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and independent of predator cues
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Abstract The invasion of the Ponto–Caspian amphi-

pod Dikerogammarus villosus in European rivers is

assumed to reduce macroinvertebrate diversity and to

alter ecosystem functions. D. villosus shows an

extraordinarily flexible feeding behavior including

the ability to use various food sources. On the other

hand, its response to predation risk seems to depend on

environmental factors. To evaluate the ecological

function of D. villosus, we estimated the daily food

consumption for different food sources and analyzed

potential effects of predator avoidance behavior on

feeding. D. villosus consumption of willow leaves or

chironomid larvae was quantified in 24-h laboratory

experiments with and without kairomones of the

European bullhead (Cottus gobio). Consumption rates

were estimated based on gut content and gut evacu-

ation rate under semi-natural laboratory conditions

enabling the animals to feed over the whole time of the

evacuation rate experiment. We observed very high

evacuation rates and consequently high consumption

rates up to 89% of body weight per day. Consumption

rates differed significantly between food sources:

D. villosus ingested more leaves than chironomid

larvae. In contrast, predator cues did not affect the

feeding of D. villosus. This might be explained by its

strong refuge affinity and probably benefits its suc-

cessful invasion. A comparison of the estimated

consumption rates with results of an own consumption

experiment (and other studies) under more artificial

conditions indicated that more natural conditions

result in higher consumption rates. Consequently,

feeding rates from highly artificial experiments should

be used with great caution to assess the ecosystem

function of D. villosus.

Keywords Feeding behavior � Predator avoidance �
Leaf litter decomposition � Predation � Daily ration �
Gut clearance

Introduction

Although migration of organisms is a natural process,

the number of invasive alien species in aquatic
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ecosystems has dramatically increased during the last

century (Kinzelbach 1995; Krisp and Maier 2005;

Strayer and Dudgeon 2010) due to growing impor-

tance of anthropogenic vectors, such as canals or

ballast water (Gollasch 1996; Tittizer 1997). Because

the establishment of invasive species can endanger the

native biodiversity and change ecosystem functions

(Kinzelbach 1995; Strayer 2010; Dodd et al. 2013), the

effects of aquatic invaders on the biotic community

and ecosystem function of rivers have become an

important issue of limnological research (Strayer

2010). A ‘notorious’ example of an aquatic invasive

species is Dikerogammarus villosus (Sowinski 1894).

This freshwater amphipod, which is native to the

Ponto–Caspian region, colonized the River Rhine

from the River Danube via the Main–Danube Canal

and is currently spreading into other rivers of Conti-

nental Europe and the British Isles (Bij de Vaate and

Klink 1995; Tittizer 1997; Devin et al. 2001; Bij de

Vaate et al. 2002; Tricarico et al. 2010; MacNeil et al.

2010; Rewicz et al. 2014). D. villosus possesses

several traits making it a potentially strong predator

or competitor in benthic communities. It displaces

other gammarid species from colonized habitats (e.g.

Jermacz et al. 2015; Kobak et al. 2016; Beggel et al.

2016), has a high reproduction rate (Devin et al. 2004;

Pöckl 2007) and differs from indigenous gammarid

species with respect to its large size (Dick and Platvoet

2000). D. villosus is expected to have high predation

rates and a wide food spectrum (Maazouzi et al. 2007;

Bollache et al. 2008; Platvoet et al. 2009b; Dodd et al.

2013; Hellmann et al. 2015). Under laboratory con-

ditions it shows an aggressive and predacious behavior

(Dick et al. 2002; MacNeil and Platvoet 2005),

whereas in the field, stable isotopes and gut content

analyses of D. villosus indicate a highly opportunistic

and omnivorous feeding behavior (Maazouzi et al.

2009; Hellmann et al. 2015; Koester et al. 2016). A

diverse as well as temporally and spatially variable

diet composition reflects the feeding strategy (sit-and-

wait) (Pellan et al. 2016) and the ‘domicolous’

behavior of D. villosus (Platvoet et al. 2006). The

amphipod is also highly tolerant against salinity and

temperature changes (Bruijs et al. 2001; Wijnhoven

et al. 2003) and prefers rip-rap habitats (Van Riel et al.

2006a), which probably contributes to the species’

tolerance against anthropogenic habitat degradation

(Grabowski et al. 2007; MacNeil and Platvoet 2013).

With regard to all these specific traits, the occur-

rence of D. villosus has not only been associated with

the decrease of native gammarids and other macroin-

vertebrate species (e.g. Dick and Platvoet 2000; Devin

et al. 2001; Bij de Vaate et al. 2002; Devin et al. 2004;

Boets et al. 2010) but also been suspected to change

functions of ecosystems (MacNeil and Platvoet 2005;

Van Riel et al. 2006b; Bollache et al. 2008; MacNeil

et al. 2010, 2011). However, some studies detected

neither a high predation intensity by D. villosus nor

major structural changes in the resident macroinver-

tebrate community caused by this amphipod (Koester

and Gergs 2014; Hellmann et al. 2015; Koester et al.

2016; Hellmann et al. 2017).

Due to its very wide food spectrum, the ecological

function of D. villosus is hard to define. Recent studies

even showed that it might be river-specific, because

this species seems to be omnivorous in the middle

River Rhine but almost exclusively a primary con-

sumer in the upper River Elbe (Hellmann et al.

