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Abstract The specialised fauna of freshwater springs will

have to cope with a possible temperature rise owing to

Global Change. It is affected additionally by contamination

of the water with xenobiotics from human activities in the

surrounding landscape. We assessed the combined effects

of temperature increase and exposure to toxins in labora-

tory experiments by using copper sulphate as a model

substance and Gammarus fossarum Koch, 1835, as the

model organism. This amphipod is a common representa-

tive of the European spring fauna and copper ions are

widespread contaminants, mainly from agricultural prac-

tice. The experiments were conducted in boxes placed in

flow channels and the water temperatures were varied. The

gammarids were fed with conditioned beech leaf discs. The

feeding activity of the amphipods was quantified on the

level of the organism; and the respiratory electron transport

system (ETS) assay was conducted in order to determine

changes on the cellular level in the test organisms. The

results show that the feeding activity increased slightly

with higher water temperature. The sub-lethal copper dose

had no significant effect other than a trend towards lower

feeding activity. The ETS activity was significantly higher

at the higher water temperatures, and the copper ions sig-

nificantly lowered the ETS activity of the organisms. The

combination of the two methods was useful when testing

for combined effects of environmental changes and pollu-

tants on a species. From the results one can reasonably

infer a higher risk of adverse effects with increase in water

temperature and exposure to a particular heavy metal.
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Introduction

Springs are special ecotones between the groundwater and

the surface water (Webb et al. 1998) and are important

habitats for numerous specialised and rare species (Lin-

degaard et al. 1998) which are necessary for the entire

ecotone to function sustainably. Freshwaters such as

springs are spatially constrained and can be regarded as

early warning systems (Woodward et al. 2009). They can

be strongly influenced by pollutants because of their small

size, their isolation and because of the direct connection to

the groundwater. Spring species are adapted to the rela-

tively stable environmental conditions in springs (e.g.

Danks and Williams 1991; Ferrington 1995), many of them

being cold-stenothermal (e.g. Fischer et al. 1998). Global

Change is causing an increase in temperature, and since a

few years extreme events such as heat waves and floods are

becoming more frequent in the temperate regions (IPCC

2007). It has been shown that freshwaters and their biodi-

versity are especially vulnerable towards Global Change

(e.g. Heino et al. 2009; Woodward et al. 2010). The water

temperature affects macroinvertebrates directly, especially

if they are cold-water-adapted species (Heino et al. 2009).

It is therefore important to investigate the effects of ele-

vated water temperatures on macroinvertebrates, using

realistic temperature scenarios which could occur in nature.

This is becoming more important because extremely warm

and dry summers are occurring more frequently (Vittoz

et al. 2013), so the organisms need to adapt to fast elevating

temperatures. Furthermore water temperature raises the
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toxicity of substances such as fungicides for non-target

organisms (Bat et al. 2000; Holmstrup et al. 2010), making

the organisms more susceptible to environmental warming.

These interactions are of interest in ecotoxicology, since

temperature has a large impact on species, especially in

combination with toxicants. It is therefore important to

conduct tests combining both stressors.

Copper salts are important ingredients in many fungi-

cides and fertilisers used in agriculture (e.g. de Oliveira-

Filho et al. 2004) and are one of the most widespread

contaminants (Debelius et al. 2009). They also act as an

algaecides and hence are used for control of phytoplankton

and aquatic weeds (e.g. Effler et al. 1980). Copper salts

have been introduced into water bodies as aquatic mol-

luscicides (e.g. Guida et al. 2008). Although a certain

amount of copper ions are essential for most organisms,

they pose a threat to many aquatic organisms in general

when available in excess in water (Martins et al. 2011).

They are strong fish poisons as well as one of the most

toxic metals for microalgae, being toxic at concentrations

as low as 1 lg/L (Debelius et al. 2009). Terrestrially

applied pesticides can be flushed into springs and rivers

through means of runoff. This will take place more regu-

larly when heavy rainfalls occur more frequently. In

vineyards where fungicides containing copper ions are

commonly applied (e.g. Ruyters et al. 2013), pollution of

nearby springs is likely. Although copper salts in soils are

strongly immobilized, there has also been evidence of them

migrating through soil profiles in vineyards (Komarek et al.

2010). Groundwater quality is then under risk and hence

spring water quality is also affected. It is, however, more

likely that springs are contaminated via runoff of freshly

applied fungicides, intensified by heavy rainfall.

Amphipods mainly take up ions such as Cu2? via their

gills since these are a large adsorptive organ system

(Reichmuth et al. 2010). This makes them especially sus-

ceptible to water-borne pollutants (Rinderhagen et al.

2000). Previous studies have been conducted on the effects

of copper salts for example on G. pulex (e.g. Taylor et al.

