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Bioenergetic cost of living in polluted freshwater
bodies: respiration rates of the cyclopoid
Eucyclops serrulatus under ammonia-N exposures
Tiziana Di Lorenzo 1, *, Stefano Cannicci 2, 3, Daniele Spigoli 3, Marco Cifoni 1, 4,
Mariella Baratti 1 and Diana M. P. Galassi 4
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Abstract: Ammonia-N (NH3+NH4+) is considered one of the most important pollutants of freshwater bodies

worldwide due to its high toxicity and ubiquity in freshwater ecosystems. The aim of this study was to assess if
short-term exposures to sublethal ammonia-N concentrations affect the metabolic rates of the cyclopoid Eucyclops
serrulatus. This is a target species for routine biomonitoring due to its world-wide distribution, wide ecological
niche, short life-cycle and suitability to be easily reared in the laboratory. We measured the oxygen consumption
as a proxy of possible metabolic reaction to stress under a 3-day exposure to two different ammonia-N concentrations, dosed as NH4+, at 15 °C. We also measured the respiration rates of juveniles (C1-C5 copepodids) separately
from those of adults in order to assess whether the metabolic cost differed between the two stages. The respiration
rates of both adults and copepodids increased with increasing NH4+ concentrations. However, the adults of E. serrulatus experienced a significant energetic stress under exposure to 12 mg L–1 NH4+. On the contrary, the copepodid
respiration rates significantly varied under exposure to 1 mg L–1 NH4+, just one order of magnitude greater than the
current European threshold value for freshwater bodies. According to these outcomes, it is prudent to consider river
monitoring sites not contaminated by ammonia-N under the current legislation to represent a risk for the juveniles
of this species.
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Introduction
Ammonia-N (NH3+NH4+; Camargo & Alonso 2006)
is considered one of the most important pollutants of
freshwater bodies worldwide due to its high toxicity and ubiquity in freshwater ecosystems (U.S. EPA
2013). It occurs in very small amounts in pristine freshwater bodies, as a result of the microbial reduction of

nitrogen-containing compounds (EPA 2001). A sewage or agricultural contamination is indicated whenever ammonia-N concentrations exceed 0.129 mg L–1
NH4+ in freshwater (EPA 2001). Although the average
ammonia-N concentration in freshwater bodies has
been decreasing in Europe since 1998, thus reflecting
to some extent the effectiveness of the European Directives, it still remains higher than the natural level
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in several freshwater bodies because of agricultural
practices and underpowered wastewater treatments
(EEA 2010; EEA 2015). In freshwater bodies, the ammonia-N in excess contributes to eutrophication and is
oxidized to ammonium hydroxide, which is extremely
toxic to aquatic life at elevated pH levels (Ward 2013).
Ammonia-N itself has strong impacts on aquatic
invertebrates (Camargo & Alonso 2006; Romano &
Zeng 2013; U.S. EPA 2013; EEA 2015), as it alters the
hemolymph pH, thus reducing hemolymph oxygencarrying capacity due to progressive acidosis (Cheng
et al. 2013). Moreover, it interferes with the activity of
the Na+/K+-ATPase pump, which is a major player in
ammonia-N excretion in aquatic invertebrates (Furriel
et al. 2004). Osmoregulatory and circulatory activities
of invertebrates, as well as the normal metabolic functioning, are altered under exposure to high ammoniaN concentrations (Romano & Zeng 2013).
Freshwater copepods represent the most diverse
taxon in groundwater and dependent ecosystems,
such as springs (Galassi et al. 2014; Stoch et al. 2016),
hyporheic zones (Di Lorenzo et al. 2013; Caschetto et
al. 2014), alluvial (Di Lorenzo & Galassi 2013) and
karstic aquifers (Gibert et al. 1994; Malard et al. 1994;
Brancelj & Culver 2005; Dole-Olivier et al. 2009; Meleg et al. 2011). In surface water bodies copepods are
a key group, linking primary production with upper
trophic levels (Perlmutter et al. 1991; Schmid-Araya
& Schmid 2000; Transpurger et al. 2006; Muschiol et
al. 2008a; Muschiol et al. 2008b). An acute exposure
to high concentrations of ammonia-N has proven to
affect the survival of these crustaceans (Di Lorenzo
et al. 2014). Under chronic exposure to sub-lethal ammonia-N concentrations, laboratory reared freshwater
copepods have showed delayed developmental rates
(Di Marzio et al. 2013), as well as lower taxonomic
richness and population abundances in the field (Di
Lorenzo et al. 2015a). However, no metabolic studies
have been performed yet to investigate the effect of
ammonia-N on freshwater copepods.
The cyclopoid Eucyclops serrulatus (Fisher 1851)
has a wide ecological niche overlapping with that of
many other freshwater taxa (Alekseev et al. 2005).
Until recently, E. serrulatus has been thought to be
one of the few copepods truly distributed worldwide,
with the exception of Antarctica. However, Alekseev
& Defaye (2011) recently formulated a new hypothesis on the actual distribution of this species. The distribution range of E. serrulatus sensu stricto is limited
to Eastern Siberia in the East, to the Iberian Peninsula in the West, to the islands of the Artic seas in
the North, and to North Africa, Middle Asia, Turkey,

