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Abstract – Microcosms try to mimic the behaviour of natural ecosystems; however, differences in

experimental conditions reduce comparability among studies. A standard incubation duration may increase
comparability between experiments without losing realism in the response. Some response variables can
respond fast, acting as early warning signals of other, more important oncoming changes. In this experiment,
we test the effects of resource quality and incubation duration on the performance of the amphipod
Echinogammarus berilloni. Individuals were fed on ﬁve leaf species of contrasting quality and we measured
their consumption rate, death rate, RNA:body mass (RNA:BM), growth rate, mass body condition and lipid
body condition over time. We predicted that (i) resource quality would affect the response variables,
(ii) consumption rate and RNA:BM ratio would act as early warning signals of oncoming changes in growth
or death rates, and (iii) the inter-individual variation would gradually decrease with time. Resource quality
was positively related to consumption rates, although it did not correlate to nutrient concentration and
toughness of the materials. Amphipod body mass condition changed with diet, animals feeding on oak and
beech showing the lowest values. Death rate, growth rate, RNA:BM, and lipid mass condition did not
change with food resources. Consumption, growth rate and mass body condition changed with time.
Moreover, consumption, mass body condition and RNA:BM signiﬁcantly interacted with incubation
duration. Variability among individuals in consumption and growth rate decreased with time, as predicted.
Our results pointed that special care should be taken when comparing microcosm experiments with different
incubation duration.
Keywords: Microcosm experiment / incubation duration / food resource quality / consumption /
amphipod performance

1 Introduction
Freshwater ecosystems are affected by multiple stressors
derived from global environmental change, including nutrients
and pollutants, land use changes and geomorphological
disturbances (Sabater et al., 2018). Establishing the effects
of those stressors is a major scientiﬁc challenge that has been
approached from diverse perspectives. On one hand, observational ﬁeld studies (e.g., Ponsatí et al., 2016) can offer
information on the effects of these stressors on real conditions,
but are strongly limited in the attribution of causality.
Manipulative ﬁeld experiments, especially those following a
BACI design (e.g., Arroita et al., 2016), overcome some of the
problems of observational studies, but can face the idiosyncratic nature of the study sites. On the other extreme,
*Corresponding author: libe.solagaistua@ehu.eus