1998; Güven et al. 1999; Brooks and Mills 2003). In a

study testing the effects of copper ions on the feeding rate

and digestive enzymes of G. fossarum it was found that

organisms exposed to a metallic contaminated site had

inhibited digestive enzymes and a decreased feeding

activity (Dedourge-Geffard et al. 2009).The impact of

Cu2? is expected to be stronger at higher temperatures

because the higher temperatures can cause increased

breathing as a consequence of the elevated metabolic

activity and hence increased absorption of ions (Lemus and

Chung 1999). Copper ions are important components in the

haemocyanin, and are highly regulated in all gammarid

species (Taylor and Anstiss 1999). Crustaceans including

the gammarid species have detoxification mechanisms to

counteract toxicity by metal ions (Geffard et al. 2010).

However, if these detoxification mechanisms are unable to

regulate the excess of internalized metal, the excess leads

to physiological disturbances (Lebrun et al. 2012). Am-

phipods are frequently used as bioindicators in aquatic

toxicity tests owing to their prolific breeding, high abun-

dance in nature and sensitivity to anthropogenic com-

pounds such as metal ions in water bodies which they

inhabit (e.g. Ladewig et al. 2006). Gammarus fossarum

Koch, 1835 (Crustacea; Amphipoda) is a typical inhabitant

of running waters rich in oxygen (Lukancic et al. 2009) and

abundantly inhabits springs and spring brooks in moun-

tainous regions of Central Europe (Janetzky 1994; Pöckl

et al. 2003). This species is more sensitive than Gammarus

pulex (L) towards contamination of water, low oxygen and

low pH (Rinderhagen et al. 2000; Alonso et al. 2010), but is

a relatively robust representative of the macrozoobenthos

of springs. G. fossarum is mainly an efficient shredder, but

also feeds on fine particulate organic matter (FPOM)

(Moog 1995). It plays a fundamental role in organic matter

breakdown in springs and spring brooks and hence in the

distribution of coarse particulate organic matter (CPOM)

and FPOM (Wagner 1990; Simcic and Brancelj 2006).

Furthermore it is fairly easy to keep in the laboratory. The

use of a crenobiontic species for our experiments would

have been more desirable; however these taxa do not occur

abundantly and are therefore not suitable for experiments

which require large numbers of individuals. For these

reasons G. fossarum can be deemed a suitable organism for

assessing possible impacts of Global Change and pollution.

We decided to make use of the following two endpoints

in our experiments: The feeding activity and the respiratory

electron transport system (ETS) activity. It is known that

the metabolic activity of an organism can be expressed for

example by the feeding activity and the respiratory rate.

These parameters were chosen because one of them reveals

information on the metabolism of the organism on the level

of the organism and the other one reflects the metabolic

activity of the organism on the cellular level. Furthermore

the feeding and ETS activity are replicable in a fairly short

time frame.

The feeding activity gives insight into the metabolic

activity of the organisms on the level of the organism. Such

a non-lethal endpoint is suitable for assessing low con-

centrations of pollutants which are found in nature (Pestana

et al. 2007). The feeding activity is also a good indicator

for environmental stressors (Pestana et al. 2007) such as

pollution and temperature increases.

The ETS assay is a useful tool for assessing the meta-

bolic activity of an organism on the cellular level. The ETS

is an enzyme system found in the inner mitochondrial

membranes of eucaryotes which controls the oxygen con-

sumption (Toth 1999). The results obtained from this assay
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reflect the maximum oxygen consumption when all

enzymes are functioning optimally (Kenner and Ahmed

1975).

The objective of this study was to find out how G. fos-

sarum reacts to stepwise increasing water temperatures and

the additional stressor copper on a sub-lethal level. This

was tested in a laboratory under controlled conditions using

an environmentally realistic copper ion concentration.

Rising water temperatures are postulated to enhance the

effects of copper pollution and generally increase the

metabolic activity of G. fossarum. We assumed that both

the feeding and ETS activity of G. fossarum would increase

with rising temperatures, but decrease under the influence

of copper ions.

Materials and methods

Chemicals

Copper sulphate penta-hydrate (CuSO4�5H2O, Merck, Lot no.

A921690 717), magnesium sulphate hepta-hydrate (MgSO4�
7H2O, Merck, Lot no. A966886 729), formaldehyde solution

min 37 % GR (HCHO, Merck, Lot no. K23876703 714),

ortho-phosphoric acid 85 % (H3PO4, Merck, Lot no.

K43024773 150) and potassium dihydrogen phosphate

(H2KPO4, Merck, Lot no. K23916773 715) were purchased

from Merck (Germany). Polyvinyl pyrrolidone (PVP)

[(C6H9NO)x, Sigma Aldrich, Lot no. BCBG5331V], Triton-

X-100 (Triton, Sigma Aldrich, Lot no. BCBC9283V),

b-Nicotinamide adenine dinucleotide, reduced disodium salt

hydrate (NADH, Sigma Aldrich, Lot no. 071M7021V),

b-Nicotinamide adenine dinucleotide phosphate sodium salt

hydrate (NADPH, Sigma Aldrich, Lot no. SLBH3107V), 2-p-

iodo-phenyl 3-p-nitrophenyl 5-phenyl tetrazolium chloride

(INT, Sigma Aldrich, Lot no. BCBG6164V) and sodium

phosphate dibasic dodeca-hydrate (HNa2O4P�12H2O, Sigma

Aldrich, Lot no. SZBB201AV), were obtained from Sigma

Aldrich (Germany).