Iran, Afghanistan, Kazakhstan, Uzbekistan and Mongolia in the South (Alekseev & Defaye 2011). The
species seems not to be present either in the Far East
or in South-East Asia. As suggested by Karanovic
(2005), several records of this species outside this
area, such as in Australia, Canada and U.S.A., are
likely the result of recent introductions, possibly in
relation to human activities. It mostly lives in surface
water bodies, including pelagic and benthic habitats
of lakes and streams. However, it is also commonly
found in groundwater, in alluvial (Di Lorenzo &
Galassi 2013; Di Lorenzo et al. 2015a) and karstic
aquifers, in springs (Galassi et al. 2014; Stoch et al.
2016) and in hyporheic zones (Fischer 1851; Alekseev
et al. 2005; Di Lorenzo et al. 2013). Its wide distribution and ecological niche, short life-cycle, suitability to be easily reared in the laboratory (Nandini &
Sarma 2007) and the availability of genetic resources
(Baratti et al. 2015) make E. serrulatus a good target
species for routine biomonitoring.
The aim of this study was to assess if short-term
exposures to different sub-lethal concentrations of
ammonia-N affect the metabolic rates of individuals
of E. serrulatus. We measured oxygen consumption as
a proxy of a metabolic response to stress (Calow 1991).
We also measured the respiration rates of the juveniles
separately from those of the adults in order to assess
whether the metabolic cost differed between the two
stages.

Methods
Collection and stock culture
We collected individuals of E. serrulatus in a shallow bore (coordinates: 43° 49′ 02.61″ N, 11° 11′ 59.79″ E; mean water table
depth: 3 m), located in the Quaternary alluvial aquifer of Medio
Valdarno (Tuscany, Italy), in March 2014. The bore was provided with a creek casing opened at the top. No contaminants
were detected in the bore water (see Di Lorenzo et al. 2015 b
for details about the bore water chemistry). A basket-sampler
provided with a 60 µm-mesh net was used to collect the copepods from the bottom and the water column of the bore. After
collection, samples were transported to the laboratory within
15 minutes and sorted under a stereomicroscope at 12× magnification. Ovigerous females were picked up one by one with a
glass pipette and each loaded in a 100 mL glass chamber. The
chambers were filled with the bore water and maintained at
room temperature. No additional food was offered in order to
let the ovigerous females maintain the same diet as it was in
the field. After the eggs hatched, each female was dissected on
a slide and identified to species level under an optical microscope at 100× magnification. Offspring of the females belonging to species other than E. serrulatus were brought back to the
bore. The hatched nauplii of E. serrulatus were pooled in a 2 L
plastic beaker. The beaker was filled with the bore water and
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maintained at room temperature. The bore water was changed
weekly. Neither aeration nor additional food were provided.
The offspring of the parental generation of the stock culture
were used as the experimental pool of conspecific individuals.

149

Table 1. Test concentrations (LWC: lowest working concentration; HWC: highest working concentration) expressed in mg
L–1 of NH4+ and mg L–1 of TAN (total ammonia nitrogen) for
adults and copepodids of Eucyclops serrulatus.