standardized assays, such as those common in ecotoxicology,
use standard incubation water or commercially available
organisms. Those assays are highly replicable and allow
attributing causality as well as understanding the mechanisms
of stress and resistance. Procedural details, though, can
strongly affect the outcome of toxicological assays, and thus,
authors strive for a standardization of their procedures. For
instance, the “OECD Guidelines for the testing of chemicals”
is a collection of internationally agreed testing methods for the
selection and ranking of candidate chemicals in terms of
toxicity and effects on natural systems (OECD, 2019).
Following these guidelines, a variety of studies focus on
understanding how each impact affects speciﬁc taxa and on
how different stressors are ranked (e.g., Dahl et al., 2006;
Lebrun et al., 2017). However, incubation conditions in these
standardized assays are usually far from real ecosystems and
thus, responses can often be hardly extrapolated to the natural
world. The model ecosystem approach (Landner et al., 1989)
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stays in between standardized artiﬁcial assays and ﬁeld
experiments and can be referred to as microcosm or mesocosm
studies. The aim of the model ecosystem approach is to mimic
the target ecosystem (e.g., using water, food and organisms
collected in the target system) in order to observe its response
to a potential stress. Nevertheless, even if the number of
published microcosm assays based on model ecosystem
approach is growing fast, the comparability among them is
small, as experimental conditions often differ (see Rasmussen
et al., 2012; Zubrod et al., 2015).
It has already been shown that temperature (Menéndez
et al., 2003), food quality (LeRoy et al., 2007; Lecerf and
Chauvet, 2008; Casas et al., 2013), shredder taxa (Taylor and
Chauvet, 2014) and mesocosm size (Uiterwaal and Delong,
2018) affect the responses and therefore, the comparability
between those studies is not straightforward. The selection of
response variables is also critical in microcosm experiments, as
variables differ in the time needed to ﬁnd an effect. Some
variables respond fast to changes in their environment and
thus, can act as early warning signals of oncoming biological
effects at higher levels of biological organization. In stream
ecosystems, leaf litter quality traits determine the breakdown
rates (Lecerf and Chauvet, 2008; Hladyz et al., 2009; Schindler
and Gessner, 2009) and the quality and quantity of ingested
resource will have direct consequences on consumer performance. In recent years, it is becoming increasingly common to
assess individual metabolic status by using RNA-based
measurements. The rationale for these measurements is the
fact that the RNA content of whole organisms is primarily
ribosomal RNA. Consequently, concentration of RNA is
directly related to the protein synthesis (Elser et al., 2000).
DNA, on the other hand, is accepted as an surrogate of number
of cells (Buckley et al., 1999). Consequently, RNA:DNA, or
RNA:biomass (RNA;BM) ratio is a proxy of growth and
metabolic status and has been shown to be a good and very
responsive indicator of nutritional condition (Stuck et al.,
1996; Wagner et al., 1998; Kainz et al., 2010). Individual
growth and body condition also respond to food resource
quality (Larrañaga et al., 2014) but the time required to detect a
response is supposed to be longer than for RNA-based ratios. It
is then expected that each variable will need more or less time
to respond to an environmental condition, and thus, will
provide meaningful information only after different microcosm incubation times.
Our objective was to test the effects of leaf litter quality
and incubation duration on the performance of the freshwater
shredder invertebrate Echinogammarus berilloni (Catta.).
The amphipod was fed with ﬁve leaf species of contrasting
quality and analysed the responses (consumption rate, death
rate, RNA:BM, growth rate mass body condition and lipid
body condition) over time. Instead of aiming at explaining the
mechanisms for the differences in the response variables with
the resources offered, we wanted to test the consistency of the
patterns among the various sampling days in an experiment
lasting one month. We predicted that, (i) food resource quality
would affect amphipod performance, (ii) consumption rates
and RNA:BM ratios would act as early warning signals and
precede changes of amphipod growth rate and body
condition, which would respond later in time, and (iii)
inter-individual variation would gradually decrease with time
due to constant microcosm conditions and, as a consequence,

the power to ﬁnd differences among treatments would
increase with time.

2 Materials and methods
2.1 Leaf litter and consumer

We used leaf litter of ﬁve common riparian tree species in
European streams, chosen because they differ on traits such as
nutrient content and toughness (Boyero et al., 2017): Alnus
glutinosa ((L.) Gaertn), Corylus avellana (L.), Fraxinus
excelsior (L.), Fagus sylvatica (L.) and Quercus robur (L.).
Leaves were collected near Bilbao (North Iberian Peninsula
43°150 4700 N 2°560 0600 W) after abscission in October 2015. Disks
(12 mm diameter) were punched using a cork borer, air dried and
stored in 24-well culture plates in a dark dry place until further
use. Leaf litter elemental analyses were performed in ﬁve
replicates per species after grinding. Nitrogen and carbon content
were analysed with Eurovector EA 3000 CNH analyser
(Eurovector, Milan Italy). Phosphorus was analysed after acid
digestion (0.5 g dry mass in 15 mL of HNO3 69%) in an optical
emission spectrophotometer with inductively coupled plasma
(ICP-OES, Horiba Jobin Yvon, Activa). Leaf toughness was
measured in 15 replicates per species using a penetrometer with a
0.49 mm2 area steel rod (Boyero et al., 2011).
As consumer macroinvertebrate we chose the amphipod
Echinogammarus berilloni (Catta.) as it is one of the most
abundant species in the streams of the region (Larrañaga et al.,
2009a). Specimens were kick-sampled (500 mm mesh size) in
Guriezo (Adino Stream, 43°200 2700 N 3°200 2000 W), individually enclosed in 30 mL containers with pores to allow water
exchange, and carried to the laboratory immersed in transport
boxes ﬁlled with stream water. Animals with a ﬁrst thoracic
segment length between 0.24 and 1.26 mm were selected (4.59
and 17.08 mm in total body length), but breeding females were
discarded as they show a clearly distinct biochemical
composition (Larrañaga et al., 2009b). The animals were
acclimatized in a controlled temperature room (15 °C) without
food for 3 d prior to the experiment.
2.2 Experimental setup