2015, 2017). Consequently, if D. villosus would

indeed replace native species, it is not clear whether

the invader might then be able to provide the same

ecological functions as the native species. For exam-

ple, the leaf consumption rate of D. villosus has been

observed to be lower than that of native species

(Piscart et al. 2011; Boeker and Geist 2015; Jourdan

et al. 2016). Therefore, a large-scale species turnover

in benthic communities could affect the important

ecosystem function leaf decomposition (MacNeil et al.

2011, 2011; Piscart et al. 2011; Jourdan et al. 2016).

In any case, the potential impact of an invader on a

community and on ecosystem functions depends

largely on the quantity of food it consumes, whether

of other (prey) species or of shared resources. There

are two principal methods to quantify the consumption

rate of an animal directly (in contrast to bioenergetics

models quantifying food consumption indirectly). One

of them is the ‘subtraction method’ which is based on

the presentation of pre-defined food sources and the

counting or weighing of the remains after a defined

time in a laboratory consumption experiment (e.g.

Willoughby and Earnshaw 1982; Normant and Lam-

precht 2006; Gergs and Rothhaupt 2008). This method

is often used to investigate the food consumption as a

physiological response and therefore the experimental

conditions are often designed in a standard and thus

artificial manner in order to minimize the effects of

additional environmental factors (Agatz and Brown
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2014). In contrast, the alternative method is based on

the determination of the stomach or gut content over

24 h and the gut evacuation rate (e.g. Bajkov 1935;

Elliott and Persson 1978; Jobling 1981) and is mostly

used under field conditions (e.g. Lockwood 1980;

Weisberg et al. 1981; Worischka and Mehner 1998;

Amundsen et al. 1999). Therefore, the second method

can be expected to give more realistic results with

respect to the feeding behavior of a species in a natural

community.

Because D. villosus is also a prey organism (like

most of the benthic invertebrates), quantifying food

consumption in a natural community, one should also

consider predation risk. Predation risk is in general one

of the factors influencing feeding behavior (e.g.

Åbjörnsson et al. 2000; Szokoli et al. 2015) by

inducing spatial or temporal avoidance behavior. The

presence of predators can therefore affect the daily

food consumption (e.g. Werner et al. 1983; Viherluoto

and Viitasalo 2001). This can be mediated by a trade-

off between feeding and hiding (e.g. Pettersson and

Brönmark 1993; Lehtiniemi 2005; Szokoli et al. 2015)

or the development of a feeding periodicity (e.g.

Lampert 1989; Metcalfe et al. 1999). For instance,

Gammarus spp. shows a reduced activity and an

increased hiding behavior when it is exposed to

chemical cues of potential predators (kairomones)

(Andersson et al. 1986; Wudkevich et al. 1997;

Baumgärtner et al. 2003; Schäffer et al. 2013), which

might reduce the daily food consumption. Generally,

chemical cues seem to be a very important stimulus for

gammarids in order to detect potential predators

(Wudkevich et al. 1997; Åbjörnsson et al. 2000;

Jermacz et al. 2017), D. villosus being no exception

although its responses depend on additional circum-

stances (Jermacz et al. 2017; Jermacz and Kobak

2017).

Our aim was therefore to assess the ecological

potential of the invader D. villosus with regard to leaf

decomposition and predation and the potential effect

of a predator presence on that ecological potential. We

estimated the consumption rate in a laboratory set-up

under conditions as close to nature as possible (e.g.

refuge availability, keeping in groups, feeding during

the whole experimental time, ‘semi-natural’). We

compared the daily food consumption of D. villosus of

the two food sources chironomid larvae and willow

leaves and analyzed the effect of fish kairomones as

predator cues on the daily food consumption. To

estimate the effect of the experimental set-up on the

results, we compared the results gained under these

semi-natural conditions with the standard subtraction

method under highly controlled artificial conditions,

hypothesizing that more natural conditions would

increase the consumption rate.

Methods

Collection and maintenance of study organisms

Individuals of D. villosus used in the semi-natural

consumption experiment were collected between June

and August 2014 and in July 2015 from River Elbe

near Dresden, Germany (51�05046.300N,

13�38036.800E), whereas the individuals for the exper-

iment under artificial conditions were collected in

August 2014 from River Moselle near Koblenz,

Germany (50�21017.600N, 7�33021.800E). After collec-

tion by gentle kick-sampling, the animals were quickly

and carefully transported from the collection sites to

the laboratories in aerated containers equipped with

pebbles as refuges, and kept in the laboratories as

described in the respective sections below, allowing

them to acclimatize for 7 days.

The predator avoidance behavior of D. villosus was

investigated using kairomones (chemical cues) of the

European bullhead (Cottus gobio) which is known to

be an effective predator of amphipods (Mills and

Mann 1983; Kaldonski et al. 2008). In order to

produce kairomones, three bullheads were captured in

May 2013 at the River Elbe in substrate baskets

(50 9 20 9 20 cm) which were exposed on the

riverbed (Hellmann et al. 2017). The bullheads were

kept in an aquarium filled with 150 L aerated and

filtered tap water at 13 ± 1 �C and fed with chirono-

mid larvae six times per week. Light conditions were

the same as for the consumption experiments of D.

villosus and stones were provided as refuges. Once a

week, the aquarium was cleaned and one-third of the

water was exchanged.

To collect fresh fish kairomones for respective

treatments in the experiments, the aeration/filtration

unit was removed 24 h before each experiment.