Test solutions
Ammonia-N was dosed as NH4+ from ammonium nitrate (pure
crystalline solid, CAS: 6484 - 52 - 2), provided by Regione
Toscana in the form used for crop fertilization. A stock solution (50 mg L–1 NH4+) was prepared dissolving the appropriate
weights of ammonium nitrate in a standard water (pH: 7.4, electrical conductivity: 415 µS cm–1, HCO3 –: 301, Ca2+: 48.6, Mg2+:
28.2, SiO2: 15.2, NO3 –: 8.5, Na+: 5.8, SO42 –: 4.1, K+: 1, F– < 0.15,
NH4+= 0, all expressed in mg L–1) and stored at 4 °C. The stock
solution concentration was measured by the method UNICHIM
M.U. 941: 1995 (the limit of quantification was equal to 20 µg
L–1). Nominal working solutions were prepared from the stock
solution by appropriate dilutions.

NH4+

TAN (NH4+-N+NH3-N)

adults

LWC
HWC

3
12

2.31 + 0.016
9.24 + 0.063

copepodids

LWC
HWC

1
4

0.77 + 0.005
3.08 + 0.021

The individuals required for the respirometric trials were
picked up with a glass pipette from the stock culture, pooled in
a 500 mL glass baker and acclimated for three days at 15 °C in
the appropriate medium (standard water or test solutions) prior
to measurements. No food was offered during acclimation in
order to allow gut emptying (see Di Lorenzo et al. 2015 b for
details). After acclimation, only the actively swimming individuals were selected for testing. The copepodids were picked
up on day 25 and the adults on day 35 from the start of the stock
culture.
Two treatment and one control (standard water without
toxicant) trials were set up for each developmental stage, for a
total of six trials (Table 2), with 8 replicates each, in June 2014.
In each trial, standard respiration rates (SRRs) were measured
simultaneously in 8 sealed glass respirometric chambers, each
containing 2 mL of the appropriate oxygen-saturated medium
(standard water or test solutions). SRRs were measured by
PSt3 (PreSens Regensburg, Germany) optical oxygen sensors.
Each sensor was glued to the inside wall of the respirometer
and connected to a single-channel oxygen transmitter Fibox 3
(PreSens) via an optical fibre. Data were recorded using the
FibSoft v.1.0 software (Loligo Systems ApS, Tjele, Denmark).
More information about the oxygen sensor device, data recording and calibration, are given in Di Lorenzo et al. (2015b). The
chambers were placed in a 15 °C water bath and kept in the
dark. Each glass respirometer contained 25 E. serrulatus copepodids or 20 adults, according to Di Lorenzo et al. (2015b). A
procedural control chamber filled with standard water or test
solutions without animals was run at each trial to account for
background oxygen depletion. For each replicate in a trial, the
oxygen consumed in each respirometer was corrected by the
oxygen depletion in the empty chamber. Measurements were
taken every 30 minutes during 3-h-incubations, after discarding
an initial 30 minutes stabilization period. At the end of each
trial, the chambers were opened and copepods were counted

Respiration trials
Respiration tests were carried out at 15 °C, because that is the
mean annual temperature of the bore water (Di Lorenzo et al.
2015b). The trials were performed on two different developmental stages, namely adults and juveniles (C1-C5 copepodids). Two different test concentrations (TC) and a control were
used for each stage. According to US. EPA guidelines (US. EPA
2012), TC were designated on the basis of the MATC (maximum acceptable toxicant concentration; Rand 1995) so that:
TC = MATC = LC50/ACR
where LC50 is the lethal concentration to 50 % of the exposed
individuals of E. serrulatus at 15 °C after 96 h reported in Di
Lorenzo et al. (2014; 2015c) and ACR is the acute-to-chronic
ratio (Kenaga 1982). In detail, the highest working concentrations (HWC) were set as:
HWC = LC50/5
and the lowest working concentrations (LWC) were set as:
LWC = LC50/20
The ACR equal to 5 and 20 were chosen arbitrarily in the
range 1– 20 assessed by Kenaga (1982) for aquatic species and
organic chemicals. To ease the comparisons with data from
other papers and studies, in Table 1 we expressed the working
concentrations as mg L–1 NH4+ and as mg L–1 TAN (total ammonia nitrogen: NH4+-N+NH3-N).