We prepared microcosms, consisting of test tubes (2 cm
diameter and 20 cm long) with 40 mL of ﬁltered (100 mm nylon
mesh) water from the same stream where the amphipods were
collected and ﬁve leaf disks of one species. The treatments
were named according to the leaf disks in the microcosm (i.e.,
Corylus, Alnus, Fraxinus, Quercus and Fagus). Despite the
small dimensions of the test tubes, the animals were able to
move freely, we did not observe accumulation of leachates, and
all tubes were aerated by means of direct bubbling. Prior to the
experiment, the groups of ﬁve leaf disks were conditioned in
stream water at the laboratory microcosms for 15 days at 15 °C,
12:12 light photoperiod, under constant aeration, and the water
renewed at day 7. The conditioning intended to reduce the
amount of leachable compounds and promote microbial
colonization. Water was renewed before adding an individual
of E. berilloni to each microcosm (20 replicates  5 leaf
species  5 sampling times), and the rest of experimental
conditions were kept as during conditioning. The experiment
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lasted for 32 days; water was renewed at days 8, 16 and 24 to
avoid accumulation of deleterious substances and shortage of
nutrients for microbes.
Water samples were collected at each renewal (one sample
taken from the container with new water), ﬁltered through precombusted glass-ﬁbre ﬁlters (Whatman GF/F, 0.7 mm pore
size) and stored at 20 °C until analysis. The concentration of
soluble reactive phosphorus (SRP) and ammonium in water
was determined colorimetrically on a UV-1800 UV-Vis
Spectrophotometer (Shimadzu Corporation, Kyoto, Japan)
with the molybdate method and the salicylate method (APHA,
1998), respectively. The concentrations of chloride (Cl),
sulfate (SO4) and nitrate (NO3) anions were determined with
capillary ion electrophoresis (Agilent CE) (Environmental
Protection Agency, 2007). Twenty replicates per treatment
were destructively sampled at days 2, 4, 8, 16 and 32.
2.3 Response variables

We measured six response variables, leaf litter consumption (related to ecosystem functioning) and death rate, growth
rate, mass body condition, lipid condition and RNA:Body
mass ratio (related to the performance of the amphipod). Death
rate was expressed as the natural logarithm (ln) of the
difference between initial and ﬁnal number of individuals alive
per treatment and sampling day, standardized with incubation
duration. Dead animals were not analysed, so reported values
are always of individuals alive when they were collected.
2.3.1 Consumption rates

The ﬁve air-dried leaf disks of each microcosm were
weighed before conditioning (air dry mass). At each sampling
day, disks were retrieved from the microcosms, oven dried
(70 °C, 72 h) and ashed (500 °C, 4 h) to calculate the ash free
dry mass (AFDM). Mass loss during conditioning was
measured and used to estimate the initial AFDM. Consumption
rates were calculated from the difference between estimated
initial dry mass and ﬁnal weighed dry mass of the ﬁve disks in
each microcosm, and standardized by the geometric average
body mass of the individual and total incubation time (mg
AFDM mg BM1 d1). An additional set of nine microcosms
per leaf species were incubated without amphipods to estimate
mass loss due to microbial decomposition rates and therefore
correct consumption rates.
2.3.2 Growth rate

Amphipods were photographed at the beginning and end of
the experiment through a binocular microscope (Leica
M165FC, Wetzlar, Germany). The dorsal length of the ﬁrst
thoracic segment (DL) was measured from photographs using
the “Leica Application suite V4” program (LAS V4.1). Initial
and ﬁnal total body lengths (BL) were calculated using
equation (1) (Flores et al., 2014a). Instantaneous growth rate
(IGR) for each individual was calculated using equation (2)
where t is the incubation duration, BLt is the body length at
time t and BL0 is the initial body length (Flores et al., 2014a).
BL = 14.458 · DL  0.110; (mm)

(1)

IGR = (ln(BLt)  ln(BL0)) / t; (mm d1)

(2)

2.3.3 Body condition: mass and lipids

By means of the equation (3) (Flores et al., 2014a) the body
mass (BM) was estimated at the end of the experiment, and this
value was used as the descriptor for each invertebrate dry mass
in the experiment.
BM = 0.8213 · BL  4.3025; (mg)

(3)