During these 24 h, aeration was provided by an air

stone only, allowing the accumulation of kairomones

in the water. The amount of kairomone water taken out

and used in the fish treatments of the predator
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avoidance experiments equaled a simulated fish den-

sity of 1.82 individuals m-3. The bullheads were fed

once at the beginning of the 24 h period for kairomone

collection when the filtration unit was removed.

Estimation of daily food consumption under semi-

natural conditions

To estimate daily food consumption as realistically as

possibly while still ensuring comparable experimental

conditions, we designed an experiment with so called

semi-natural conditions, representing the counterpart

of standard experiments with highly controlled labo-

ratory conditions. These semi-natural conditions

included group-keeping, the hideouts and no starva-

tion during the estimation of gut evacuation.

After the field-collection, all animals destined for

the semi-natural consumption experiment were kept in

an indoor flow channel in streamed cages (diame-

ter 18 cm, mesh size 0.8 mm). The cages were

equipped with stones and ceramic tiles for hiding

and leaf litter or chironomid larvae as food for 1 week

prior to the experiments to allow acclimatization of the

amphipods. To keep the animals at a natural diurnal

rhythm during this period, the flow channel was

exposed to natural daylight. We used artificial medium

(Borgmann 1996, S1) during the acclimatization phase

and the experiments because it mirrors the ion

composition of natural river water reasonably well

while providing equal conditions for all four experi-

ments in contrast to water from the collection site in

the urban-catchment influenced River Elbe.

During the consumption and gut evacuation exper-

iments, the animals were kept in groups of five adult

individuals (both sexes were randomly used) in small

aerated aquaria (14.5 9 10 9 10 cm). In the chirono-

mid food evacuation experiments, only three animals

per aquarium were used because of limited availabil-

ity. The aquaria were filled with 500 mL artificial

medium and about six stones were arranged in form of

a foraging arena with the food placed in the center.

This ensured that each amphipod had equal foraging

facilities (S2). All experiments were conducted at

14 ± 1 �C water temperature and in an artificially

lighted room. The day-night rhythm was adapted to

season-specific field conditions (16:8 h) with two 1-h

periods of low light intensity representing dawn and

dusk. While the low light intensity was achieved by

using commercial neon tubes only, daylight was

simulated by additional high pressure mercury lamps

(HQL 80 W, Osram, Munich, Germany). The exper-

iments were performed with animal prey (commer-

cially available live Chironomus spp. larvae) and with

plant food (dry willow leaves, Salix spp., collected

during autumn at the riverside and conditioned for

1 week prior to the experiments in water from the

collection site).

Gut evacuation experiment

The gut evacuation rate of D. villosus was not

estimated during the consumption experiments but in

separate experiments as recommended for continu-

ously feeding species (Héroux and Magnan 1996) and

for each food source separately. In order to provide

realistic conditions comparable to the field, we used a

method which allowed the animals to feed throughout

the experiment. Prior to the experiments, the animals

were starved for 12 h (chironomid food experiment) or

24 h (leaves food experiment). To avoid cannibalism

caused by starvation, the individuals were removed

from the indoor flow channel and separated in small

glass jars (diameter 6 cm, aerated 300 mL artificial

medium, with a stone for orientation inside). Two

hours before the evacuation experiment started, each

individual was fed with the respective experimental

food (one willow leaf or four chironomid larvae).

After feeding, the amphipods were transferred in

groups of five individuals (leaves food experiment) or

three individuals (chironomid food experiment) into

42 of the above described experimental aquaria and

fed with a different, well-distinguishable food (post-

experimental food, i.e. willow leaves in the chirono-

mid evacuation experiment, customary red color

coding dots made of glued paper in the leaves

evacuation experiment). Samples were taken over

24 h, at seven time points (0, 1, 3, 5, 9, 16 and 24 h).

At each time point, all animals from three aquaria of

each treatment were sampled, blotted and flash-frozen

in liquid nitrogen for conservation. Every 4 h, three of

the six experimental aquaria were treated with 50 mL

fresh kairomone water (collected as described above)

and three were treated with 50 mL aerated tap water

containing no kairomones (control).

To exclude any effects of the color coding dots

(CCD) on the gut evacuation of D. villosus, a separate

48-h experiment was conducted to investigate the gut

evacuation of CCD. After 24 h starvation in isolation
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and 2 h feeding time with CCD, three groups of five

individuals each were transferred to experimental

aquaria (control) and fed with conditioned willow

leaves as post-experimental food. Samples of 3

individuals each were taken at five time points (0, 6,

12, 24 and 48 h) as described above. During exper-

iments, red CCD (diameter 8 mm, AVERY Zweck-

form�, Holzkirchen, Germany) were used because

preliminary tests indicated a preference by D. villosus

over other colors. Long-term damage due to the

feeding on CCD can be excluded because in another

preliminary experiment, animals fed with CCD had a

normal mortality rate (only one of twelve animals died

within 7 days after feeding with CCD for 24 h).

Consumption experiment

Similar to the evacuation experiments, the daily food

consumption of D. villosus was investigated in 24-h

experiments as described by Elliott and Persson (1978)

for both experimental food types and for the two

predator treatments (with and without kairomones).

