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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Keeping and breedingGammarus sp. in the
lab proved difficult in previous studies.

However, being one of the most wide-

spread freshwater taxon of amphipods it

represents a study organism that allows

bridging the gap between laboratory and

field studies.

• We maintained Gammarus fossarum popu-

lations successfully under laboratory con-

ditions for more than two years, using

them in an experimental assay across one

year.

• Supplementing the diet with protein-rich

food and providing additional shelter in-

creased survival rate of laboratory-based

populations of G. fossarum significantly.

• Manipulating day length showed no sig-

nificant effect on their abundance and

reproductive activity.

• We provide detailed husbandry protocols,

improving the status of culturing

G. fossarum as suitable study organism in

environmental sciences and ecotoxicology.
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Amphipods are among the most abundant macroinvertebrates in freshwater ecosystems of the Palaearctic and crucial

for ecosystem functioning. Furthermore, their high sensitivity to environmental change and pollutants makes them

widely usedmodel organisms in environmental sciences and ecotoxicology. Infield studies and surveys across Eurasia,

species of the genus Gammarus are commonly used, yet laboratory-based studies and ecotoxicological tests are often

restricted to the in most parts of the world non-nativeHyalella azteca, asGammarus is much harder to breed andmain-

tain under laboratory conditions. However, for direct comparisons and extrapolations of results offield- vs. laboratory-

based studies, the use of the same species would be desirable. Here, we investigated different settings with respect to

feeding, shelter and day length to successfully increase survival, juvenile production and their respective growth and

survival, and ultimately multi-generation breeding of the amphipod Gammarus fossarum. Amphipod populations

persisted and reproduced successfully under optimized husbandry conditions for 12 months and were partially
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maintained for another year in populations up to a few hundred individuals. Specifically, supplementing diet with

protein-rich food sources as well as the provisioning of shelters improved survival rate of G. fossarum significantly.

However, we found no significant effect of different day length treatments on the overall relative reproductive activity

or on the total amphipod abundancemaintained.We conclude thatG. fossarum can be kept and reared under standard-

ized conditions. Despite the longer generation times of G. fossarum and higher effort required for maintenance

compared toH. azteca, direct ecological relevance and comparability of results to natural systemsmay justify its future

use and development as a study organism for environmental sciences and ecotoxicology.

1. Introduction

Amphipods are a highly diverse group of aquatic invertebrates with

globally >10,000 described species (Horton et al., 2022). About 20 % of

these are freshwater species (Väinölä et al., 2008), and the West Palearctic

harbors about half of this diversity. In freshwater ecosystems, amphipods

are widespread and can be the dominating macroinvertebrates (Felten

et al., 2008). They represent a highly important link in food webs and sub-

stantially contribute to the functioning of aquatic ecosystems (MacNeil

et al., 1997) being key-stone shredders in stream ecosystems (Dangles

and Malmqvist, 2004).

Due to their high significance in ecological processes and their high

sensitivity to environmental perturbations, such as habitat modifications

or pollution, amphipods are commonly studied and used in fundamental

ecological research (e.g., van den Brink and van der Velde, 1991; Hou

et al., 2011; Best et al., 2013; Little and Altermatt, 2019; Little et al.,

2020), environmental sciences (MacNeil et al., 2000; MacNeil, 2019) and

ecotoxicology (e.g., Kunz et al., 2010). For example, amphipods are good in-

dicators of environmental change with respect to water quality and river

morphology (Crane and Maltby, 1991; Coulaud et al., 2011; Chaumot

et al., 2015; Eisenring et al., 2016). Further, many species are directly af-

fected and adjust their feeding behaviour in response to changes in the com-

position of their food source (leaf litter), with cascading effects on the

aquatic food web (van Riel et al., 2006; Woodward et al., 2008; Little and

Altermatt, 2019; Little et al., 2020). Finally, amphipods are sensitive to a

wide range of toxicants, and are thus commonly used by stakeholders

and ecotoxicologists for field and laboratory based studies (McCahon and

Pascoe, 1988; Felten et al., 2008; Bundschuh and Schulz, 2011; Feckler

et al., 2012, 2014; Kosfeld et al., 2020; Fu et al., 2020; Rothe et al., 2022;

Švara et al., 2022).

However, for Europe and adjacent regions there is a major discrepancy

betweenfield assays,which are commonly performed on a range of (native)

species, especially of the genus Gammarus (e.g., Bundschuh et al., 2013;

Feckler et al., 2014; Eisenring et al., 2016; Burdon et al., 2019; Arlos

et al., 2020; Lauper et al., 2022; Švara et al., 2022), and laboratory-based

studies, which are most commonly performed on the non-native model

organism Hyalella azteca (Saussure, 1858) (e.g., Borgmann et al., 2005;

Cothran et al., 2013; James and McClintock, 2017; Kosfeld et al., 2020;