Collection of test organisms

G. fossarum specimens were collected from one natural

spring, a rheocrene, in the Röserental near Liestal, in

Switzerland (for further information see von Fumetti and

Nagel (2012)), and transported in spring water with leaves

from the spring to the laboratory. Individuals of both sexes

were collected and their size ranged from about 8 to 14 mm

body length, the majority of the gammarids being about

10 mm long. The wet weight of the gammarids used in

these experiments ranged from 8 to 14 mg and the selected

specimens showed no form of parasitism and their move-

ment was not impaired. They were kept at 10 �C in the

transport containers for 84 h for acclimatisation to labo-

ratory conditions before being used in an experiment.

Conditioning of the leaf discs

As the spring the gammarids were obtained from is sur-

rounded mainly by beech trees, these leaves form the most

important food source for many of the spring inhabitants

including G. fossarum. Therefore we collected beech

leaves (Fagus sylvatica L.) from the litter layer near the

spring after abscission in autumn. The collected leaves

were dried in an oven at 40� C and then stored as described

by Bloor (2010). Leaf discs (Ø 1 cm) were cut out of these

dried leaves with the help of a cork borer and then

weighed. Twelve leaf discs (more info see below) were

always weighed together and then placed together in

numbered stainless steel herb infusers (Ø 9 cm). The

infusers were submerged into aerated spring water with

FPOM from the spring for conditioning at a water tem-

perature of ±17 �C for four weeks.

Measured physical and chemical parameters

The oxygen saturation (%) and concentration (mg/L) as

well as the pH and conductivity (lS/cm) of the spring

water were measured in the field using portable meters

(Wissenschaftlich-Technische Werkstätten, Weilheim,

Germany). The phosphate (PO4
3-), nitrate (NO3

-), nitrite

(NO2
-) and ammonia (NH4

?) concentrations (all in mg/L),

of the spring water were measured with ICP-OES

(SPECTRO MS, Spectro Analytical Instruments GmBh,

Kleve, Germany).

Choice of copper ion concentration

In order to decide what sub-lethal concentration of copper

ions to use for our experiments, we conducted LC50-tests

with copper sulphate and G. fossarum at 10, 14 and 18 �C

for 96 h. During this time the gammarids were not fed. The

copper ion concentrations for the LC50 testing were chosen

based on values from a previous study (Güven et al. 1999).

Three temperatures were tested, using 126 gammarids per

temperature with 18 per tested concentration. Two controls

and five nominal concentrations namely 0.05, 0.08, 0.15,

0.3 and 0.5 mg Cu2?/L were tested. The actual test con-

centrations of the copper ions in the water were not tested

owing to technical and financial restrictions. The LC50-

values of these tests exhibited a clear pattern in that with

higher temperatures less Cu2? was tolerated by the gam-

marids; the LC50-value at 10 �C after 96 h was

0.239 mg Cu2?/L, at 14 �C was 0.188 mg Cu2?/L and at

18 �C was 0.135 mg Cu2?/L. The LC10-value at 10 �C

after 96 h was 0.164 mg Cu2?/L, at 14 �C was
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0.100 mg Cu2?/L and at 18 �C was 0.073 mg Cu2?/L.

Since the main experiments were designed to last 12 days

(264 h) we decided to run a small test with 10 gammarids

at 10 �C for 12 days. These gammarids were fed ad libitum

with F. sylvatica leaf discs because 12 days of starving

would have stressed and weakened the gammarids addi-

tionally. The LC50-value at 10 �C after 264 h was

0.304 mg Cu2?/L and the LC10-value was 0.167 mg Cu2?/

L (Table 1). The latter value is nearly identical to the one

obtained at 10 �C after 96 h (0.164 mg Cu2?/L). The

LC10-value of 0.164 mg Cu2?/L received after 96 h at

10 �C was thus chosen as the sub-lethal concentration for

further feeding and ETS tests. By comparison copper salt

concentrations in natural unimpacted waters are mainly

influenced by the geology of the water shed of the area and

are in the range of\4.00 lg/L (Schönborn and Risse-Buhl

2013). In streams natural copper ion concentrations are

4–12 lg/L and in groundwater it is less than 0.1 lg/L

(Standard methods for the examination of water and

wastewater 1998). The copper salt concentration of

impacted waters can be considerably higher, and in a

stream in Northern Germany for example copper ion con-

centrations of up to 13 mg/L have been measured (Sridhar

et al. 2001).

Experimental design

The experiments were conducted in a laboratory in four

stainless steel flow channels. Each unit consisted of the

actual flow channel (1 9 0.4 9 0.2 m3), a tube through

which water flowed into a rain barrel (60 litres) functioning

as a water reservoir, an aquarium pump (EHEIM, compact

1000, Deizisau, Germany) to pump the water into the

channel and a cooling unit (Aqua Medic Titan 500,

Blessendorf, Germany). The water temperature was regu-

lated with this cooling unit with an accuracy of ±0.5 �C.