Three hours before the experiment started, groups of

five individuals were transferred from the indoor flow

channel into each of 42 experimental aquaria for

acclimatization. Animals were fed with the experi-

mental food during the acclimatization and the

experimental time. To quantify the gut content of

D. villosus, samples were taken in 4-h intervals over

24 h. As described for the evacuation experiment, at

each time, all amphipods from three experimental

aquaria per treatment were sampled, blotted and flash-

frozen in liquid nitrogen. All samples were stored at

- 20 �C until further sample processing.

Sample processing

In order to determine the gut content of the experi-

mental animals, the guts of three animals per sample

were extracted after measuring the body length (mm)

and identifying the sex. If females were breeding, the

offspring was removed before weighing. If individuals

were infected with Acanthocephala (Pomphorhynchus

sp., see Emde et al. 2012), the parasite was removed.

Although parasite infection can influence the feeding

of gammarids (Dick et al. 2010; Agatz and Brown

2014), the animals (n = 6, total of all experiments)

were not excluded because the estimate of the

consumption rates of our study were intended to

reflect to the feeding behavior of individuals in a

natural community. Therefore, we decided to include a

representative sample of adult individuals (male/

female, parasitized/healthy) in the analysis. Neverthe-

less, data of infected individuals did not affect the

results of the data analysis of the whole dataset (S3).

The gut extraction was conducted analogous to

Bentley and Hurd (1995). For each sample, the gut

contents and animals together with the empty guts

were placed separately on one previously heated

(30 min at 500 �C in muffle furnace) and weighed

piece of glass-microfibre discs (grade MGF, diameter

50 mm, Sartorius, Goettingen, Germany) and were

stored at - 20 �C. After overnight freeze-drying

(Alpha 1–2, Christ, Osterode, Germany), samples

were stored in a desiccator and weighed with a

microbalance (M3P, Sartorius, Goettingen, Germany).

Estimation of leaf consumption under artificial

conditions

In contrast to the consumption experiments under

semi-natural conditions, within the artificial consump-

tion experiment the feeding rates were determined in

individually kept and pre-starved specimens using a

‘subtraction method’-type approach basically follow-

ing Naylor et al. (1989). Experimental data are

available for conditioned willow leaves (Salix spp.)

only because these consumption rates were originally

intended as response variable in a physiological

experiment. This is also why the experiment was

designed as standardized as possible, which is the case

in many consumption experiments and can therefore

serve as an example for such experiments.

The experiment was conducted in an artificially

lighted room using fluorescent daylight tubes (Biolux

36 W/965, Osram, Munich, Germany) simulating a

16:8 h (day:night) photoperiod. All animals were kept

in continuously aerated water or media as specified

below using membrane pumps. Temperature was

controlled by placing the respective animal-containing

containers in a water bath that could be regulated by an

external thermostat (± 0.1 �C, Lauda RE 304 Ecoline,

Lauda-Koenigshofen, Germany). After field-collec-

tion, only the male specimens of D. villosus were kept

for 1 week in groups of 10–15 individuals in small

plastic boxes containing 750 mL of the experimental

medium (1:1 mixture, water from the collection site
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and tap water, both aerated), small pebbles as well as

preconditioned willow leaves (S2).

During the actual consumption experiment, 15 of

the specimens were placed individually in experimen-

tal chambers consisting of 125 mL plastic cups and

containing 110 mL of the experimental medium at

15 �C, and starved for 24 h. Each chamber was fitted

with a double-bottom consisting of a gauze inlet

(1.5 mm mesh size, approx. 20 mm above the original

bottom) to separate excreted faecal pellets from the

animals by falling through the gauze and consequently

prevent coprophagy during the experiments. Each

experimental chamber contained one small pebble to

provide a shelter.

Subsequent to the starvation period, each individual

was transferred into a new experimental chamber

containing temperate fresh medium and allowed to

feed on one pre-weighed, conditioned leaf disc

(approx. 13 mm diameter) for 24 h. The remaining

parts of the leaf disc as well as smaller leaf particles,

which could be easily discriminated from cylindrical

faeces (Gergs and Rothhaupt 2008), were then trans-

ferred onto filter paper to remove adhering water and

weighed using a microbalance (Mettler Toledo, 205

DR, Greifensee, Switzerland) to the nearest 0.01 mg.

This experimental procedure was repeated using

the same individuals for another 24-h period by

transferring the animals in new experimental cham-

bers containing fresh medium and a new leaf disc. At

the end of the second experimental trial, the fresh

weight as well as the dry weight of each individual was

determined after blotting it dry with soft tissue paper

and, for the latter, subsequent drying at 55 �C for 24 h.

To account for a potential change in the weight of the

leaf discs during the experiment, 10 control treatments

(without animals) were included in each trial. More-

over, to establish a specific weight conversion factor

for willow leaves the fresh and dry weight of 32 leaf

discs was determined within this experiment as well.

Data analysis

For the experiments under semi-natural conditions, the

relative gut content G was calculated as the ratio of gut

dry weightWgut (mg dw) to body dry weightWbody (mg

dw). On the basis of G, the gut evacuation rate R (mg

dw mg-1 animal dw h-1) as well as the daily food

consumption C (mg dw mg-1 animal dw d-1) were

calculated according to Elliott and Persson (1978). In

this model, R is an exponential rate and C equals the

sum of food consumptions in i intervals of 24/i h

duration. We used 6 intervals of 4-h duration each. In

contrast, the daily food consumption under artificial

conditions was calculated as the mean fresh weight

loss of the provided leaf discs within the two

consecutive 24 h periods, corrected by the mean

trial-specific weight change of the control discs and

was then converted to (mg dw mg-1 animal dw d-1)

using specific conversion factors for D. villosus and

willow leaves as specified below.