Fu et al., 2020). The latter is easy to maintain in the lab, as is common for

other model organisms such as Daphnia magna Straus, 1820, Caenorhabditis
elegans (Maupas, 1900) or Danio rerio (F.Hamilton, 1822), yet may not be

necessarily representative of amphipods inhabiting small tributary streams,

which are commonly affected by environmental pollutants (e.g., Munz

et al., 2017). Of the genus Gammarus Fabricius, 1775, the two species com-

plexes Gammarus fossarum Koch, 1836 and Gammarus pulex (Linnaeus,

1758) are among the most relevant organisms for environmental assess-

ments of streams and small rivers in Europe and adjacent regions, as they

are broadly distributed and have a key-stone function in freshwater systems

in Eurasia. Consequently, they are frequently used in toxicity tests (Geffard

et al., 2010). Neither of these species has been easily cultivated (but see

Pöckl, 1995), and thus most past studies and assessments of chemical

compounds relied purely on wild-caught individuals (e.g., McCahon

and Pascoe, 1988; Bundschuh et al., 2013; Mehennaoui et al., 2016;

Arambourou et al., 2017; Straub et al., 2017; Lauper et al., 2022; Švara
et al., 2022) or again on more tolerant model organism such as H. azteca,
representing a species complex native only to North and Central America

(e.g., Wang et al., 2004; Borgmann et al., 2005; Fu et al., 2020). This is

problematic for two reasons. Firstly, it is hard to reach a standardization

of wild-caught animals with respect to their age, health status (for example,

wild-caught animals are often infected by parasites) and nutritional status.

Laboratory-cultivated animals allow using native species, to control rearing

conditions, and selecting individuals with same life history. Secondly, not

using the same species for field assays and laboratory based studies results

in a discrepancy between laboratory and field results (Bloor and Banks,

2006). Hence, it is not always clear how these findings can then be extrap-

olated to natural conditions (e.g., Crane and Maltby, 1991) and a more

wider range of species. This is in particular true when the model organisms

used in the lab are per se more tolerant (which is often the case for organ-

isms easily cultivatable), and thus may result in inaccurate assessments of

environmental states (Wang et al., 2004, but see Ashauer et al., 2011). Run-

ning experiments in the labwith the same species than in thefield allows to

isolate individual factors with and without the natural environmental var-

iation present. Thus, it allows assessing mechanistic dependencies, and

how relevant they are (with respect to effect sizes) under (semi-)natural

conditions. This is especially relevant for a highly common and widely dis-

tributed species complex, such as G. fossarum, which is known to have a

high intra-species diversity and different lineages across its range (Weiss

and Leese, 2016; Wattier et al., 2020), which especially indicates the

need to establish different and locally representative stocks of laboratory

populations from local field populations. Thus, broadening the set of organ-

isms used for ecological assessments and ecotoxicological studies, and also

the ability to establish locally representative lab-populations, is of general

interest.

Here, we aimed to improve the methods to maintain and cultivate

G. fossarum in the laboratory. The goal was to optimize existing approaches

for using this common freshwater amphipod at the intersect of fundamental

and applied research (Consolandi et al., 2021). While Pöckl successfully

kept G. fossarum in the laboratory over extensive time-periods (months to

years; Pöckl and Humpesch, 1990, Pöckl, 1992, 1995), this required

monthly restocking stock tanks (where reproduction takes place) or keep-

ing individuals separately in smaller tanks. Literally all other studies rely

on wild caught individuals directly or run experiments only for a few

months the longest (see Consolandi et al., 2021). Therefore, the goal of

our study was to find suitable husbandry settings which, firstly, increase

the survival of an existing (field caught) cohort of individuals, secondly,

increase their reproduction/production of a juvenile cohort as well as of

its growth and survival, and, finally, contribute to long-term maintenance

and reproduction across multiple generations. To achieve this goal, we

tested different breeding protocol improvements, based on existing knowl-

edge (Pöckl, 1992, 1995). Gammarus fossarum preferentially feeds on inocu-

lated, naturally senescent leaf litter (Little and Altermatt, 2018), but is often

at least partially predatory (Kelly et al., 2002). Therefore, supplementing its

diet with a protein-rich food source might increase survival rate (Labaude

et al., 2015; Kosfeld et al., 2020). The aim would be to have a standardized

medium as it exists for H. azteca (Borgmann, 1996). Shelter may reduce

stress since Gammarus tends to avoid light and hide in macrophytes (e.g.

Marchant, 1981; MacNeil et al., 2003) even in the absence of predators

where shelter can be crucial (e.g. Kobak et al., 2014). Shelter was previously

suggested to increase survival under laboratory conditions in H. azteca
(Kosfeld et al., 2020) but not systematically tested. Also, some studies sug-

gested that day length (or photoperiod) may have an effect on the reproduc-

tive activity of Gammarus species (de March, 1982; Steele and Steele, 1986).
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Therefore, mimicking natural light conditions might improve reproduc-

tive activity and increase total abundance. Specifically, we tested if and

how a protein-rich food addition to the diet of G. fossarum affects sur-

vival rate. Furthermore, we systematically tested how the addition of

shelter affects survival rate of G. fossarum. Finally, we investigated the

effect of different light regimes on the total abundance and reproductive

success of G. fossarum.