Eight plastic boxes (78 9 108 9 67 mm3) were placed in

every channel: four plastic boxes were filled with pure spring

water (=control groups); the other four were filled with the

chosen copper sulphate pentahydrate spring water solution

of 0.164 mg Cu2?/L (=experimental groups). Spring water

from the spring from which the organisms were collected

was used so that the presence of a natural microflora was

given (Jonsson and Malmquist 2000). The copper ion con-

centration of the natural spring water was measured with

ICP-EOS and found to be 0.00 mg Cu2?/L. The actual test

concentration of copper ions in the water of every box in the

experiments was not tested owing to technical and financial

restrictions. Six test organisms were placed into each box;

this correlates approximately with the natural population

density (Jonsson and Malmquist 2000). Organisms were

used regardless of their sex, as has been done in other studies

(e.g. Cold and Forbes 2004; Alonso et al. 2010; Bundschuh

et al. 2009). Twelve leaf discs were placed into every box of

six gammarids as the food source. Each box was aerated by a

pump (Tetra, APS 50, Melle, Germany) and an air outlet

stone (Trixie, Nr. 85501, Tarp, Germany), which was

renewed for every experiment. This ensured constant oxygen

content of the water over the entire duration of the experi-

ments. The photoperiod was 11 h light, 13 h dark. All flow

channels were illuminated by two different aquaria-lights

(Juwel Aquarium warm-lite and Juwel Aquarium day-lite).

The experiments all lasted 12 days. During this time the

temperature was varied. Channel 1 was kept at 10 �C and

functioned as the control channel regarding the water tem-

perature. The water temperatures in the experimental chan-

nels were increased as follows: on the first day the water

temperature was set at 10 �C, on the fifth day it was raised

and on the ninth day it was raised further. The temperature

regime of channel 2 was 10, 12, 14 �C, that of channel 3 was

10, 14, 16 �C and that of channel 4 was 10, 16, 18 �C

(Table 2). The experiments were repeated a total of 5 times

to obtain 5 replicates.

Feeding activity

Each flow channel held 4 boxes for feeding tests, 2 were

copper-free, and 2 were with copper. The organisms were

monitored daily for deaths and dead ones were removed

from the boxes. At the end of the experiments all gam-

marids were preserved in 100 % ethanol, dried at 40 �C

and weighed. The leaf discs they had fed on were also dried

at 40 �C and then weighed. Maltby et al. (2002) and many

Table 1 LC50-values and confidence limits

Temperature

[�C], time

[hours]

LC50-value

[mg Cu2?/L]

95 % lower

confidence limit

[mg Cu2?/L]

95 % upper

confidence limit

[mg Cu2?/L]

LC10-value

[mg Cu2?/L]

95 % lower

confidence limit

[mg Cu2?/L]

95 % upper

confidence limit

[mg Cu2?/L]

10, 96 0.239 0.095 0.294 0.164 0.016 0.223

14, 96 0.188 0.141 0.238 0.1 0.045 0.122

18, 96 0.135 0.111 0.166 0.073 0.05 0.091

10, 264 0.304 0.226 0.412 0.167 0.074 0.224
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other authors using feeding activity as an endpoint for their

experiments speak of feeding rates. However, considering

that gammarids are shredders and hence do not necessarily

eat all the leaf material they process we prefer to use the

term feeding activity. We decided to determine an overall

feeding activity at the end of each experiment, since it was

of interest to us how the temperature elevations affected the

feeding activity over the entire duration of the experiment.

The feeding activity was determined for every box,

according to Maltby et al. (2002), for the 6 organisms

together, as described below:

FA ¼ Li � Control factorð Þ � Lfð Þ = weight � timeð Þ

where FA is the feeding activity, Li is the initial weight

(mg) of the leaves, Control factor was determined experi-

mentally by us and is the loss of weight of leaves during

12 days when no feeding takes place, Lf is the final weight

(mg) of the leaves, weight is the dry weight of gammarids

(mg) and time is the duration of experiment (days).

ETS activity

Each flow channel held 4 boxes for ETS tests, 2 were copper-

free, and two were with copper. The ETS activity of the test

organisms was determined according to the method origi-

nally developed by Packard (1971) and improved by Toth

(1999). All experiments started off at 10 �C; the experi-

mental groups were then exposed to higher temperatures,

while the controls were kept at 10 �C. The ETS activity was

always measured 48 h after a steady water temperature had

been reached in order to detect the influence of the changing

water temperatures on the organisms at a cellular level. ETS

assays were carried out on days 4, 8 and 12 of the experi-

ments. Four test organisms out of one box with copper and

four from one without copper, per flow channel, were used.

In total 8 test organisms per temperature and a total of 32

gammarids per day were analysed.