The data analysis was performed using R 3.2.0 (R

Core Team 2015). The assumptions of parametric tests

were checked graphically from boxplots and quantile–

quantile plots. Confidence intervals, standard error,

coefficient of variation, and quantiles (0.025, 0.5 and

0.975) of C were estimated by nonparametric boot-

strapping (Efron and Tibshirani 1993; number of

bootstrap samples B = 1000). A permutation test (cf.

Efron and Tibshirani 1993; stratified resampling test, 7

strata with 2 9 3 measurements per stratum, number

of permutation samples P = 1000) was employed in

order to evaluate differences of R respectively C be-

tween treatments (with and without kairomones) or

food sources (chironomids and leaves). Significance

level was set to a = 0.05. In order to avoid a two-

factorial permutation test, data of different treatments

were combined when no treatment effect was

observed.

In order to compare the results of the semi-natural

and the artificial consumption experiments of our

study with the consumption rates in other studies, the

leaf consumption/breakdown rates and shredding

efficiency values of D. villosus found in the literature

were converted to mg dw consumed food mg-1 animal

dw per day, if necessary, or directly provided by the

authors in the case of Gergs and Rothhaupt (2008). For

all conversions we used a mean dry weight of

16.8 ± 0.89 mg for male D. villosus (mean ± SE,

n = 120) with a mean body length of

11.6 ± 0.20 mm (mean ± SE, n = 206), a standard-

ization of leaf pieces [alder leaves, 4.62 cm2,

0.035 ± 0.007 g dry weight, Boeker and Geist

(2015)] and the ratios of fresh weight to dry weight

of 4.09 for D. villosus (n = 15); dry weight to fresh

weight of 0.163 for alder leaves (Jourdan et al. 2016)

and 0.297 for willow leaves (n = 32). In the following

text, all evacuation and consumption rates are stated in

(mg dw food mg-1 animal dw).
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Results

D. villosus showed very high daily consumption rates

in the semi-natural experimental setting (54–89% of

its body weight, Table 1). The daily consumption rate

for willow leaves was significantly higher than that for

chironomid larvae but this was not the case for the gut

evacuation rate (Table 2). On the other hand, neither

gut evacuation nor consumption differed significantly

between the fish kairomone and control treatments

(Table 2). Consequently, the comparison between

food sources is based on a combined data set of both

predator treatments. All individuals had evacuated the

experimental food within max. 24 h (Fig. 1a, c). In

case of the willow leaf treatment, the relative gut

content was lower at t0 than after 1 h (Fig. 1c).

Therefore the t0 samples of this trial were excluded

from the calculation of the evacuation rate. In the 24-h

consumption experiments under semi-natural condi-

tions, no pronounced diel rhythm was observed,

although the relative gut content showed a maximum

at 5 p.m. for chironomids as food (Fig. 1b).

Under artificial conditions, D. villosus showed a

lower mean daily consumption of willow leaves

(0.24 ± 0.07, n = 12) than under semi-natural

conditions.

The analysis of the gut evacuation of color coding

dots (CCD) revealed that amphipods are able to

normally evacuate CCD, although the gut evacuation

rate of CCD (RCCD = 0.08 ± 0.02 h-1, mean ± SE)

was lower than R of willow leaves or chironomid

larvae (compare Table 1). The mortality in the exper-

iments under semi-natural conditions (gut evacuation,

consumption and CCD gut evacuation) averaged

4.9%. The mortality in the CCD experiments was also

comparably low (2 out of 75 animals died during

48 h). Although no mortality was observed under

artificial conditions during the experimental period, 3

individuals were excluded from calculating the con-

sumption rate because of their molting during the

experiments.

Discussion

The aim of this study was to analyze the ecological

potential of D. villosus to perform different ecological

functions (as a predator or shredder) in river ecosys-

tems. We therefore estimated daily food consumption

ofD. villosus under semi-natural laboratory conditions

and tested whether it would differ between chironomid

larvae and leaf-litter or whether it would decrease in

presence of fish kairomones. Mainly as a result of the

high gut evacuation rates (0.14–0.26 h-1), the daily

food consumption of D. villosus amounted to 54–89%

of its own body weight. By comparison with con-

sumption/leaf litter breakdown rates of former studies

(Gergs and Rothhaupt 2008; MacNeil et al. 2011;

Piscart et al. 2011; Truhlar et al. 2014; Boeker and

Geist 2015; Jourdan et al. 2016) and with our results

from the artificial experimental setting (Fig. 2), this

enormous food consumption potential of D. villosus

was unexpected. The high values were even more

remarkable as most of these studies observed lower

leaf consumptions for the invader than for native

gammarid species (MacNeil et al. 2011; Boeker and

Geist 2015; Jourdan et al. 2016) with the exception of

Truhlar et al. (2014). The very high consumption rates

and the apparent large variability of these rates

underline the high potential of D. villosus to affect

ecosystem functioning, especially with regard to the

very high biomasses and the dominance in the

macroinvertebrate community observed for instance

at the River Elbe or the River Rhine (Hellmann et al.

2015). In consequence, D. villosus can be assumed to

be a potentially strong competitor of other shredding

macroinvertebrate species and may act as a key

species in benthic food webs.