2. Methods

We started our experiment with wild caught G. fossarum to study sur-

vival rate and reproductive activity under laboratory conditions. Based

on initial experience, we did so either by improving diet and shelter con-

ditions (feed enrichment and shelter experiment) or, in a second exper-

iment, manipulating light regimes in order to mimic natural day length

cycles (day length experiment). We conducted both experiments at the

Aquatikum experimental facility of Eawag, Dübendorf ZH, Switzerland.

2.1. Study organism

Gammarus fossarum is the most widespread and common amphipod

in Switzerland (Altermatt et al., 2014, 2019). It inhabits a range of freshwa-

ter ecosystems, from streams and creeks to lakes and natural springs.

Gammarus fossarum comprises a species complex (Wattier et al., 2020), of

which at least three species-lineages are known from Switzerland, namely

lineages A, B and C (Altermatt et al., 2019; for their distribution see also

Alther et al., 2021). These lineages differ in their sensitivity to environmen-

tal stressors (Feckler et al., 2012; Eisenring et al., 2016). We caught

G. fossarum individuals, all belonging to the A-lineage (molecular assign-

ment based on COI; Wattier et al., 2020), from forested sections of two

natural streams near Zurich (see below for details). We only used individ-

uals with no obvious acanthocephalan parasite infection (Bojko and

Ovcharenko, 2019). For the onset of experiments, we only used individuals

larger than 5 mm at natural sex ratios. Reaching sexual maturity is highly

temperature dependent in G. fossarum. They may reach sexual maturity in

roughly 96 days at 20 °C, while the same process can take up to 335 days

at 8 °C (Pöckl, 1992; Sutcliffe, 1992). Their offspring then hatches after

347 degree days, again being highly temperature sensitive (Pöckl and

Humpesch, 1990 based on individually maintained organisms). Given

their usual lifespan of 6 months to 2.5 years under ambient conditions

(Welton and Clarke, 1980; Beracko et al., 2012) and given their mean

brood size of 9.6 embryos per brood (Beracko et al., 2012), one can esti-

mate the total lifetime fecundity to be 194 eggs (Pöckl, 1993). Welton

and Clarke (1980) observed a maximum of six consecutive broods per

female under experimental conditions.

2.2. Preconditioning leaves

Throughout all experiments, we fed the amphipods on preconditioned

naturally senescent alder (Alnus glutinosa) leaves, previously shown to be a

preferred food source of G. fossarum (Little and Altermatt, 2018). We col-

lected alder leaves in fall 2015 for the feed enrichment and shelter experi-

ment and in fall 2019 for the day length experiment. We carried out leaf

litter collections in close vicinity to Eawag and consecutively air-dried

them for at least seven days to prepare them for long-term storage in card-

board boxes. Beforeweighing in leafmaterial for the experiment, we clipped

leaf stems with scissors to maximize the consumable biomass in the experi-

ment. Before the onset of experiments, sufficient amounts of clipped leaves

were put in 9 L plastic tanks (Tecniplast, 1284L EUROSTANDARD TYP II L

(PC), 365 × 207 × 140 mm, base area: 530 cm2) and covered with fresh

water from the local Chriesbach stream (N 47.4044, E 8.6100; Dübendorf,

ZH, Switzerland) at room temperature. The tanks were aerated with com-

pressed air using surgical tubing (Sarstedt MPL non-pyrogenic extensions)

and two bubble stones per tank (Tetra AS30 Air Stone). After at least five

days submerged in stream water, leaves were air-dried again (Leaf condi-

tioning protocol, appendix B).

2.3. Feed enrichment and shelter experiment

We assessed amphipod survival rate in control tanks (hereafter referred

to as “control treatment”), tanks with protein-rich food addition (hereafter

referred to as “feed enrichment treatment”), tanks with increased shelter

availability (hereafter referred to as “shelter treatment”), and tanks with a

combination of both (protein-rich food addition and increased shelter avail-

ability; hereafter referred to as “feed enrichment plus shelter treatment”).

We collected G. fossarum amphipods in Sagentobelbach stream, Stettbach

ZH (N 47.3927, E 8.5880) on September 27, 2018 using a kicknet approach.

We acclimatized the amphipods for two weeks at densities of 500–600

amphipods per 30 L PP plastic tanks (Rotho Clear Box Blanket, 705 ×

400 × 165 mm). We carried out the experiment between October 12,

2018 and June 25, 2019 in a flow through system (Flow through protocol,

appendix C).We initially put 20 adultG. fossarum amphipods in 4 L polycar-

bonate flow through tank (Tecniplast model 1264C; 268×215×141mm;

base area: 370 cm2; in two flow through systems, 12 tanks per system, four

shelfs each with three tanks; flow rate of 11.7 L/h± 3.68, see Flow through

protocol, appendix C) and assigned treatments randomly to tanks. We

picked individuals randomly by eye, stirring the stock tanks before every

pick, discarding individuals that were obviously harmed or parasitized.

We replicated each treatment 6 times, totaling 24 tanks and 480 amphipods.

We kept amphipods at ambient temperature of 20 °C since active cooling of

the existingflow through system is challenging, especially due to the pumps.