Table 2. Respiration rates and size of adults and copepodids of Eucyclops serrulatus at 15 °C for each trial (c: copepodids; a:
adults). C: control; TC: test concentration; LWC: lowest working concentration; HWC: highest working concentration. Values are
represented as mean ± SD (for n = 8).

copepodids
Trial
C or TC
SRR (μg O2 ind–1 h–1)
Lm (mm)
DM (mg)
Wm (mm)

adults

1c
C

2c
LWC

3c
HWC

1a
C

2a
LWC

3a
HWC

0.0153 ± 0.0084
0.4151 ± 0.0951
0.0031 ± 0.0004
0.2075 ± 0.0476

0.0380 ± 0.0159
0.5184 ± 0.0230
0.0033 ± 0.0003
0.2901 ± 0.0115

0.0718 ± 0.0431
0.4072 ± 0.1547
0.0022 ± 0.0014
0.2333 ± 0.0774

0.0418 ± 0.0134
0.7060 ± 0.0557
0.0049 ± 0.0017
0.3530 ± 0.0279

0.0366 ± 0.0095
0.6856 ± 0.1043
0.0055 ± 0.0004
0.3428 ± 0.0521

0.0791 ± 0.0122
0.6748 ± 0.0646
0.0051 ± 0.0009
0.3374 ± 0.0323
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0.9

Copepodids

Adults

Copepodids

Adults

Copepodids

Adults

0.8
0.7

Lenght (mm)

0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.007
0.006

Dry mass (mg)

0.005
0.004
0.003
0.002
0.001
0.000
0.5

Width (mm)

0.4

0.3

0.2

0.1

0.0

Fig. 1. Mean ± SD length, width and dry mass of copepodids and adults of Eucyclops serrulatus in the control (white bars), LWC
(light grey bars) and HWC (black bars) treatment. Length, width and dry mass were significantly different between copepodid and
adult stages (respectively: Pseudo-F1,40: 73.72, p-value = 0.0001; Pseudo-F1,40: 73.77, p-value = 0.0001; Pseudo-F1,40: 53.69, p-value
= 0.0001) but there were no significant differences in size within each developmental stage for each treatment.
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under a stereomicroscope at 12× magnification and checked
for mortality (no movement after gentle stimulation by means
of a sorting needle). No dead individuals were detected at the
end of the trials. Hence, the oxygen depletion recorded in each
chamber was divided by the initial number of individuals in the
respirometer in order to obtain SRRs in µg O2 ind–1 h–1. At the
end of each trial, the prosome length (L, mm), width (W, mm)
and the dry mass (DM, mg) of each individual, for a total of
1215 specimens, were measured (see Di Lorenzo et al. 2015 b
for details).

Statistical analyses
To test for differences in size (L, W and DM) among trials for
each stage and between the two developmental stages, we used
three two-way permutational analyses of variance (permutational ANOVA; Anderson 2001), with crossed design, namely
with “treatment” (three levels: C = control, LWC = lowest
working concentration, HWC = highest working concentration)
and “developmental stage” (two levels: adults, copepodids),
as the grouping factors, both fixed and orthogonal. The PERMANOVA was done on the basis of the Euclidean Distance
similarity matrix and using non-transformed data, after performing a Levene test on the original dataset. To test for differences in the SRRs among trials for each stage and between the
two developmental stages, we used a two-way permutational
analysis of covariance (permutational ANCOVA; Anderson
2001), with individual DM as the covariate, and “treatment”
and “developmental stage” as the grouping factors, both fixed
and orthogonal. The permutational analysis was performed on
the basis of the Euclidean Distance similarity matrix and using
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square root transformed data, applied after performing a Levene test on the original dataset. Post hoc t-tests were applied
when appropriate to test for differences between levels within
factors.
Prior to all the statistical analyses, the outliers with the absolute values of z-score, corrected by the median absolute deviation, greater than 3.5 were excluded according to Iglewicz
& Hoaglin (1993). The distributions of the remaining data were
checked by a Levene test for equality of variances. When required, data were square root transformed.
All the statistical tests were performed using PRIMER v.6
and PERMANOVA+routines for PRIMER (Anderson et al.
2008). The level of significance for all of the critical ranges
was set to p < 0.05.