Half of the sampled amphipods (10 replicates per leaf
species and sampling time) were freeze dried and weighed. We
compared the dry mass obtained this way with the expected
body mass calculated from equation (3) to be used as a proxy of
mass body condition. The mass body condition was
logaritmized (log10) before statistical analyses; a value of 0
indicates that the weighed mass exactly matches what is
expected from the body length, while positive and negative
values show individuals heavier or lighter than expected,
respectively. Total individual lipid content was measured as a
proxy of energy reserves stored. Lipid amount was quantiﬁed
in freeze-dried entire individuals. Extraction was performed by
incubating individuals in diethyl ether at 4 °C for 2 d and
sonicated twice for 15 min (Bandelin Sonorex; Bandelin
Electronic GmbH and Co., Berlin, Germany). Extraction was
followed by digestion with H2SO4 (200 °C) and quantiﬁcation
by spectrophotometer. Cholesterol was used as standard. Lipid
body condition was expressed as mg lipid mg BM1.
2.3.4 Nucleic acid content

The rest of the individuals (10 replicates per leaf species and
sampling time) were stored in RNAlater solution (Ambion) until
further nucleic acid analysis. Microplate ﬂuorometric highrange assay with Ribo-Green was performed to quantify RNA
after extraction with N-laurylsarcosine followed by RNase
digestion as described in detail by Gorokhova and Kyle (2002).
Fluorescence measurements were performed using a Tecan
GENios microplate reader (Cavro Scientiﬁc Instruments,
Sunnyvale, ﬁlters: 485 nm excitation and 520 nm emission).
Measurements were performed in black solid ﬂat-bottom
microplates, scanned during 0.2 s well1, with 10 measurements
per well at constant temperature (37 °C). Measured RNA
concentrations were expressed as mg RNA mg BM1.
2.4 Data analysis

The critical alpha value for all analyses was 0.05 and all
statistical analyses were conducted using R statistical software
(version 3.1.2, R Core Team, 2018). A high degree of
correlation was observed among leaf traits (minimum R2 in
pairwise Pearson correlation: 0.67; Supplementary material,
Table S1). Thus, we integrated all variables in an index of leaf
litter quality, calculated by means of equation (4), where T is
the average of the measured value for the trait (C:N, C:P and
toughness) and n the number of measured traits.
Quality index = 1 – ((T1/(n · T1(max))) þ ... þ (Tn/(n · Tn(max)))) (4)
We ﬁtted Gaussian models (Madsen and Thyregod, 2010;
Zuur and Ieno, 2010) to test for the effect of leaf species (1st
prediction) and incubation duration on the response variables
(consumption, death rate, RNA:BM, growth rate, mass body
condition and lipid body condition). For parameter estimation,
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Table 1. Nitrogen and phosphorus molecular elemental ratios and leaf toughness (kPa) of the leaf species used in the experiment (mean
values ± standard error). Different superscript letters indicate signiﬁcant differences among leaf species. Signiﬁcant p-values are in bold.
Leaf litter sp.

Corylus

Alnus
a

19.92 ± 0.38
838.69 ± 11.20a
57.81 ± 3.09a
0.632

C:N (n = 5)
C:P (n = 5)
Toughness (n = 15)
Leaf quality index

Fraxinus
b

14.05 ± 0.07
1141.87 ± 20.65b
70.47 ± 4.96ab
0.604

Fagus
c

Quercus
d

22.76 ± 0.66
1128.87 ± 31.03b
81.52 ± 6.51b
0.520

p-value
e

52.70 ± 0.11
2073.13 ± 69.22c
107.43 ± 5.04c
0.165

37.39 ± 0.40
3259.20 ± 84.56d
123.48 ± 8.53c
0.097

<0.001
<0.001
<0.001

Table 2. Results of the ANOVA test for the effect of leaf species, experiment duration, and their interaction on the performance of the amphipod.
Signiﬁcant p-values are in bold.
Consumption

Death rate

RNA:BM

Growth rate

Mass body
condition

Lipid body
condition

Source of variation DF F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value
Species
Day
SpeciesxDay