We used a 9:1 mix of animal proof tap water (food-safe plastic-only conduit

fromwaterworks, no brass connections (i.e., stainless-steel), avoiding heavy

metal contamination of the water) to local Chriesbach stream water to run

the flow through system (Supp. Fig. A.1 A). We measured metal concentra-

tions of animal proof tap water and Chriesbach stream water on a regular

basis. Additional water quality parameters such as pH or conductivity for

Chriesbach stream water were monitored online. All water quality parame-

ters are given in Supp. Table A.2, describing the average conditions during

the experiment. All four treatments included two ceramic tile plates (size

200 × 250 mm) and two preconditioned, naturally senescent alder leaves

(Supp. Fig. A.1 B). The control treatment received no further treatment.

The additional shelter treatment included an additional tile plate (three in

total) and three natural stream-collected stones which were boiled for disin-

fection before usage (Ø~100 mm; collected in Chämmertenbach stream; N

47.3900, E 8.5990; Stettbach, Zürich, Switzerland). The feed enrichment

treatment additionally received a weekly supply with five 1.6 mm juvenile

trout feed pellets (Hofmann Nutrition AG Trout Start fish meal complete

feed; 48 % raw protein, 20 % raw fat). The feed enrichment plus shelter

treatment included an additional tile plate (three in total) and three natural

stream-collected stones, and received a weekly supply with five 1.6 mm ju-

venile trout feed pellets. We fed amphipods ad libitum, replenishing leaves

during the course of the experiment, carefully avoiding that leaf availability

dominated shelter availability. We surveyed the number of adult and juve-

nile amphipods roughly every month for 256 days, first in a three-week

interval, later in a four-week interval (days 0, 20, 41, 70, 110, 138, 159,

187, 220, and 256). We assigned them visually to adult or juvenile counts

based on body size, with adults being larger than 5 mm (Beracko et al.,

2012). For cases where the assignment was difficult to judge, we always

assigned the individual to juveniles. However, it is experimentally not so

easy to tease apart which individuals of which generation (parental, F1,

F2, or even mixed) contribute to the maintenance of a viable long-term pop-

ulation. We neither separated nor marked newly hatched individuals and

assignation to different generations was not possible.

2.4. Day length experiment

We studied the effect of light regime on amphipod survival rate and re-

productive activity conducting a long-term laboratory husbandry approach

under static conditions. We collected Gammarus fossarum (lineage A) am-

phipods in Chämmertenbach stream, Stettbach ZH (N 47.3900, E 8.5990)

onMay 18, 2020 and acclimatized them in the lab for one week at densities

of 500–600 amphipods per 30 L food-safe PE plastic trays (Kaiserkraft,
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Kunststoff-Stapelbehälter, 750 × 445 × 210 mm; base area: 3338 cm2).

We set up the experiment on May 26, 2020 and let it run until May 25,

2021 in stagnant water tray cultures (Supp. Fig. A.3; Tray culture protocol,

appendix D). We filled twelve food-safe PE plastic trays like the ones previ-

ously used for the acclimatization with a 1:3 mix of animal-safe tap water

and local Chriesbach stream water. When setting up the experiment, we

stocked the trays with 60 randomly chosen adult amphipods (undeter-

mined, natural sex ratio). We placed the trays in four metal racks that

were fully covered by black pond foil to prevent any unwanted light source

affecting the treatments (Supp. Fig. A.4). Eachmetal rack had four shelving

units. In order to cool the water, we installed a passive cooling system

(Cooling system protocol, appendix E). In order to minimize potential

contamination, only stainless steel tube fragments (length 20 cm; outer Ø

12 mm) were exposed to the water inside the tanks (see Cooling system

protocol, appendix E for details). We constantly kept water temperatures

between 12.5 and 15.0 °C, having sensors installed in every second tray

and controlled weekly. Water temperature was lower than in the feed en-

richment and shelter experiment in order tomatch the optimal temperature

range to increase reproductive activity and juvenile survival of G. fossarum
(8–12 °C, 70–80 % survival rate; Pöckl and Humpesch, 1990). Water tem-

peratures increased slightly over the course of the day when the light was

on (max. +1 °C). We simulated daylight by one LED fluorescent lamp per

tray (PhilipsMAS LEDtubeHF 600mmHO8W865 T8).We kept day length

constant for six of the twelve trays at 14:10 light:dark ratio (L:D ratio, in

hours) (fixed day length treatment). For the other six trays we started

with a 14:10 L:D ratio and consecutively adapted day length biweekly by

1 h, first increasing day length up to 16 h of light before decreasing day

length down to 9 h and back to initial conditions (variable day length treat-

ment). This resulted in the amphipods experiencing the course of a year

twice in 365 days (Supp. Table A.5). We provided shelter by adding five

tile plate fragments and three natural stones placed in each tray. Two bub-

ble stones, connected to a central aeration system installed in the building,

aerated each tray. We fed amphipods ad libitum with preconditioned

naturally senescent alder leaves and supplied them weekly with five trout

pellets per tray (Hofmann Nutrition AG Trout start; same as in previous ex-

periment). We consecutively surveyed amphipod abundance every 28 days

for one year by removing each individual from the tray using plastic dispos-

able pipettes. After we removed all individuals, we additionally changed

one third of the water (for water quality parameters see Supp. Table A.2).