The large variation between estimated feeding rates

in the different laboratory experiments might result

from differences in the environmental factors like food

source, food quality or temperature (e.g. Agatz and

Brown 2014; Pellan et al. 2016). Because of its high

flexibility and ability to cope with changing environ-

mental conditions or different food sources, the food

consumption of D. villosus may be perceived as a

reaction to environmental factors—illustrating the

variability of D. villosus ecological functions. We

tested two of these potential environmental factors

under semi-natural conditions: food source and poten-

tial predation.

While predation risk did not affect consumption

rate, the type of food significantly affected the daily

food consumption of D. villosus with higher values for

leaves than for chironomids. Higher consumption

rates for plant material are also known for other

amphipod species (Cruz-Rivera and Hay 2000; Dick

et al. 2005) and seem to be related to the lower
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Table 1 Gut evacuation rate R (mg dw mg-1 animal dw h-1)

and daily food consumption C (mg dw mg-1 animal dw d-1)

of D. villosus (under semi-natural conditions) with standard

error SE based on bootstrapping method (number of bootstrap

samples = 1000)

Experimental food Treatment R (mean ± SE) C (mean ± SE)

Chironomid larvae Combined 0.195 ± 0.039 0.758 ± 0.019

Kairomones 0.137 ± 0.063 0.541 ± 0.019

Control 0.229 ± 0.051 0.888 ± 0.024

Willow leaves Combined 0.245 ± 0.048 0.760 ± 0.025

Kairomones 0.262 ± 0.078 0.830 ± 0.036

Control 0.226 ± 0.061 0.708 ± 0.028

The calculation was performed for combined treatment data and separated treatments (kairomones or control)

Table 2 Results of permutation tests for differences between

gut evacuation rate R and daily food consumption C of D.

villosus (under semi-natural conditions) with separated

treatments (kairomones or control) and combined treatment

data (number of permutation samples = 1000)

Experiment Food source Factor p value

Gut evacuation Chironomid larvae Kairomones versus control 0.195

Willow leaves Kairomones versus control 0.621

Willow leaves versus chironomid larvae 0.511

Daily food consumption under semi-natural conditions Chironomid larvae Kairomones versus control 0.486

Willow leaves Kairomones versus control 0.573

Willow leaves versus chironomid larvae 0.001*

Significant differences are marked with *

Fig. 1 Relative gut content

G (mean ± SE, n = 3) in

gut content per body weight

of D. villosus fed with a,

b chironomid larvae and c,

d willow leaves in a, c gut

evacuation experiments and

b, d consumption

experiments. Treatments:

control (grey points) and

kairomones (black points)
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nutritional quality of the food source (Cruz-Rivera and

Hay 2000; Dick et al. 2005; Gergs and Rothhaupt

2008; Hellmann et al. 2015): chironomid larvae are

expected to be higher-quality food than leaves and

during food choice experiments, amphipods consume

more of the preferred high-quality food than of plant

material (Cruz-Rivera and Hay 2000; Dick et al. 2005;

Pellan et al. 2016). But when amphipods are confined

to only one food source, consumption of low-quality

food is much higher, possibly because of compen-

satory feeding (Cruz-Rivera and Hay 2000; Dick et al.

2005). Our observation is in accordance with this

compensatory feeding assumption, but contradicts the

results of Gergs and Rothhaupt (2008), who observed

higher feeding rates on chironomids than on alder

leaves. One reason for this could be an effect of the

tree species/leaf type. We used willow leaves from

site-specific vegetation instead of alder leaves. But,

although selection among leaf types is known for

invertebrates (e.g. summarized in Graça 2001), Jour-

dan et al. (2016) couldn’t observe an effect of leaf type

on the consumption of D. villosus. Another reason

could be the shorter acclimatization time regarding the

food source (only 24 h) in the experiments of Gergs

and Rothhaupt (2008), i.e. the animals did probably

not perceive the potential loss of energy or nutrients by

feeding low-quality food and did not show compen-

satory feeding responses. Moreover, consumption

rates for chironomids might have been overestimated

when using the subtraction method because D. villo-

sus is known to bite off parts of prey organisms but not

to consume the whole item (Dick et al. 2002) and

injured chironomid larvae lose body fluids and thereby

weight. Another explanation for the higher D. villosus

consumption rate for plant material than for chirono-

mids in our experiments could be the more effortless

food availability of leaves because of the trade-off

between hiding and feeding (see above, Ahlgren et al.

2011; Szokoli et al. 2015) and the resulting avoidance

of energy loss for prey handling.

However, we observed no effect of added kair-

omones on the feeding activity or consumption rate of

D. villosus indicating no sensitive response to preda-

tor presence with respect to the food consumption.

This observation is supported by the results of other

studies also reporting a lack of predator avoidance

behavior (e.g. Rossano et al. 2013) and seems to

distinguish D. villosus from native Gammarus

Fig. 2 Comparison of the leaf consumption of D. villosus per

day between different studies with respect to the applied

estimation methods and experimental conditions (estimation

method, grouping). Left bars represent animals kept in groups

while right bars represent individually kept animals. Grey bars

symbolize the consumption estimation using relative gut

contents, black bars indicate the use of the subtraction method.