4
4
16

62.76
8.46
1.83

<0.001 1.42
<0.001 0.48
0.024
0.57

0.242
0.491
0.682

1.15
1.12
1.72

generalized least squares (Pinheiro and Bates, 2000) were
used, via the gls() function of the package nlme (Pinheiro et al.,
2018). The ﬁxed structure of the model included leaf species
(ﬁtted as a discrete explanatory variable, with ﬁve levels,
Corylus, Alnus, Fraxinus, Quercus, Fagus), incubation
duration (ﬁtted also as a discrete explanatory variable, with
ﬁve levels: day 2, 4, 8, 16 and 32) and the interaction between
both sources of variation. AIC comparisons revealed the need
to add a variance structure to the models to deal with
heteroscedascity, which allowed different variances per day
(varIdent(form = ∼1|Day)). No heteroscedascity was observed
among leaf species. As both consumption and growth rates
presented leptokurtic distributions, data were normalized via
the gaussianize() function of the package LambertW (Goerg,
2011). To check how each response variable responded over
incubation duration (2nd prediction) analyses of amphipod
consumption and performance were carried out ﬁrst using data
from all sampling days and later with data from each sampling
day separately. When using data from all sampling days,
generalized least squares gls() were used where the ﬁxed
structure of the model consisted on leaf species (ﬁtted as
explanatory variables) and incubation duration included as a
block factor. We added a variance structure to the models to
deal with heteroscedascity, which allowed different variances
per day (varIdent(form = ∼1|Day)). No heteroscedascity was
observed among the different leaf species. When using
separate data from each sampling day, linear models lm() were
used where the ﬁxed structure of the model consisted on leaf
species (ﬁxed as explanatory variable). As both consumption
and growth rates presented leptokurtic distributions, data were
normalized as explained above.
Variance reduction over time was tested with linear models
lm() from package nlme (Pinheiro et al., 2018) for each
response variable (3rd prediction). For the different response
variables, we computed ﬁrst the standard error for the variables

0.335
0.349
0.044

1.52
3.42
0.67

0.195
0.009
0.820

3.57
4.24
1.99

0.007
0.002
0.015

2.12
0.55
1.01

0.079
0.698
0.442

of interest for each leaf species and day, and then we created
models with the standard error as response variable, incubation
duration ﬁtted as a discrete explanatory variable and species as
random factor.

3 Results
Stream water used over the experiment ranged in phosphorus
concentration from 4.7 mg L1 to 28.2 mg L1 and in ammonia
concentration from 35.6 mg L1 to 106.7 mg L1. The mean
values of Cl, SO4 and NO3 were 11.4 ± 1.2 (SE) mg L1,
7.9 ± 1.0 mg L1 and 2.4 ± 0.3 mg L1 respectively. No temporal
pattern was observed for water chemistry.
The ﬁve leaf litter species signiﬁcantly differed in
stoichiometry (molar C:N, C:P, C:K ratios), in toughness
and, consequently, in their overall leaf quality index (Tab. 1).
Corylus showed the highest quality index, with the highest
concentration of phosphorus per carbon and lowest toughness. Alnus and Fraxinus only differed in nitrogen content,
higher in the former species. The leaf species with the
worst quality was Quercus, with the lowest concentrations
of phosphorus per carbon and the highest toughness
(Tab. 1).
Consumption rates were affected by leaf species and
incubation duration (p < 0.001, Tab. 2, Fig. 1). Consumption
rates increased signiﬁcantly with leaf quality (Supplementary
material, Table S2; p < 0.001). Fraxinus was the most
consumed leaf species, with 0.594 mg AFDM mg BM1 d1
consumption at day 2 and 0.235 mg AFDM mg BM1 d1 at
day 32. The less consumed leaf species were Quercus at day 2
and Fagus at day 32, with mean consumptions of 0.084 and
0.079 mg AFDM mg BM1 d1 respectively. Overall, the
consumption rate decreased over time for all leaf species. Most
importantly, there was a signiﬁcant interaction between leaf
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The standard error decreased over time for growth rate and
consumption (Growth rate, p < 0.001; Consumption,
p = 0.003, Fig. 3). The standard error of growth rate
signiﬁcantly decreased from Day 2 (0.019) to Day 4
(0.009), Day 8 (0.004), and Day 32 (0.001). This reduction
was statistically signiﬁcant from day 2 to 16 for consumption,
which decreased from 0.072 to 0.025 and then levelled
constant until day 32 (Fig. 3). The rest of the measured
variables did not show any reduction of the standard error.