We removed dead individuals regularly to prevent decay and unwanted

side effects. After the counting and water-change routine, we put amphi-

pods back into the corresponding trays. We cleaned the trays bimonthly

(removal of sediment) during water change but only in extreme cases set

them up freshly.

Sincewe observed considerable biofilm formation over the course of the

experiment, we additionally rated algal growth in the trays visually for each

tray during the counting. We rated the algal growth qualitatively on a scale

from 0 to 2 (low, medium, and high algal growth; Supp. Fig. A.6 A–C). We

started this rating only after five months since initially all trays had no

biofilm. We did not asses the taxonomic diversity of algae due to time

constraints. We visually assessed the maturity of amphipods (classified as

juvenile or adult) with a body-size threshold of smaller or larger than

5mm(see Beracko et al., 2012).We assigned amphipods as being reproduc-

tively active either if theywere forming praecopula pairs (male attaching to

a female prior to mating) or if we could observe developing eggs in the

brood pouch of females. Whereas absolute reproductive activity was the

raw number of reproductively active amphipods, we calculated the relative

reproductive activity as the proportion of absolute reproductive activity in

relation to total amphipod abundance in each tray.

2.5. Analyses

We compared amphipod survival rate among the different treatments

implementing a survival analysis using the “survival” package (v. 3.2-13;

Therneau and Grambsch, 2000).We tested for differences between survival

curves using the G-rho family of tests (Harrington and Fleming, 1982). We

did pairwise comparisons between group levels using a log-rank test, imple-

mented in the “survminer” package (v. 0.4.9; Kassambara et al., 2021),

correcting for multiple comparisons after Benjamini and Hochberg (1995).

For the day length experiment, we tested for normal distribution of the

response variables using a Shapiro-Wilk test (Shapiro and Wilk, 1965).

Because the Shapiro-Wilk test was significant for total abundance and for

reproductive activity, we used a nonparametric test to compare the treat-

ments. We used an unpaired two-sample Wilcoxon rank sum test to assess

differences in total abundance and relative reproductive activity between

the two treatments (Bauer, 1972; Hollander et al., 2015).We inferred effect

size for test results by differences in locations for groups since there is a

lack of size measurements for non-parametric tests (e.g., Leech and

Onwuegbuzie, 2002). To test for rank-based correlations, we used Kendall's

tau statistic (Kendall, 1938).

We carried out all statistical analyses in R 4.1.1 (R Core Team, 2021)

and R Studio version 2021.09.0 (RStudio Team, 2021). Data and analysis

script are available in the appendix file F and on Zenodo (https://doi.org/

10.5281/zenodo.7069017).

3. Results

3.1. Feed enrichment and shelter experiment

This experiment was conducted in small flow-through tanks, which were

ideal to maintain adult amphipods yet too small to support efficient repro-

duction and survival to adulthood (e.g. due to cannibalism, own observation

and experiments by Pöckl with 5 L stock tanks and recurrent restocking, e.g.

Pöckl and Humpesch, 1990). Thus, the focus is on survival rates of adults in

long(er) term studies. The initial abundance of 20 individuals per tank

corresponded to a density of 541 amphipods/m2. The overall survival rate

was 6.5 % ± 7.6 after 256 days, with the mean survival rate dropping

below 50 % after 70 days and all tanks dropping below 50 % survival after

110 days. The different treatments resulted in significant differences in sur-

vival of Gammarus fossarum over time, reflected in the different survival

curves (Fig. 1; χ2 = 34.9, degrees of freedom = 3; P-value < 0.0001;

Supp. Fig. A.7). Tanks with the shelter treatment had significantly higher

survival rates compared to the control treatment (log-rank test, P-value =

0.02; Supp. Fig. A.7; Supp. Table A.8). Tanks with the feed enrichment

treatment had significantly higher survival rates compared to the control

treatment (log-rank test, P-value < 0.0001; Supp. Table A.8). Gammarus

Fig. 1. Survival curves of adultG. fossarumunder different feed enrichment and shelter

treatments. Solid lines aremean survival rates while dashed lines and shading indicate

95 % confidence intervals. We monitored survival rate of G. fossarum roughly every

month for 256 days in total. See Supp. Fig. A.7 for trajectories of the replicates.
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fossarum in the feed enrichment plus shelter treatment showed significantly

higher survival rates than the control treatment (log-rank test, P-value <

0.0001; Supp. Table A.8) but did not differ from the feed enrichment

treatment (log-rank test, P-value= 0.7; Supp. Table A.8) while being signif-

icantly higher than the shelter treatment (log-rank test, P-value = 0.01;

Supp. Table A.8). Higher survival in enriched treatments (shelter and/or

food) compared to control treatment thus was mainly explained by higher

food quality rather than additional shelter. Offspring was neglected in the

data analysis since survival to adulthood of offspring in the small tanks

was overall very low (maximum was three individuals).

3.2. Day length experiment

This experiment was conducted in large tanks that allowed reproduc-

tion and growth of juveniles. Also, it included the provisioning of shelter

and addition of proteins to improve survival. The initial abundance of 60

individuals per tray corresponded to a density of 180 amphipods/m2.