Upper/lower margin of bars: Max/min consumption rates. If

only the mean consumption rate was published, max/min were

estimated by addition/subtraction of SD
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species, e.g. G. fossarum and G. pulex (Andersson

et al. 1986; Szokoli et al. 2015). It is possible that the

daily food consumption of D. villosus would decrease

in presence of chemical cues of injured conspecifics

(alarm cues), because predator avoidance behavior

such as hiding or decreased mobility and activity was

observed for D. villosuswhen it was exposed to cues of

injured conspecifics (Wudkevich et al. 1997; Wisen-

den et al. 1999; Sornom et al. 2012). However,

because D. villosus is also known to be cannibalistic

(Platvoet et al. 2009a), it seems at least questionable

whether alarm cues would result in decreased food

consumption. In accordance, Jermacz et al. (2017)

found D. villosus to be attracted by chemical cues of

predators fed with chironomids and conspecifics.

Because we fed the bullheads with chironomid larvae,

the results of Jermacz et al. (2017) could also explain

the absence of avoidance behavior and effects on the

food consumption of D. villosus. Another explanation

for the absent effect on the feeding rate might be the

direct proximity of accessible food to the shelters (in

the mid of the aquarium and near the surrounding

stones) as shown by Jermacz and Kobak (2017). Thus,

in our study, we observed a ‘domicolous’ behavior

(i.e. a strong affinity to refuges) of D. villosus, which

has previously been reported by Platvoet et al. (2006).

The amphipod stays in its preferred refuge between

stones (Van Riel et al. 2006a; Kobak et al. 2015) and

leaves its hideouts only for short time (also described

by Devin et al. 2003; Platvoet et al. 2009a; Rossano

et al. 2013). This behavioral pattern can be described

as a form of predator avoidance behavior which—in

case of sufficient food availability—does not require a

trade-off between feeding and hiding (e.g. summa-

rized in Moore and Eastman 2015). Therefore, it

seems unlikely that predator cues cause a decrease in

feeding rate, even if the amphipods are familiar to the

predator from their natural habitat (Åbjörnsson et al.

2004). In addition, amphipods can also habituate to the

chemical cues of predators already after a short time.

This phenomenon was shown for G. pulex that

consumed less leaves in the presence of fish

kairomones than in the control treatment at the

beginning, but not after 4 weeks (Åbjörnsson et al.

2000). Additionally, D. villosus did not show a

conspicuous diurnal feeding periodicity in our study,

indicated by the lack of diurnal variation of the relative

gut content. This observation could be also related to

the affinity to refuges, because diel rhythms are often

triggered by predators (Rusak and Zucker 1975;

Wagner 1991; Huhta et al. 2000; Pettersson et al.

2001). For D. villosus, Rossano et al. (2013) observed

a negative phototaxis, which might be interpreted as

predator avoidance but could also be explained by its

strong refuge affinity. Therefore, negative phototaxis

and the absence of a diel feeding rhythm do not

contradict. This applies even more under conditions of

consistently high food availability as in our

experiments.

For a validation of our observations, we compared

the results from our ‘semi-natural experiment’ (others

were not available from the literature) with those of

our ‘artificial experiment’ as well as other ‘artificial’

consumption estimation studies for D. villosus with

leaves as food source (Fig. 2). The remarkable differ-

ence between consumption rates estimated under

semi-natural conditions and under artificial conditions

underlines the crucial importance of the applied

method. Important experimental conditions of all

studies, such as temperature and conditioning of the

leaves, were very similar. Although the leaves were of

different tree species, all tree species (especially alder,

willow and sycamore leaves) are common along

stream-sides and known to be palatable for amphipods

(MacNeil and Platvoet 2005; Truhlar et al. 2014;

Jourdan et al. 2016). We feel that the observed

difference between the consumption estimates can be

explained by no single factor alone but by a congre-

gation of several factors which are described in the

following. The first group of such factors originates

from the principle of calculation and the second from

the different surrounding conditions of the two

methods.

The probably strongest factor in the first group is

the dominant influence of the evacuation rate on the

consumption estimation. Our applied method resulted

probably in evacuation rates near the maximum, i.e.,

possible under optimal conditions. In laboratory (this

study) and field experiments (unpublished data) we

observed that D. villosus feeds more or less continu-

ously and there are no extended feeding intermissions.

Because such intermissions normally result in reduced

gut evacuation as observed for other crustaceans

(Daphnia magna, Gillis et al. 2005) and for fish

(Thorpe 1977), we intended to avoid an underestima-

tion of the evacuation rate by allowing the animals to

feed continuously during gut evacuation experiments.

In order to separate the experimental and the post-
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experimental food in the gut contents for evacuation

rate estimation, the food source was changed at the

start of the actual evacuation period. Although faeces

were reported to differ according to the food source

(Bärlocher and Kendrick 1975), the discrimination

between leaf-based and chironomid-based gut con-

tents proofed difficult. For this reason, we applied

color coding dots as post-experimental food consisted

of because they are clearly identifiable in the guts.