4 Discussion

Fig. 1. Consumption rate (mg AFDM mg BM1 d1) of the ﬁve leaf
species along time (median and interquartile range, IQR ± 1.5*IQR;
the dots represent outliers). Leaf species are ordered by leaf quality
from light to dark.

species and incubation duration (p = 0.024, Tab. 2, Fig. 1),
showing that the pattern of consumption of different leaf
species was altered along the experiment.
Fourteen percent of the individuals died during the
experiment, but neither the leaf species nor the incubation
duration affected death rate (Tab. 2; Supplementary material,
Table S3). The RNA:BM ratio was affected by the interaction
between leaf species and incubation time (p = 0.044, Tab. 2,
Fig. 2) showing different patterns along time for individuals
fed with different resources. Leaf species did not signiﬁcantly
affect growth but incubation duration did (p = 0.009, Tab. 2,
Fig. 2). The overall amphipod mass body condition was
affected by leaf species, incubation duration and the interaction
between both factors (p = 0.015; Day, Tab. 2, Fig. 2), meaning
that mass body condition of individuals fed with different leaf
species ranked differently over the duration of the incubation.
Individuals fed with Fagus presented the best mass body
condition at the second sampling day and the worst at day 16.
However, amphipod lipid body condition was neither affected
by leaf species nor incubation duration, and the interaction was
also non-signiﬁcant (Tab. 2, Fig. 2).
Consumption rate was signiﬁcantly affected by resource
quality from the second day on and it showed a very consistent
pattern, as signiﬁcantly varied with leaf species either when
considering all the incubation times or when taking into
account the different sampling days separately (Tab. 3).
However, RNA:BM did not respond to the resource quality at
any of the sampling days. Regarding amphipod body
condition, the mass body condition was signiﬁcantly affected
by leaf species when all the data was gathered, however, this
signiﬁcance was only maintained at day 16 when analysing
sampling days separately. Lipid body condition and growth
rates were not affected by leaf species neither analysing all data
together nor at separate sampling days. Results at sampling day
16 were similar to those using all the sampling days (Tab. 3).

Organic matter consumption is widely measured in the
scientiﬁc literature due to its importance to support terrestrial
and aquatic food webs and the signiﬁcant contribution to total
carbon ﬂuxes (Battin et al., 2009). Our results, as many others
before, showed that resource quality affects consumption rates.
However, Fraxinus was the most consumed leaf species
despite not being identiﬁed as the highest quality resource by
our quality index. Similarly, in the literature, the correlation
between food quality and consumption rates is not always
straightforward (Huang et al., 2006), which may suggest that
consumption responds to non-measured variables, like the
concentrations of tannins. Contrarily, consumers can also feed
more on poorer materials, thus compensating for the lack of
nutrients, which might have happened in our study (Flores
et al., 2014b). The differences in leaf quality, and in
consumption rates, were expected to signiﬁcantly affect
amphipod performance however, most of the measured
variables were not signiﬁcantly affected. For example, it has
been demonstrated that nutrient content can limit consumer
growth (Mulder and Elser, 2009; Kendrick and Benstead,
2013). However, in the present study the effect of resource
quality on gammarid growth rate was weak, as it was only
signiﬁcant when using all data together. Other previous,
slightly longer, studies with contrasting resources have
reported changes in growth rates of gammarids that can be
attributed to resource quality (Graça et al., 2001, Larrañaga
et al., 2014), which can highlight the need to perform longer
experiments to be able to see a response of this variable, at least
when dealing with relatively long living species like
gammarids. The increase in RNA concentration has been
interpreted as a proxy of growth rate (Dahl et al., 2006) and
also as a sign of activation of the defence system and repair
processes (Maltby, 1999). However, contrary to expected, in
the present experiment the RNA:BM ratio did not respond to
the leaf species consumed. Mass body condition, which is
directly linked to survival rates (Peig and Green, 2009) and
correlates with body protein content (Larrañaga et al., 2010),
has been also described to respond to resource quality
(Larrañaga et al., 2014). In the present study, leaf species
signiﬁcantly affected the mass body condition, individuals fed
with high resource quality (Corylus, Alnus and Fraxinus)
presenting overall higher mass body condition. Similarly,
resource availability and quality have been reported to affect
total lipid body condition (Øie and Olsen, 1997) and, therefore,
have consequences on growth and reproduction (Glazier,
2000); nonetheless, lipid body condition in our amphipods was
not signiﬁcantly affected by the resource gradient. The lack of
the response could be related to the low percentage and the
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Fig. 2. RNA:BM (mg RNA mg BM1), growth rate (mm d1), mass body condition and lipid body condition (mg lipid mg BM1) of consumers
feeding on the ﬁve leaf species along time (median and interquartile range, IQR ± 1.5*IQR; the dots represent outliers). Leaf species ordered by
leaf quality from light to dark.