Abundances were rising during the first half of the experiment and

decreased toward the end of the experiment across both treatments

(Fig. 2). Mean abundances over the course of the experiment corresponded

to 125.3 (min: 0; max: 445) and 111.2 (min: 0; max: 346) amphipods for

fixed and variable day lengths, respectively. This translates to mean densi-

ties of 376 and 333 amphipods/m2. Day length showed no significant effect

on the amphipod abundance (Supp. Fig. A.9; Wilcoxon rank sum test; W=

3787; P-value = 0.412). Abundance distributions of the two treatments

overlapped for all counting events during the experiment. The initial

increase was mostly driven by juvenile individuals (Supp. Fig. A.10; left

panels), of which somemade it to adulthood, increasing the number of adults

after somemonths (Supp. Fig. A.10; right panels). Althoughwe here focus on

the quantitative analyses of population dynamics in twelve experimental

tanks during the first year (duration of detailed monitoring), we observed

viable populations for up to 21 months and longer. In February 2022, five

tanks that originated from the described experiment (started in May 2020)

and additional three tanks that were not part of the described experiment

(started mid 2019) contained 93 individuals (mean ± SD = 11.6 ± 11.8

individuals per tank). We transferred individuals from these tanks to a single

new tank with an annual temperature cycle (range 4–18 °C) in February

2022. Several hundred individuals were alive in June 2022.

Relative reproductive activity was slightly higher in the variable day

length treatment (Fig. 3 A; Wilcoxon rank sum test; W = 1605; P-value =

0.006), but the effect size was very small (median of the differences between

fixed and variable day length−0.07;mean relative reproductive activitywas

0.15 vs. 0.22 for fixed and variable day length). When considering the differ-

ent time points, temporal variability in relative reproductive activitywas high

in both treatments (Fig. 3 B). No clear pattern emerged beside that relative re-

productive activity was negatively correlated with total abundance (Kendall's

tau for positive association = 0.11, z = 1.7849; P-value = 0.037).

The proportion of juveniles did not differ significantly between fixed

and variable day length treatments (Supp. Fig. A.11; Wilcoxon rank sum

test; W = 3463; P-value = 0.369). Algal growth did not differ between

day length treatments (Wilcoxon rank sum test; W = 1467; P-value =

0.310). High algal growth was positively correlated with amphipod densi-

ties in the tray (Fig. 4; Kendall's tau for positive association = 0.11, z =

1.7849; P-value = 0.037).

Fig. 2. Total abundance across replicates at different time points for the different

day length treatments. Abundances across replicates per treatment are given as

boxplots, depicting median (solid line in the box), interquartile range IQR (hinges;

25th and 75th percentiles) and most extreme values within 1.5 x IQR (whiskers,

points outside this range are plotted separately). The day length treatments (right-

hand y-axis) are given by dashed red and blue lines, respectively.

Fig. 3. Relative reproductive activity for fixed and variable day length treatments.

A) Violin plot pooled across all replicates (t = 364 d; white dot = median; box =

interquartile range IQR, 25th and 75th percentile; whiskers = most extreme data

points that are no more than 1.5 times the IQR from the box; violin shape =

kernel density of data points). B) Boxplot for all counting events separately.

Reproductive activity included pre-copulating pairs and gravid females registered

during each counting event. Reproductive activity across replicates per treatment

is given as boxplots, depicting median (solid line in the box), interquartile range

IQR (hinges; 25th and 75th percentiles) and most extreme values within 1.5 x

IQR (whiskers, points outside this range are plotted separately). The day length

treatments (right-hand y-axis) are given by dashed red and blue lines, respectively.
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4. Discussion

4.1. Feed enrichment and shelter experiment

Our experiments showed thatmaintenance ofG. fossarum in experimen-

tal tanks is feasible over longer time (also see Pöckl, 1995). While many

previous studies kept Gammarus over a few days to weeks only (Xuereb

et al., 2011; Coulaud et al., 2011; Abo-Taleb et al., 2020; Chaumot et al.,

2020), our experiment ran for almost 37 weeks (close to 9 months). This

experiment was conducted in relatively small tanks, that can be highly rep-

licated, and allow easy quantification of animals over time, yet are likely

suboptimal for successful reproduction (own observation and e.g. Pöckl

and Humpesch, 1990). For example, cannibalism is a well-known phenom-

enon among Gammarus species, reducing survival rates in juveniles, also in

comparably large tanks (Dick, 1995). Up to a fifth of the juveniles may be

preyed upon by conspecifics (Dick, 1995). Indeed, we mostly observed

survival of initially stocked populations, and onlyminimal successful repro-

duction. Overall survival rate was slightly lower than in comparable studies

(e.g. Fig. 1a in Pöckl, 1995), but we kept the animals in groups rather than

individually (data on groups are not given in detail in Pöckl, 1995 but are

lower as well). While abundances decreased considerably throughout the

experiment (Fig. 1), most of the tanks, and especially tanks with shelter

and food supplementation, still had surviving amphipods after 256 days.