To conduct the ETS assay eight live gammarids were

removed from the flow channels one by one using tweezers,

placed on a tissue and gently patted dry. They were then

weighed singly on a microbalance (XP6, METTLER

TOLEDO, Greifensee, Switzerland), placed on a numbered

aluminium sheet with some distilled water and then homog-

enised singly in the homogenisation tube without the distilled

water, using 4 mL of ice-cold homogenising buffer solution

[0.1 M sodium phosphate buffer pH 8.4, 75 lM MgSO4,

0.15 % (w/v) polyvinyl pyrrolidne, 0.2 % (v/v) Triton-X-

100]. The homogenate was poured into a centrifuge tube and

sonicated with an ultrasonic homogeniser (Bandelin Sonopuls

HD2070, Berlin, Germany) for 20 s and stored in an ice

solution. The homogenate was then centrifuged (Sigma 2-16

PK, Osterode am Harz, Germany) at 0 �C for 4 min at 10000

r.p.m., according to Simcic and Brancelj (2004). The super-

natant (in triplicate) was incubated with 1.5 mL substrate

solution [0.1 M sodium phosphate buffer pH 8.4, 1.7 mM

NADH, 0.25 mM NADPH, 0.2 % (v/v) Triton-X-100] and

0.5 mL reagent solution [2.5 mM 2-p-iodo-phenyl-3-p-

nitrophenyl-5-phenyl tetrazolium chloride] for 40 min at

10 �C. Stopping solution [formaldehyde (conc.):H3PO4

(conc.) = 1:1], 0.5 mL, was added immediately after incu-

bation and the formazan production determined spectropho-

tometrically with the spectroquant� Pharo 300 (Merck,

Darmstadt, Germany) by measuring the absorbance of the

sample at 490 nm against the blank.

In order to obtain a conversion to equivalent oxygen the

ETS activity was calculated according to Kenner and

Ahmed (1975) as follows:

ETS activity lL O2= mg � hð Þ
¼ ð Abs490 nm � Vr � Vh � 60

� �
=

Va � Gw � t � 1:42ð Þ

where Abs490nm is the absorption of the sample, Vr is the

final volume of the reaction mixture (3 mL), Vh is the

volume of the original homogenate (4 mL), Va is the vol-

ume of the aliquot of the homogenate (0.5 mL), Gw is the

gammarid wet weight (mg), t is the incubation time (min)

and 1.42 is the factor for conversion to volume oxygen.

Data analysis

The programme ‘‘EPA Probit Analysis Program, Version

1.5’’ (http://www.epa.gov/) was used to determine

Table 2 Temperature regimes applied in the conducted experiments

1–5. Channel 1: control channel, kept at 10 �C during the entire

experiment. Date start of the experiments. Deaths during the

experiments are given in total numbers of the 48 per channel; all

deaths occurred in the copper-exposed groups and with rising water

temperature more deaths occurred

Temperature regime

channels 1–4 days 4–8–12

Exp 1: 5/11/

2012 deaths

Exp 2: 10/

12/2012 deaths

Exp 3: 7/1/

2013 deaths

Exp 4: 28/1/

2013 deaths

Exp 5: 25/2/

2013 deaths

Total deaths per channel

over all experiments

10–10–10 �C 1 1 2

10–12–14 �C 1 3 4

10–14–16 �C 1 1 1 1 5

10–16–18 �C 2 2 3 7
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LC50- and LC10-values of G. fossarum specimens for

copper sulphate. The programme is based on the method of

probit analysis, which is a type of regression used to ana-

lyse binomial response variables, in this case concentration

and mortality of the test individuals, always at the different

temperatures. The method transforms the sigmoid dose–

response curve to a straight line (Newmann 2010). This

line may be fitted by the method of weighted least squares

(Litchfield and Wilcoxon 1948).

The effects of the copper ion concentration and water

temperatures on G. fossarum were tested using one and two

way ANOVAs followed by Scheffes’s post hoc tests. Prior

to the ANOVA analyses assumptions of variance hom-

ocedasticity and data normality were tested using Levene’s

and Kolgomorof-Smirnov’s tests. To correct for multiple

single comparisons a Bonferroni-Holm correction was

applied. The a-level was set at 0.05. Analyses were per-

formed using the Statistical Package for Social Sciences

(SPSS) version 21 for Windows (SPSS Inc, Chicago, IL,

USA)

Results

Measured physical and chemical parameters

The temperature of the spring water ranged from 10 to

11 �C; the pH ranged from 6.9 to 7.4; the electrical con-

ductivity of the spring water ranged from 534 to 684 lS/

cm; the oxygen concentration was between 6.8 and

11.8 mg/L and the saturation between 65 and 98 %; the

phosphate (PO4
3-) and the nitrite (NO2

-) concentrations

were \0.05 mg/L; the ammonia (NH4
?) concentration of

the spring water was \0.1 mg/L and the nitrate (NO3
-)

concentration was 18.0 mg/L.

Feeding activity

The feeding activity ranged from 0.008 to 0.373 mg/mg 9 d.

The lowest value was measured in a copper-exposed box in the

control channel at 10 �C and the highest in a copper-free box

in an experimental group with the temperature regime 10–12–

14 �C. A tendency towards higher feeding activity at the

intermediate temperature regime 10–12–14 �C in the control

group can be noted (Fig. 1).

A two-way ANOVA showed that the copper ions did not

have a significant effect on the feeding activity, F (1,

72) = 1.5, p = 0.225 and that temperature had a nearly

significant effect, F (3, 72) = 2.612, p = 0.058. The

interaction of temperature and copper ions was not sig-

nificant, F (3, 72) = 0.807, p = 0.494.