Even if this method was used to avoid an underesti-

mation of the evacuation rate, one could suspect the

use of the post-experimental food to affect the

evacuation rate of the experimental food. In fact, we

observed a much lower gut evacuation rate of CCD

compared to willow leaves or chironomid larvae,

which could be, among others, a result of larger

sampling intervals or harder digestibility. Neverthe-

less, CCD did not harm the animals because the

number of dead animals during the CCD experiments

was even lower than in the consumption experiments

and nearly all CCD were evacuated after 24 h. We

therefore do not expect experimental artifacts from

using CCD. In consequence, CCD seem appropriate to

determine the gut evacuation rate via gut content

separation. Another factor influencing the estimate of

food consumption could be that amphipods do not

empty their gut completely (Bärlocher and Kendrick

1975). Consequently, by weighing the whole animal

with its remaining gut content when using the

subtraction method, the ratio of consumed food and

body weight and thus indirectly the consumption rate

could be underestimated. For these reasons, the

investigation of gut contents and the measuring of

the gut evacuation rate during constant feeding seems

to be the more adequate method.

One possible influencing factor belonging to the

second group (experimental conditions) is that con-

sumption experiments under standardized artificial

conditions do not represent an optimal environment.

For the determination of feeding rates in ecotoxico-

logical or physiological studies, a largely standardized

and nearly one-factorial feeding assay is necessary

(Agatz and Brown 2014). However, in this study, we

aimed to determine evacuation and consumption rates

which can be used as an estimate of field conditions

and also applied to field research questions. Therefore

we provided more natural conditions in our feeding

experiment, which is why we use the specificaion

‘semi-natural’. Without sufficient refuges, D. villosus

consumption rates might not benefit any more from its

typical refuge affinity because feeding activity might

decrease temporarily (e.g. during daytime). We expect

that group-keeping of the animals during the semi-

natural experiments increased the consumption rate, as

was indicated by observations in preliminary exper-

iments. Such a behavior is also known for other

species, e.g. flatworms (Cash et al. 1995) or birds

(Beauchamp 1998). However, keeping the animals in

groups or individually did not seem to affect the food

consumption rate in the ‘artificial’ experiments to a

great extend [Fig. 2, group size either 1 or 5 animals

except Boeker and Geist (2015) 20 animals].

We conclude from our results that the assessment of

food consumption under semi-natural conditions

probably represents a maximum estimation. There-

fore, we think that the consumption rates from our

semi-natural experiments are close to what can be

expected in real ecosystems at sufficient food avail-

ability, although our estimates are higher than those of

former studies. In consequence, D. villosus is not

necessarily feed less than native gammarid species, as

was previously assumed, and may be a very efficient

shredder under appropriate environmental conditions.

The results of the present study also indicate that the

daily food consumption of D. villosus does not

decrease in presence of fish kairomones. We expect

that its strong affinity to refuges which are used

simultaneously for feeding apparently releases D. vil-

losus from the trade-off between predator avoidance

and feeding. Most probably, this behavior as well as

compensatory feeding of low-quality food (when only

one food source is available) results in higher

consumption rates of willow leaves than of chirono-

mids, as observed in our study. This enormous food

consumption potential of D. villosus in addition to the

described benefits for feeding (no disadvantages by

predation) could support the invasion success of

D. villosus in European Rivers.
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Ahlgren J, Åbjörnsson K, Brönmark C (2011) The influence of

predator regime on the behaviour and mortality of a

freshwater amphipod, Gammarus pulex. Hydrobiologia

671:39–49

Amundsen P-A, Bergersen R, Huru H, Heggberget TG (1999)

Diel feeding rhythms and daily food consumption of

juvenile Atlantic salmon in the River Alta, Northern Nor-

way. J Fish Biol 54:58–71

Andersson K, Brönmark C, Herrmann J, Malmqvist B, Otto C,

Sjörström P (1986) Presence of sculpins (Cottus gobio)

reduces drift and activity of Gammarus pulex (Am-

phipoda). Hydrobiologia 133:209–215

Bajkov AD (1935) How to estimate the daily food consumption

of fish under natural conditions. Trans Am Fish Soc

65:288–289
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Pellan L, Médoc V, Renault D, Spataro T, Piscart C (2016)

Feeding choice and predation pressure of two invasive

gammarids, Gammarus tigrinus and Dikerogammarus

villosus, under increasing temperature. Hydrobiologia

781:43–54

Pettersson LB, Brönmark C (1993) Trading off safety against

food: state dependent habitat choice and foraging in cru-

cian carp. Oecologia 95:353–357

Pettersson LB, Andersson K, Nilsson K (2001) The diel activity

of crucian carp, Carassius carassius, in relation to chem-

ical cues from predators. Environ Biol Fish 61:341–345

Piscart C, Mermillod-Blondin F, Maazouzi C, Merigoux S,

Marmonier P (2011) Potential impact of invasive amphi-

pods on leaf litter recycling in aquatic ecosystems. Biol

Invasions 13:2861–2868

Platvoet D, Dick JTA, Konijnendijk N, Van der Velde G (2006)

Feeding on micro-algae in the invasive ponto-caspian

amphipod Dikerogammarus villosus (Sowinsky, 1894).

Aquat Ecol 40:237–245

Platvoet D, Dick JTA, MacNeil C, Van Riel MC, Van der Velde

G (2009a) Invader–invader interactions in relation to

environmental heterogeneity leads to zonation of two

invasive amphipods, Dikerogammarus villosus (Sowinsky)

and Gammarus tigrinus—Sexton: amphipod pilot species

project (AMPIS) report 6. Biol Invasions 11:2085–2093

Platvoet D, Van der Velde G, Dick JTA, Li S (2009b) Flexible

omnivory in Dikerogammarus villosus (Sowinsky, 1894)

(Amphipoda)—amphipod pilot species project (AMPIS)

report 5. Crustaceana 82:703–720
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