Results
Respirometric trials

L, W and DM (Table 2, Fig. 1) were significantly different between copepodid and adult stages (“developmental stage” factor; Table 3). The factor “treatment”
and its interaction with the factor “developmental
stage” were not significant (Table 3).
The SRRs did not vary with the dry mass (PseudoF1,36 = 1.12, p = 0.3022). A significant difference
was found in SRRs according to the interaction between “treatment” and “developmental stage” fac-

Table 3. PERMANOVA results table for length, dry mass and width. df: degrees of freedom; SS: sum of squares; MS: mean sum of

squares; Pseudo-F: F value by permutation, P(perm): p-values based on more than 9000 permutations (the lowest possible p-value
is 0.0001); Perms: number of permutations; St: stage; Tr: treatment.

Length
Source
St
Tr
StxTr
Res
Total

df
1
2
2
40
45

SS
0.66518
2.83 E-02
3.12 E-02
0.36067
1.1233

MS
0.66518
1.41 E-02
1.56 E-02
9.02 E-03

Pseudo-F
73.772
15.668
17.314

P(perm)
0.0001
0.2159
0.1897

Perms
9834
9945
9960

df
1
2
2
40
45

SS
5.75 E-05
4.04 E-06
2.36 E-06
4.28 E-05
1.09 E-04

MS
5.75 E-05
2.02 E-06
1.18 E-06
1.07 E-06

Pseudo-F
53.694
1.8889
1.1041

P(perm)
0.0001
0.1616
0.3456

Perms
9811
9953
9949

df
1
2
2
40
45

SS
0.1663
7.06 E-03
7.81 E-03
9.02 E-02
0.28083

MS
0.1663
3.53 E-03
3.90 E-03
2.25 E-01

Pseudo-F
73.772
1.5668
1.7314

P(perm)
0.0001
0.2242
0.1958

Perms
9837
9950
9952

Dry mass
Source
St
Tr
StxTr
Res
Total
Width
Source
St
Tr
StxTr
Res
Total
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Fig. 2. Standard respiration rates (SRR) of copepodids (a) and adults (b) of the freshwater cyclopoid Eucyclops serrulatus, record-

ed in the laboratory at 15 °C, in the control (white dots) and under LWC (black triangles) and HWC (grey squares) treatments. The
SRRs of copepodids were significantly different at the three treatments, increasing with NH4+ concentration. The SRRs of adults
were significantly different between the control and the HWC treatment and were significantly higher under HWC than under LWC
treatment. However, the SRRs of adults under LWC treatment were not significantly different from those under control.

tors (Pseudo-F2,36 = 3.57, p = 0.0331). The SRRs of
copepodids were significantly different at the three
treatments (C,HWC: t = 4.34, p = 0.0018; C,LWC:
t = 2.88, p = 0.0144; LWC,HWC: t = 2.54, p = 0.0236),
increasing with NH4+ concentration (Fig. 2a). The
SRRs of adults (Fig. 2b) were significantly different
between the control and the HWC treatment (t = 6.78,
p = 0.0005) and between LWC and HWC treatments
(t = 8.32, p = 0.0001). However, the SRRs of adults
under LWC treatment were not significantly different
from the control ones (t = 1.32, p = 0.2050; Fig. 2b).