ETS activity

The ETS values ranged from 0.174 to 1.431 lL O2/

mg 9 h. The lowest value was measured in a gammarid at

10 �C exposed to copper ions and the highest in a gamm-

arid at 10 �C not exposed to copper ions. The ETS values

of the gammarids not exposed to copper ions were all

higher than the ETS activities of the gammarids exposed to

copper ions (Fig. 2).

A two-way ANOVA showed that the copper ions had a

highly significant effect on the ETS activities of the gammarids

F (1, 463) = 19.625, p\0.001. The temperature also had a

significant influence on the ETS activities F (4, 463) = 3.683,

p = 0.006. The interaction of temperature and copper ions was

not significant F (4, 463) = 0.527, p = 0.716.

A one-way ANOVA comparing the different treatments

(copper-free and copper-exposed) in the control channel,

channels 2, 3 and 4 showed significant (p = 0.002;

p \ 0.001; p = 0.030; p = 0.028, respectively) effects of

Fig. 1 Calculated mean feeding

activity of G. fossarum at the

different conditions, with and

without copper ion influence.

The control channel (1) is

always at 10 �C, the

experimental channels (2, 3 and

4) have temperature regimes

which range from 10� to

maximum 18 �C. Standard

errors are represented by the

error bars attached to each

column. Pale grey no copper,

dark grey copper influence
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copper (F 1,121 = 9.558; F 1,118 = 14.435; F 1,108 =

4.845; F 1,102 = 4.939, respectively). In all channels

copper reduced the ETS activity (Fig. 2).

Temperature did not affect the ETS activity in channel 2

(F 2,118 = 1.75) significantly (p = 0.178), but did so

significantly (p = 0.008; p \ 0.001, respectively) in

channels 3 and 4 (F 2,108 = 5.017; F 2,102 = 9.903,

respectively) increasing the ETS activity (Fig. 3a–c).

Discussion

It is known that heavy metals affect the metabolic activity

of organisms, their behavior and their distribution in the

ecosystems and that temperature is a very important factor

influencing this as well (Lemus and Chung 1999). Tem-

perature has often been quoted to have an effect on the

toxicity of pesticides and other pollutants (Fent 2007) and

it has been shown that increasing temperatures increase the

toxicity of copper (Holmstrup et al. 2010). We therefore

assumed that higher water temperatures would significantly

change the susceptibility of the tested organisms to copper.

In our experiments the feeding activity was not signifi-

cantly changed by the sub-lethal copper ion concentration or

higher water temperatures; however a trend towards higher

feeding activity at higher water temperatures could be seen.

The ETS activity of G. fossarum increased significantly at

elevated temperatures and the presence of copper ions sig-

nificantly lowered the ETS activity. Our findings demon-

strate the benefit of using two different approaches when

examining environmental changes on an organism.

Feeding activity

The chosen tree species can affect the feeding activity

considerably and most feeding tests described in literature

are conducted with Alnus glutinosa leaves (e.g. Cold and

Forbes 2004; Felten et al. 2008; Bundschuh et al. 2009),

these apparently being the preferred leaf species of G.

fossarum and other detritivores (Haeckel et al. 1973;

Naylor et al. 1990; Bloor 2009). We chose F. sylvatica as

the food source because the springs from which the gam-

marids for this study were collected are surrounded by

beech trees and we aimed to provide the gammarids with

their natural food source. The feeding activities measured

in this study are similar, albeit a bit lower, than those

recorded by Maltby et al. (2002) with G. pulex. The

feeding activity of our control group was however higher

than the one recorded by Felten et al. (2008). In both cited

studies alder leaves were used. The results of our study

suggest that well-conditioned beech leaves are also a pal-

atable food source for gammarids.

Feeding tests conducted with G. pulex at different

temperatures showed that the consumption rose with tem-

perature (Nilsson 1974). In an in situ study G. pulex had a

lower feeding activity in April compared to August (Bloor

and Banks 2006). The authors suggest that this was owing

to temperature stress: in April it was too cold and hence the

organisms ate less. The gammarids used in our experiments

were all collected in winter between November and March

and so we do not expect any seasonal effects. In our study

the higher water temperatures had nearly significant effects

on the feeding activity, both in the copper-free and copper-

exposed groups. Significance should be reached by longer

test periods. In tests lasting 26 days we were able to show

that increasing water temperatures increased feeding

activity of G. fossarum significantly (Schmidlin et al.

subm.). Coulaud et al. (2011) also found an increase of the

feeding activity at elevated water temperatures for G. fos-

sarum. The same has been shown for G. pulex by Maltby

et al. (2002). A distinctly higher feeding activity of the

gammarids not exposed to copper in the condition

Fig. 2 Mean ETS activities of

G. fossarum for all channels

with their different temperature

regimes, with and without

copper ion influence. The

control channel (1) is always at

10 �C, the experimental

channels (2, 3 and 4) have

temperature regimes which

range from 10� to maximum

18 �C. Standard errors are

represented by the error bars

attached to each column. Pale

grey no copper, dark grey

copper influence. Note

***\0.001, **\0.003, *\0.05
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10–12–14 �C was observed. This temperature range is

actually optimal for G. fossarum, as it has been shown that

the ideal temperature for optimal reproduction lies at 12 �C

(Pöckl and Humpesh 1990).