high inter-individual variability of the total lipid mass. In line
with this, Larrañaga et al. (2014) did not found a signiﬁcant
response to resource quality for the amount of lipids after 3 and
6 weeks of incubation with resources varying in quality as
much as in our study. Overall, the much larger differences for
consumption rates than for the performance of the consumer
supports that the amphipod was using compensatory mechanisms when facing materials of different quality.
We predicted that consumption rate and RNA:BM ratio
would act as early warning signals and would precede
responses occurring later in time, such as changes in growth or

body condition. In our experiment consumption rates
signiﬁcantly responded to the resource quality by the second
sampling day and the response was consistent over the
experiment. However, differences tend to increase with the
duration of the experiment (Haber, 1924), which is also true for
experiments that compared consumers feeding on resources of
contrasting quality (Canhoto and Graça, 1996). The use of
consumption rate as early warning signal when testing the
effect of resource quality can be quite straightforward because
individual feeding preferences/decisions can partially affect
their performance. However, when testing other stressors, such
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Table 3. ANOVA results for leaf species and day as block factor (only when analysing all sampling days) for consumption and amphipod
performance. The effect of leaf species is shown for all sampling days and for separate sampling days. Signiﬁcant p-values are in bold.
All samplings

Day 2

Day 4

Day 8

Day 16

Day 32

Day
Species
F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value
Consumption
RNA:BM
Growth rate
Mass body
condition
Lipid body
condition

8.03
1.10
3.45
3.72

<0.001
0.358
0.008
0.006

60.86
1.37
1.53
3.62

<0.001
0.246
0.193
0.007

7.92
2.28
0.88
1.95

<0.001
0.075
0.480
0.115

10.67
1.78
0.61
2.48

<0.001
0.150
0.655
0.055

9.53
0.84
1.69
0.44

<0.001
0.509
0.159
0.776

21.89
2.16
0.08
5.14

<0.001
0.090
0.989
0.001

16.85
2.45
1.18
0.71

<0.001
0.062
0.326
0.589

0.55

0.697

2.14

0.076

1.31

0.278

0.69

0.604

0.16

0.957

1.15

0.345

1.85

0.138

Fig. 3. Consumption, RNA:DM, growth rate, body mass condition and lipid body condition standard errors taking into account the ﬁve leaf
species together along time (mean ± SE). Different superscript letters indicate signiﬁcant differences among incubation durations.

as exposure to contaminants, other physiological variables, as
RNA:BM ratio, might respond earlier or at the same time that
consumption rate (e.g. Vrede et al., 2002 and Pietrzak and
Bednarska, 2010). The expected changes in RNA:BM ratio
within the ﬁrst incubation days were not observed in our
individuals. Therefore, the RNA:BM cannot be used as early
detection tool in this particular case, which can partially be a
consequence of the larger lifespan of Echinogammarus (over
6 months, Maranhão and Marques, 2003) compared to the
species that other researchers have used as sentinels (e.g.
Daphnia and Monoporeia). Finally, we expected consumption
and RNA:BM to precede later responses in growth rate and
body condition that would occur as a consequence of different
quality resource consumption. However, growth rate and lipid
condition did not respond when taking into account separate
sampling days or analysing all data together. Individual growth
rates were calculated from measurements of the ﬁrst thoracic
segment length at the beginning and the end of the experiment.
This measurement has a rather large error, which together with
the relatively small sample size (n = 20 individuals per leaf
species and sampling day), could have prevented signiﬁcant
responses even if there were clear non-signiﬁcant patterns.
We observed incubation time to be an important factor
affecting the response. As the materials were only offered at
the beginning of the experiment, they were surely conditioned
by fungi along the incubation, making them more palatable
with time. Counter intuitively, consumption rates decreased
with time, an observation that has been previously attributed to
reduced energy requirements under laboratory conditions
(Hessen et al., 2013). Additionally, although the main nerves