Discussion
As a general prediction, the metabolic rate of an organism, measured as respiration rate, varies under a
toxicant exposure (Calow 1989; Calow 1991; Calow
& Sibly 1990; Rowe et al. 1998; Hopkins et al. 1999).
Moreover, respiration rates are supposed to increase
with an increasing exposure time and/or toxicant concentration, at least until repairing mechanisms occur
(Calow 1989; Hopkins et al. 1999). Few exceptions to
this rule are known. For instance, Knops et al. (2001)
eschweizerbart_xxx
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observed that an 8-day exposure to the heavy metals
cadmium and copper or to the cationic surfactant, cetyltrimethylammonium bromide, did not change the
metabolic rates of exposed daphnids as it would be expected. This was likely because the metabolic demand
occurred early during the exposure, before the start
of the respirometric measurements. In another study,
Frontera et al. (2014) observed that the juveniles of the
crayfish Procambarus clarkii showed lower metabolic
rates than those measured in the control (tap water) after 60-day exposures to glyphosate, polyoxyehtylene
amine or a combination of both. On the contrary, in
our trials the respiration rates of both copepodids
and adults of the freshwater cyclopoid E. serrulatus
significantly increased after a 3-day exposure to sublethal concentrations of ammonia-N, according to the
general prediction. The relationship between increasing ammonia-N concentration and the SRRs of E. serrulatus supports the prediction that the exposure to
ammonia-N is energetically costly to this species.
Both environmental NH3 and NH4+ diffuse across
the cell membrane via the lipid pathway (Golchini &
Kurtz 1988; Wright 1995). As a dissolved gas, NH3
diffuses faster than NH4+ across the lipid bilayers of
the cell. Therefore, it is considered more toxic than
the ionized ammonia (Romano & Zeng 2013). However, NH3 is protonated to NH4+ once inside the cells,
thus triggering the variation of the hemolymph pH
(Romano & Zeng 2013). An alteration of the oxygen consumption due to changes of hemolymph pH
has been observed in several marine crustacean species (Colt & Armstrong 1981; Aarset & Aunaas 1990;
Romano & Zeng 2013). The outcomes of our study
highlighted that the exposure to sublethal ammonia-N
concentrations triggered an increasing of SRRs in the
individuals of E. serrulatus. The SRRs of both adults
and copepodids increased under ammonia-N exposure. For each stage, the size of the individuals was
not different among treatments proving that the trials
were not biased by the size of the individuals and that
the methodology applied in this study is suitable for
respiratory routine experiments. However, adults of
E. serrulatus experienced a significant energetic stress
only at 12 mg L–1 NH4+. On the contrary, the copepodid
SRRs increased under the exposure to 1 mg L–1 NH4+;
that is at a concentration of just one order of magnitude greater than the current EEA threshold value
(0.129 mg L–1). Moreover, under the exposure to 3 mg
L–1 NH4+ the SRRs of the copepodids were comparable
to the SRRs of the adults exposed to 12 mg L–1 NH4+.
The higher metabolic sensitivity of copepodids compared to adults is likely due to the different thickness
eschweizerbart_xxx
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of the body exoskeleton (Gutierrez et al. 2010; Di Lo
renzo et al. 2015c). Given the absence of food, as set
for our trials, the main route of intoxication is through
contact with the body surface (Gutierrez et al. 2010),
as the thinness of juvenile exoskeleton may favor the
diffusion of NH3 and NH4+ across the lipid bilayers of
the cells. Moreover, Romano & Zeng (2013) observed
that the adult stages of aquatic crustaceans show more
efficient detoxification mechanisms than juveniles,
thus allowing the maintenance of lower ammonia-N
levels in the hemolymph compared to those measured
in the juveniles.
Both the inhibition and the stimulation of the metabolism are adverse to copepod physiology (Ylönen
et al. 2004). Inhibition of metabolic activities could
threaten survival while an increase in metabolism
could significantly reduce the energetic reserve available for growth, reproduction and immunity (Ylönen
et al. 2004). A 2-day exposure to ammonia-N up to
80 mg L–1 NH3+NH4+ triggered the accumulation of
NH4+ in the hemolymph of the juvenile crab Eriocheir
sinensis, resulting in an increase in the energy demand
and in a depression of the immune capacity (Hong et
al. 2007). A 2-day exposure to an ambient ammonia-N
concentration higher than 5 mg L–1 NH3+NH4+ interrupted coagulation and down-regulated the TG gene
expression in the shrimp Litopenaeus vannamei,
which caused immune deficiencies, thus contributing
to the increased susceptibility to infection by pathogens (Chang et al. 2015). A significant deviation from
the post-naupliar developmental time of unexposed
control cohorts was observed for copepodids of freshwater copepod species exposed to sub-lethal concentrations of ammonia-N (Di Marzio et al. 2013). The
developmental time went up from 3.5 % to 33 % with
respect to the controls, affecting the age structure and
size of the exposed experimental cohorts (Di Marzio et
al. 2013). The assemblages of freshwater crustaceans
inhabiting freshwater bodies contaminated by ammonia-N were significantly different from those of pristine reference sites within the same freshwater bodies
of France and Italy (Dehedin et al. 2012; Di Lorenzo &
Galassi 2013; Di Lorenzo et al. 2014). Moreover, both
field surveys on amphipod natural populations and
laboratory experiments with E. serrulatus have demonstrated that additional stressors, such as insecticides
and herbicides, significantly enhanced the detrimental effect of ammonia-N on these taxa (Dehedin et al.
2012; Dehedin et al. 2013; Di Lorenzo et al. 2015c).
Proteomic studies highlighted that an oxidative
stress could enhance the production of reactive oxygen species (ROS), accelerating senescence in sev-
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eral taxa (Monaghan et al. 2009). Considering that a
female of E. serrulatus produces an average number
of three clutches over 35 days after becoming adult
at 15 °C (personal observation), the senescence acceleration could result in a drastic reduction of reproduction rates. Moreover, Rubolini et al. (2006) suggested
that there could be a connection between the maternal
oxidative balance and the offspring quality in birds,
since females allocate diverse antioxidants to eggs
that protect the embryo from oxidative stress. This
maternal heritage has a positive effect on offspring
development and growth (Rubolini et al. 2006). Accordingly, Vehmaa et al. (2015) observed that the females of the marine copepod Acartia bifilosa with the
highest antioxidant capacity produced eggs with the
highest hatching success. Given that this could also
apply to freshwater copepods, the oxidative stress
could significantly affect E. serrulatus populations,
as the hatching success of this species ranges between
70 % to 75 % in non-stressed conditions and when fed
ad libitum (personal observation).
According to WATERBASE, which is the European Environmental Agency database of the quantitative status and quality of European rivers, lakes,
groundwater bodies and transitional, coastal and marine waters (www.eea.europa.eu/data-and-maps/data/
waterbase-transitional-coastal-and-marine-waters-8),
67 % (2788) of river monitoring sites in Europe can
be considered not contaminated by ammonia-N from
2000 to 2011. Our results indicate that E. serrulatus
adults would not be expected to suffer a metabolic
stress, at least under short exposures, if they occur in
these sites, since SRRs did not vary when compared to
those of the control when adults were exposed to 3 mg
L–1 NH4+. However, this favorable scenario might
not apply to copepodids of E. serrulatus. Copepodid
SRRs at 1 mg L–1 NH4+ were significantly higher (2
times) than those in the control, and we did not measure copepodid SRRs at concentrations ranging from
0 to 1 mg L–1 NH4+. According to these outcomes, the
river monitoring sites, which are not contaminated by
ammonia-N in Europe upon the current legislation,
should be prudently considered at risk to the juveniles
of this species.
According to the provisions of Section 304(a) of
the Clean Water Act, U.S. EPA has recently updated the
freshwater ammonia aquatic life ambient water quality
criteria, through revising scientific papers published
from 1985 to 2012 (EPA 2013). The new criteria have
set the thresholds at 17 mg L–1 TAN for one-hour acute
exposure and at 1.9 mg L–1 TAN for 30-days rolling
average chronic exposure, corresponding to 16.93 mg

