Vogt 2013) this rate could differ. We decided to
use ovigerous females because the vast majority of the time
when females carry a clutch (eggs and first developmental
stages of juveniles) consists of egg incubation (Reynolds
2002). But the limited ability of killer shrimp to open and eat
big eggs of signal crayfish lead us to use females with fresh
hatchlings i.e. juveniles in the 1% DS, to see a possible effect
of killer shrimps on the carried clutch. Carrying females
of both species guarded their clutches which resulted in
more than a 50% decrease of killer shrimp quantity dur-
ing the experiment. However, clutches were not guarded
effectively because females lost a significant proportion of
their offspring (12% of hatchlings in signal crayfish and 14%
of eggs in marbled crayfish). In the case of signal crayfish,
several halves of juveniles were observed among the surviv-
ing juveniles, further confirming the destructive impact of
killer shrimp on the clutch. The effect of crayfish cannibal-
ism can be ruled out here, because crayfish in the 1st devel-
opmental stage of crayfish do not feed yet (Reynolds 2002;
Kozak et al. 2009). Some post-manipulation egg losses were
observed in marbled crayfish, but these also occurred in the
control group which was handled in the same way. Experi-
ment was carried out in limited space which can in fact limit
the effect of killer shrimp due to restricted possibilities to
escape from the outreach of the crayfish. In natural condi-
tions we suggest even higher clutch losses are likely in killer
shrimp populated areas because of the unrestricted space and
availability of sheltering spaces for killer shrimp to escape
and hide (e.g. at the bottom of several layers of differently
sized particles). In such conditions crayfish females have
limited opportunities to catch the intruder or limit their over-
all quantities.

Killer shrimp also play an important role as prey spe-
cies in European freshwater ecosystems (Gherardi 2007),
and as expected both crayfish species we tested were able
to prey on them at a considerable intensity. However, the
difference between the two crayfish species predatory
impact was significant. Despite the smaller size of mar-
bled crayfish (about 74% and 45% of signal crayfish size
and weight, respectively), it was able to eat equal numbers
of killer shrimps. However, they killed almost twice the
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number of prey than signal crayfish did, much like other
true predators that kill more than is possible to eat (Kruuk
1972; Oksanen et al. 1985; Vesely et al. 2017a, b). They
also consumed almost three times the relative biomass
eaten by signal crayfish. The much lower handling time
of prey by marbled crayfish can help to explain these find-
ings. In addition, they may have a higher metabolic rate at
20 °C as warm water species compared to cold water sig-
nal crayfish. Marbled crayfish have also been found to be
more voracious and slower to reach satiation than spiny-
cheek crayfish (Linzmaier and Jeschke 2019).

Overall, the results from our experiments confirmed the
predatory capabilities of the killer shrimp and highlight
their extreme boldness when attacking clutches of crayfish
eggs or juveniles actively guarded by females. This bold
predatory behavior illustrates the serious threat posed by
killer shrimp invasions as well as the interesting foraging
behavior of pilfering under the “safety camera”. It is sur-
prisingly risky behavior, given that crayfish females were
were able to eat around 50% of killer shrimp in the experi-
mental stock. Due to its intensive aggressive foraging on
various aquatic organisms (Platvoet et al. 2009; MacNeil
et al. 2013; Taylor and Dunn 2017) it is no wonder that
killer shrimp trophic position is more similar to that of
small benthic fish (Van Riel et al. 2006) or even to preda-
tory fish (MacNeil et al. 2010) than to other gammarids.
In addition to these direct trophic impacts, they are also
strong competitors for resources such as shelters against
predators (Van Riel et al. 2007; Platvoet et al. 2009). High
population densities of killer shrimp can magnify these
effects (Cuthbert et al. 2019) but also can provide a good
food source for other aquatic organisms as fish (Gherardi
2007) or crayfish as confirmed by our study. In their
early developmental stages marbled crayfish are vulner-
able to being preyed upon by killer shrimp, but as adults
the roles are reversed and they voraciously predate upon
killer shrimp, killing more than they can eat (only consum-
ing ~40% of prey killed). Despite this reciprocal preda-
tion pressure these two invaders are probably not able to
extinguish each other (e.g. due to other food resources)
but they probably can negatively affect each other during
long term coexistence.

Our results support the need for more complex investi-
gation of over-invaded freshwater ecosystems, where com-
munities accumulate new invasive species over time with
an increasing number of interactions types and strength
among them (Collin and Johnson 2014). In many large
river systems native species are in the minority and in the
case of benthic communities this situation is even worse.
The ecosystems functioning therefore become changed as
the influence of multiple invaders can be additive or even
multiple (Ricciardi and Atkinson 2004; Penk et al. 2017).
Our study provides further evidence that novel IAS have

@ Springer

not only major ecological impacts (including predation
on native species, increased competition for habitat and
resources, disease transfer or habitat degradation) but can
also theoretically inhibit, substitute or (in extreme cases)
even extirpate each other.
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