of the leaves were avoided when punching the discs, it is
possible that individuals ﬁrst ate the highest quality parts, thus
reducing the overall quality and decreasing consumption of the
leftovers. Most importantly, for consumption, RNA:BM and
mass body condition, incubation time signiﬁcantly interacted
with leaf type. The signiﬁcant interaction between leaf species
and incubation time in our experiment indicates that responses
changed with time, which other authors have attributed to the
changes of the chemical properties of the resources over time
(Aßmann et al., 2011). These changes can be partly explained
by the disparate colonization rates that microorganisms exhibit
when facing leaf litter with contrasting traits (Gessner and
Chauvet, 1994). The interaction between microbial colonisation and the intrinsic quality of the leaf litter might have
regulated the changes in quality of the remaining materials,
and thus, its consumption. In highly consumed leaf litter, as
alder or common ash, microbial colonization is fast (Gessner
and Chauvet, 1994), and as a consequence, the quality
difference between different parts of the leaf litter larger than
in less preferred materials. The remaining mass in these highly
consumed materials might have become worse faster, which
can explain the reduction of their consumption with time. For
the low quality materials, as oak or beech, the microbial
colonization is much slower (Gessner and Chauvet, 1994), and
thus, the differences between the different patches of the same
leaf smaller. The more constant consumption rate of these
materials by the amphipod supports this idea. Regarding
amphipod physiological responses, the interaction between
leaf species and incubation duration signiﬁcantly affected mass
body condition and RNA:BM ratio. Those variations in the
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physiological status and nutritional condition have been also
reported for other crustaceans (Wu and Dong, 2002; Comoglio
et al., 2005), and might reﬂect switches in the use of energy
from some type of reserves to another. The observed
signiﬁcant interactions, due to shifts in requirements or any
other natural alteration of the animals along the experiment,
showed the intrinsic difﬁculty when comparing studies
performed with different incubation duration and highlight
the importance of time-standardized experiments.
The high variability on the responses observed at the
beginning of experiments could be a consequence of the
elevated intraspeciﬁc variability present in natural populations.
The main food source for stream communities, allochthonous
organic matter, is distributed in patches in the ﬁeld (Webster
et al., 2001) and microhabitats may differ greatly in the quality
of the material retained (Flores et al., 2013). For our study, the
amphipods were kick-sampled at different microhabitats along
the reach. As a consequence, collected individuals may have
presented very diverse physiological status. Additionally,
individual life stage also affects macroinvertebrate body
condition and nutritional status (McCahon and Pascoe, 1988),
which can partly explain the large intra-speciﬁc variability in
stoichiometry that can be observed within a species (Small and
Pringle, 2010). We narrowed down the size of the animals used
in the experiment, but still the largest individuals in our study
were 3 times longer than the smallest ones, which should have
contributed to the large variability recorded. Thus, the high
variability present in the life stage and the physiological status
of the collected amphipods would lead to large variability in
their response at the beginning of the experiment, which
highlights the caution needed when interpreting very short
experiments.

5 Conclusions
Stress signals on the physiology of biota facing a
perturbation are expected to be followed by changes at the
levels of the community and ecosystem functioning. Our
results show that both resource quality and incubation duration
are relevant factors affecting E. berilloni consumption rates,
but not individual performance variables, which showed subtle
responses. The interaction between resource quality and
incubation time was signiﬁcant for some of the measured
variables, which shows the difﬁculty when comparing studies
performed at different incubation times and highlights the need
for time-standardized experiments. The RNA:BM ratio was no
useful as an early warning signal for E. berilloni, as it did not
show signiﬁcant differences among the individuals feeding
resources of different quality. Although consumption showed a
fast and signiﬁcant response to resource quality, we could not
validate its use as early warning signal because it was not
followed by changes in amphipod performance during the
studied time span.
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