L–1 NH4+-N +0.07 mg L–1 NH3-N and to 1.89 mg L–1
NH4+-N +0.008 mg L–1 NH3-N respectively, at 20 °C
and pH 7.0. According to the results of this study, it is
evident that EPA’s criteria are not sufficient to protect
the adults of E. serrulatus from respiratory stress under acute exposures and the juveniles of this species
from both acute and chronic exposures to ammonia-N.

Conclusions
Our results revealed that coping with sublethal ammonia-N concentrations has an energetic cost for the
copepod species E. serrulatus. Further investigations
are needed to assess whether the copepodids, and even
more importantly, the naupliar stages of this species,
suffer from metabolic stress at ammonia-N concentrations near to or even lower than the threshold value
set by the EEA. Additional testing is needed with
other copepod species to determine how common the
increase of the metabolic demand in contaminated
habitats is. Moreover, the introduction of emerging
contaminants or complex mixtures of pollutants into
freshwater ecosystems, as well as the rise in temperature due to climate change, may subject freshwater copepods to additional physiological stress. Since copepods are a link between primary producers and higher
consumers, variation in their population dynamics will
affect the whole freshwater ecosystem due to a metabolic stress under sub-lethal conditions. Therefore, the
effects of ammonia-N pollution, which affects about
40 % of the rivers and streams in Europe, should be
taken into greater consideration for proper and effective environmental management strategies.
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