Given that the animals used to start the experiment were of unknown

age/age structure, it is likely that much of the mortality is due to natural

senescence, and that the up to nine months of survival of animals that

were already (sub)adults when the experiment started show the feasibility

of long-term maintenance. It has previously been shown that amphipods

require shelter to increase survival rate (Duffy and Hay, 1991; Kosfeld

et al., 2020). Survival rate was indeed higher when providing additional

shelter (Supp. Table A.8). However, providing additional shelter simulta-

neously increases handling efforts during experimental studies, rendering

it unfeasible for certain experimental needs, e.g., when involving extensive

handling or quantification of individuals.

The second breeding protocol improvement that we tested, namely the

protein-rich food addition, requires only minimal additional handling ef-

fort, yet is effective for increasing survival.We therefore would recommend

this for long-termmaintenance in general. Several studies show the benefits

of providing scarce nutrients to amphipod cultures compared to rearing

them purely on preconditioned leaves (Rollin et al., 2018; Trochine et al.,

2021). Indeed, also in our study, survival rate significantly increased in

all treatments with protein-rich food addition (Fig. 1). This suggests that

naturally senescent leaves should be supplemented with an additional pro-

tein source for successful maintenance and breeding of G. fossarum. While

the protein supply might minimally increase nutrient level in the medium

(which could influence the water quality, even when circulating the

water through a biofilter as in ourfirst experiment), this potential drawback

was clearly outweighed by the overall increase in survival. However,

depending on the foreseen application this aspect needs to be considered.

Possibly, this increased survival due to addition of protein supplements is

twofold: firstly, these protein pellets are a nutritious food supplement,

and may provide additional resources and give a more balanced diet than

leave litter only. Secondly, the provisioning with animal proteins may

reduce cannibalism. Together, this increases survival of amphipods, and

is especially recommended for studies that are looking at long-term effects

on Gammarus survival and maintenance.

Trial runs (data not shown) showed that the trout feed pellets quickly

startmoldingwhen not consumed, therefore one needs to establish a balance

of howmany to add in what time intervals. We used about six pellets per 20

individuals per week (see Flow through protocol). Trout feed pellets were

only added in quantities that were consumed within a short time (2−3h),

such that no left-overs or waste products were accumulating. Using the

flow through systems (incl. a circulation through a biofilter) and regular

water exchanges, we could prohibit long-term accumulation of waste

products. Preliminary results indicate that using flakes instead of pellets

lowered the occurrence of mold in the tanks. Our feed enrichment and shel-

ter experiment showed that there was a need to improve further aspects of

the Gammarus husbandry, which is why we conducted the second experi-

ment, manipulating day length and using larger tanks with lower water

temperature.

4.2. Day length experiment

The day length experiment lasted over one year and aimed at improving

maintenance and survival of G. fossarum, and allowing reproduction and

successful generational turnover. To do so, we conducted the experiment

in larger experimental containers, which we generally recommend when

it comes to including reproduction in the maintenance. Larger containers

might reduce cannibalism on juveniles (Dick, 1995). Also, we actively

cooled the water to match optimal temperatures for G. fossarum reproduc-

tion (Pöckl and Humpesch, 1990). Contrary to our expectation, the day

length experiment sustained relatively high amphipod densities over

time, independent of the treatment. There was no significant effect of

fixed vs. variable day length treatments (Fig. 2), contradicting amajor influ-

ence of photoperiod on breeding success in G. fossarum. Both experimental

treatments would have allowed starting an experiment with lab-bred

G. fossarum individuals after a few months, fulfilling one of the initial

goals of the study.

However, looking at total abundance only might mask some effects on

reproductive activity or juvenile survival. Gammarus fossarum reproduced

continuously over the course of the whole experiment under fixed and vari-

able day length. As in previous studies (de March, 1982; Steele and Steele,

1986), day length showed an effect on the relative reproductive activity of

G. fossarum (Fig. 3). Relative reproductive activity was slightly higher

under variable day length treatments, but the effect was small (Fig. 3 A).

This matches with observational data in natural streams, where G. fossarum
reproduced most time of the year, but ovigerous females were absent in

some sites in October and November (Pöckl, 1993), suggesting some season-

ality in reproduction. Sutcliffe (1992) showed that day length controlled

ovarian diapause in marine Gammarus lawrencianus Bousfield, 1956, pro-
viding experimental evidence for seasonality in reproduction. Steele and

Steele (1986) worked with marine amphipods, namely Gammarus setosus
Dementieva, 1931 and G. lawrencianus, and showed a clear correlation of

day length on reproductive activity. Unlike in our experiment, this effect

may be pronounced in marine species (Davenport et al., 2005; Kaartvedt,

2008), since water temperature should be buffered in marine ecosystems

Fig. 4. Correlation of algal growth and total abundance of amphipods during the

day length experiment. Replicates of the different day length treatments were

pooled. We visually assigned observations to one of the three groups of algal

growth (low, medium, high; see Supp. Fig. A.6).
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by the high thermal mass of the oceans (Thompson et al., 2013). In an

experiment by de March (1982), he found that short day lengths were nec-

essary to induce reproduction in the phylogenetically closely-related fresh-

water Gammarus lacustris G.O. Sars, 1863. In our experiments, this effect

was not present. However, the animals were kept over a shorter time and

collected during different seasons, rendering conclusions about long-term

success of breeding Gammarus under different light regimes inconclusive.