In the control condition and condition 10–12–14 �C there

was a slight trend towards lower feeding activity of the

gammarids exposed to copper ions compared to the gam-

marids not exposed to copper ions. Previously a decreasing

feeding rate of G. pulex when exposed to copper was mea-

sured (Taylor et al. 1993). The concentrations they used were

between 0.01 and 0.150 mg/L Cu2? and the highest one

being nearly identical to the one used here. Their findings

support our observation. It has been shown previously that

the feeding rate of G. pulex decreased with increased cad-

mium ion concentrations (Felten et al. 2008; Alonso et al.

2009). Brief exposure of G. pulex to high concentrations of

Lindane has been shown to have the largest effect on the

feeding rate of G. pulex during the first 24 h after exposure

(Malbouisson et al. 1995). The feeding activities in our study

may have been lower after the first few hours of exposure and

then, owing to adaption, rise slightly to a constant level. We

cannot be sure of this because we determined a feeding

activity for the entire duration of the experiment.

We assumed that higher temperatures would enhance the

negative effects of copper ion exposure and so reduce the

feeding activity. Furthermore we assumed that elevated

temperatures would cause higher metabolic activity and so

an increase in feeding activity would take place. Higher

temperatures did not cause a clear increase in the feeding

activity of G. fossarum in this study and the copper ions did

not significantly reduce the feeding activity. A reason for the

copper ions not having a significant effect on the feeding

activity is most likely because a sub-lethal copper ion con-

centration was chosen for these tests. A further reason may be

that partial adsorption of the copper ions to the leaf discs

(Tattersfield 1993) reduced the copper ion concentration in

the water and this in turn might explain why the feeding

activity at the higher temperatures was not significantly

higher. The average water temperatures of the four channels

(10, 12, 13.3 and 14.7 �C) are not as different from each other

as the temperature regimes might suggest, but the tempera-

ture jumps are far more important, since these doubtlessly

affected the gammarids. The temperature jumps in channels

3 and 4 are extreme. We speculate that the gammarids had to

first become accustomed to the much higher temperature (i.e.

from 10 to 14 �C and 10 to 16 �C) before they resumed

feeding which resulted in an overall similar feeding activity

to the control 10–10–10 �C. The feeding activity of G. fos-

sarum was highest in the channel 2, where the jumps of 2 �C

from 10 to 12 �C and then to 14 �C effectively made the

conditions for G. fossarum more optimal.

ETS activity

Our ETS results show that a change on the cellular level of

the organisms was caused both by increased temperature

and copper ion exposure. In two previously published

studies the ETS activities for G. fossarum ranged from 0.4

to 0.48 lL O2/mg 9 h and from 0.39 to 0.45 lL O2/

mg 9 h (Lukancic et al. 2010; Simcic 2005). During

fasting the ETS activity of G. fossarum has also been found

to be in a similar range (0.36–0.58 lL O2/mg 9 h) (Mezek

et al. 2010). These activities are just slightly lower than the

ones recorded in our study.

With rising water temperatures we measured a signifi-

cant increase of the ETS activity of G. fossarum within the

Fig. 3 a–c Mean ETS activities of G. fossarum for the channels 2 (a),
3 (b) and 4 (c) with their different temperature regimes, regardless of

the copper ion influence. Standard errors are represented by the error

bars attached to each column. Note ***\0.001, **\0.003, *\0.05
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copper-free and copper-exposed groups in channels three

and four. An increase in ETS activity with increasing water

temperatures has also been observed e.g. for daphnid spe-

cies and hybrids: both juveniles and adults displayed a

higher ETS activity at higher temperatures (Simcic and

Brancelj 1997; Simcic and Brancelj 2004). The absolute

ETS activities of channels two, three and four are lower

than those of the control channel at the same point in time.

This can be explained by two competing factors: with

higher temperatures the metabolism of the organisms is

more efficient, on the other hand the oxygen concentration

is lower the higher the temperature becomes.

G. fossarum exposed to copper showed significant

decreases in ETS activity compared to those in pure spring

water. It has been shown that a copper ion concentration of

10 lg Cu2?/L caused a small but significant increase in the

ETS activity of mixed zooplankton while the lower con-

centration of 5 lg Cu2?/L had no significant effect

(Bamsted 1980). On the other hand it has been found that

Atrazine and Imidacloprid reduced the ETS activity of G.

fossarum (Lukancic et al. 2010). Bamsted’s observation of

an increase in ETS activity emphasizes that different taxa

react differently to metal pollution. It has also been dem-

onstrated that cadmium and chromium affected the ETS

activity of Daphnia magna differently: cadmium did not

affect cellular respiration after 48 h of exposure; chromium

however caused an increase after 48 h and a decrease after

96 h of exposure in the ETS activity (De Coen and Janssen

2003). This is similar to the ETS activities we measured in

the copper-exposed gammarids at the temperature regimes

10 to 14 �C and 10 to 16 �C, where the ETS activity did

not increase continuously but fluctuated. Many enzymes

are organometallic compounds (Meyer 2001) and hence

one would expect heavy metals to have some effect on the

enzyme activity which would reflect in the ETS activity.