Even though relative reproductive activity was slightly higher under

variable day length treatments, this did not translate into higher proportion

of juveniles observed (Supp. Fig. A.11). While this was not among our

initial goals, increasing the proportion of juveniles by increasing their sur-

vival is crucial for successful breeding of G. fossarum. It has been shown

that there is a clear effect of temperature on juvenile survival and growth

(Pöckl and Humpesch, 1990; Pöckl, 1992). Future breeding protocol im-

provements should consider lower and seasonally variable temperatures.

Finally, we observed that there was different growth of algae across the

different replicates (probably due to minor differences in the inoculum).

The algae data was insufficient to detect eventual significant differences

between fixed and variable day length treatments. However, there was an

effect of qualitative differences in algal growth on amphipod abundance

(Fig. 4) and relative reproductive activity (data not shown). It has been

shown before that algal growth can be crucial for amphipod growth

and performance by providing essential nutrients (Rollin et al., 2018,

Trochine et al., 2021). Our feed enrichment and shelter experiment sup-

ports the finding that nutrient availability is key for amphipod growth,

with protein-rich food addition having had the most pronounced effect on

survival rate (and subsequently on total abundance). Both, algal biofilm

(as in previous studies) or protein pellets as in our experiment provide

scarce nutrients when only providing preconditioned, naturally senescent

alder leaves (Rollin et al., 2018).

4.3. Conclusions and future directions

Our study demonstrated that wild caught G. fossarum can be maintained

under laboratory conditions for extended time-periods of at least 9–12

months, if shelter and protein rich food supplementation are provided

which help to increase survival of the animals.We showed thatmanipulating

day-length is of minor relevance for long-term reproduction. However, while

the observed effects of a more natural day length cycle were small, we still

recommend their implementation as its small effect may still contribute to

the breeding activity of G. fossarum under laboratory conditions. Improved

survival in the second experiment may be largely attributed to switch from

smaller and warmer tanks to bigger and cooler tanks. While we could keep

G. fossarum for several months in the first experiment, numbers even in-

creased in thefirst fewmonths of the second experiment.Whilewe improved

laboratory culturing ofG. fossarum (increased reproduction and survival), the

rearing across several generations was not yet completely reached, yet will

also require longer time periods (with the generation times given).

Amphipod reproductive activity may be regulated by temperature even

though day length is thought to bemore consistent in temperate ecosystems

(de March, 1982). Some laboratory experiments by Pöckl and Humpesch

(1990) and Pöckl (1992, 1995) support the importance of temperature for

successful breeding in G. fossarum. For example, reproductive success was

highest at 11.8 °C (Pöckl and Humpesch, 1990). Hence, implementing var-

iable (and lower) temperature regimes may maintain reproductive activity

over a longer time. Preliminary results from the transferred individuals sup-

port this direction. While feeding rates increase with temperature, i.e. they

double when increasing water temperature from 10 to 18 °C, mortality rates

also increase at elevated temperatures (83% after 26 days; Schmidlin et al.,

2015). Another promising improvement to breed freshwater Gammarus
species is the implementation of flow regimes (Marchant, 1981),mimicking

natural stream flow conditions more realistically (e.g., see a possible set-up

in Supp. Fig. A.12), but require active cooling, since larger amounts of water

are pumped. Finally, more focus should be given on different algal diets and

their effects on individual amphipod survival rate (specifically juvenile sur-

vival), reproductive activity, and consequently total abundance (Pöckl,

1995; Trochine et al., 2021). While a standardized medium exists for

H. azteca (Borgmann, 1996), we refrained from a standard medium for

G. fossarum, yet relied on local water. For future work, possible next steps

would be to get continuous water quality data throughout the experiment,

to assess the stability of the husbandry system. Themain issue in the second

experiment was the low survival of juveniles when kept with adult individ-

uals and future husbandry optimizations should focus on this aspect. Reduc-

ing cannibalism (Dick, 1996; Otto, 1998) and providing a specific diet for

juvenile animals (Pöckl, 1995) are very promising directions to further im-

prove the husbandry protocol. Since laboratory applications would require

G. fossarum individuals raised under standardized conditions with known

age distribution, separating freshly hatched juveniles without manually

picking them would be a major improvement.

Overall, our results and the proposed further steps will improve the use of

G. fossarum to become amore standard andmoremanageable study organism

for experimental applications in ecology and ecotoxicology. We could show

that keeping field caught G. fossarum under optimized laboratory conditions

may produce a high amount of juveniles of standardized age and condition

(Supp. Fig. A.10), especially during the first six months after establishment

of the cultures. These animals could further be raised to the target size re-

quired for laboratory studies. Applications would range from using them for

toxicity tests (comparable to GamTox, Gerhardt, 2011, or HYBIT, Kosfeld

et al., 2020), experiments on ecosystem functioning (Little et al., 2019 as

example), to behavioural studies.
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