Implications for springs

The results of this study show that the exposure to Cu2?

ions coupled with a higher temperature has the potential to

be stressful to G. fossarum. A temperature elevation on its

own, however, is unlikely to be very problematic for

eurythermal species as can be seen from our results. In a

study by Pöckl et al. (2003) it was concluded that a tem-

perature rise in rivers with a current mean temperature of 7

to 10 �C would not affect G. fossarum and G. roeslii

greatly, but a warming of colder rivers would have a

positive effect for the gammarids and that a warming of

already warm flowing waters would be negative. His study

underpins our assumption that G. fossarum is fairly tolerant

towards slightly elevated temperatures, with the clear

understanding that these do however influence their life

history, especially when coupled with pesticides and other

pollutants, and that larger temperature elevations of more

than 4 �C are problematic. However, G. fossarum has a

narrower distribution than G. pulex because it is more

sensitive to environmental variables and is also often more

sensitive towards pollutants (Alonso et al. 2010). G. fos-

sarum probably also does not occur in warmer waters

because G. pulex is the stronger of the two competitors,

being more robust towards higher water temperatures up to

27 �C (Foucreau et al. 2014; Sutcliffe et al. 1981) and so G.

fossarum is forced into colder waters.

Assuming Global Change raises temperatures further

this might nevertheless bring the gammarids into difficul-

ties, because raised metabolisms and hence higher feeding

activity could cause food to become a limiting factor,

because allochthonous in-put of leaf litter is finite.

Although springs are known for their clean water, pol-

lution of these unprotected habitats in Switzerland (Zo-

llhöfer 1997) can occur. Our study demonstrates the

importance of clean spring water for organisms, especially

when an increase in water temperatures cannot be pre-

vented. The findings emphasize the need for springs and

headwaters and their species to be protected from pesticide

inputs and other forms of pollution and to be monitored

regularly. We worked with G. fossarum in this study as an

abundant representative of spring species and have been

able to show that a gradual temperature elevation will

probably not pose a problem for G. fossarum and other

eurythermal species. G. fossarum nevertheless reacted

when exposed to copper ion and elevated temperatures. It

can be deduced that exposure to a pollutant will be toler-

ated even worse by cold-stenothermal organisms and they

will most probably react much more sensitively to elevated

temperatures. It has been shown that the respiratory ETS

activity in cold-stenothermal and eurythermal chironomid

larvae from high mountain lakes increased with rising

temperatures for two chironomid genera (Simcic et al.

2005). Different responses to temperature changes were

observed between cold-stenothermal and eurythermal

genera, especially at high temperatures. The findings of

Simcic et al. (2005) are in accordance with the assumption

that cold-stenothermal spring species would react even

more sensitively to temperature changes. While the ability

of survival of many species may decrease, a few species

might find more ecological niches to live in and hence their

populations might increase. A consequence of environ-

mental pollution and changes will, however, presumably be

an overall loss of biodiversity in springs.

Conclusions

Higher water temperatures increase the metabolic activity

of G. fossarum and copper ions have a tendency to decrease
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the feeding activity and significantly decrease ETS activity

of the tested organisms. G. fossarum can cope with a slight

elevation in temperature; copper however impairs its gen-

eral fitness. The ETS assay has proved to be more sensitive

in detecting the effects of sub-lethal copper ion concen-

trations on the metabolic activity of G. fossarum than the

feeding tests. Therefore we propose the usage of the ETS

assay in addition to the well-established feeding tests for

more detailed results. Further experiments will be con-

ducted with a cold-stenothermal species in order to test its

responses to a temperature increase and exposure to

copper.
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Vollständig überarbeitet Auflage. Schweizerbart, Stuttgart, p 471

Simcic T (2005) Respiratory electron transport system (ETS) activity

and respiration rate in cold-stenothermal and eurythermal

chironomid larvae from high-mountain lakes. Archiv für

Hydrobiologie 162:399–415

Simcic T, Brancelj A (1997) Electron transport system (ETS) activity

and respiration rate in five Daphnia species at different

temperatures. Hydrobiologia 360:117–125

Simcic T, Brancelj A (2004) Respiratory electron transport system

(ETS) activity as an estimator of the thermal tolerance of two

Daphnia hybrids. J Plankton Res 26:525–534

Simcic T, Brancelj A (2006) Effects of pH on electron transport

system (ETS) activityand oxygen consumption in Gammarus

fossarum, Asellus aquaticus and Niphargus sphagnicolus.

Freshw Biol 51:686–694

Simcic T, Lukancic S, Brancelj A (2005) Comparative study of

electron transport system activity and oxygen consumption of

amphipods from caves and surface habitats. Freshw Biol

50:494–501
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