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Abstract Widespread pollution from agriculture is one of the
major causes of the poor freshwater quality currently observed
across Europe. Several studies have addressed the direct im-
pact of agricultural pollutants on freshwater biota by means of
laboratory bioassays; however, as far as copepod crustaceans
are concerned, the ecotoxicological research is scarce for
freshwater species and almost nonexistent for the hypogean
ones. In this study, we conducted a comparative analysis of the
available literature data on the sensitivity of freshwater cope-
pods to agricultural pollutants. We also assessed the acute and
chronic sensitivity of a hypogean and an epigean species, both
belonging to the Crustacea Copepoda Cyclopoida
Cyclopidae, to two N-fertilizers (urea and ammonium nitrate)
and two herbicides (ARIANE™ II from Dow AgroSciences
LLC, and Imazamox), widely used for cereal agriculture in
Europe. According to the literature review, freshwater cope-
pods are sensitive to a range of pesticides and N-fertilizers.
Ecotoxicological studies on hypogean species of copepods

Responsible editor: Henner Hollert

T. Di Lorenzo (P<) - M. Baratti - A. A. Dedonno - A. Tannucci *
G. Messana

Istituto per lo Studio degli Ecosistemi—CNR, Via Madonna del
Piano 10, Sesto Fiorentino, 50019 Florence, Italy

e-mail: tiziana.dilorenzo@jise.cnr.it

W. D. Di Marzio * M. E. Séenz

Programa de Investigacion en Ecotoxicologia, Departamento de
Ciencias Basicas, Universidad Nacional de Lujan—Comision
Nacional de Investigaciones Cientificas y Técnicas CONICET,
Buenos Aires, Argentina

A. A. Dedonno - A. Iannucci - S. Cannicci
Department of Biology, University of Florence, Via Madonna del
Piano 6, Sesto Fiorentino, 50019 Florence, Italy

D. M. P. Galassi

Department of Life, Health and Environmental Sciences, University
of L’Aquila, Via Vetoio, Coppito, 67100 L’ Aquila, Italy

Published online: 19 December 2013

account only one study. There are no standardized protocols
available for acute and chronic toxicity tests for freshwater
copepods, making comparisons about sensitivity difficult.
From our experiments, ionized ammonia proved to be more
toxic than the herbicide Imazamox, in both short and chronic
bioassays. Urea was the less toxic chemical for both species.
The hypogean species was more sensitive than the epigean
one to all chemicals. For both species and for all tested
chemicals, acute lethality and chronic lethality were induced
at concentrations higher than the law limits of good water
body quality in Europe, except for ionized ammonia, which
provoked the chronic lethality of the hypogean species at a
lower concentration. The hazardous concentration (HC) of un-
ionized ammonia for 5 % of freshwater copepods, obtained by
a species sensitivity distribution, was 92 ug "', significantly
lower than the HC computed for traditional test species from
freshwater environments.

Keywords Copepod - Hypogean - Epigean - Groundwater -
Sensitivity - Agricultural pollutant - Ammonia - Pesticide

Introduction

Widespread pollution from agriculture is still a major cause of
poor freshwater quality currently observed across Europe
(EEA 2010). Nutrient loads (nitrogen and phosphorous) from
fertilizers and pesticides are known to adversely impact fresh-
water ecosystems, both surface water and groundwater. In
particular, nitrate pollution due to N-fertilizer overuse is a
main concern in groundwater in the densely cultivated
Mediterranean alluvial plains (Di Lorenzo et al. 2012).
Several studies have addressed the impact of poor freshwater
quality on surface water biota by means of laboratory bioas-
says (for a review, see Traunspurger and Drews 1996;
Camargo et al. 2005; Fleeger and Carman 2011 and
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references therein). On the contrary, poor knowledge is avail-
able about the ecological effects of toxicants on obligate
groundwater-dwelling organisms (Mathews et al. 1977,
Bosnak and Morgan 1981a, b; Danielopol 1983; Meinel
et al. 1989; Notenboom et al. 1992; Boutin et al. 1995;
Mosslacher and Notenboom 1999; Mdsslacher 2000;
Canivet et al. 2001; Avramov et al. 2013; Marmonier et al.
2013; Reboleira et al. 2013). Although surface water domi-
nant taxa, including insects and vertebrates, are also repre-
sented in groundwater, hypogean fauna overwhelmingly com-
prise crustaceans belonging to several taxonomic groups.
Crustacea Copepoda is by far the most abundant and
species-rich taxon in groundwater (Galassi et al. 2009a; Di
Lorenzo et al. 2013; Di Lorenzo and Galassi 2013). Copepods
successfully colonized groundwater habitats with obligate
groundwater-dwelling species, called stygobites, that com-
plete their entire life cycle in groundwater and show morpho-
logical and physiological adaptations to this environment
(Galassi et al. 2009a). Epigean species can also be found,
namely, stygoxenes, which enter groundwater occasionally
or accidentally and are unable to reproduce in it, and
stygophiles, which show incipient adaptation to groundwater
life, being able to live in both surface and subsurface environ-
ments. Toxicity data for stygobiotic copepods are completely
lacking, with the only exception of the harpacticoid copepod
Parastenocaris germanica, for which acute toxicity tests are
the only ones available (Notenboom et al. 1992). The diffi-
culty of rearing and handling hypogean copepods in a labora-
tory is the reason why so few ecotoxicological studies have
been performed to date. Conversely, in an appropriate labora-
tory setting, mainly determined by food quality and tempera-
ture, epigean freshwater copepods can be reared without much
effort (Vijverberg 1989; Brown et al. 2005; Di Marzio et al.
2009, 2013). The informative power of acute toxicity tests on
copepods has been widely recognized for marine and estua-
rine environments. Test methodology using copepodid stages
of the marine harpacticoid Tisbe battagliai was included as an
international standard method more than 20 years ago (I0S
1999). However, Hose (2005, 2007) and Humphreys (2007)
cautioned against the temptation of inferring the sensitivity of
obligate groundwater species to toxicants from the sensitivity
values of their surface water relatives. Main concerns arise
from differences in physiological traits that groundwater or-
ganisms have evolved to cope with different environmental
conditions in groundwater ecosystems, striving to reduce en-
ergy expenditure in an energy-limited environment. In partic-
ular, their metabolic rates are significantly lower than those of
phylogenetically related surface water species (Hervant et al.
1996; Wilhelm et al. 2006). They also have greater fat storage
and are low energy adapted (Humphreys 2007 and references
therein). Such physiological traits can lead to different sensi-
tivities to toxicants (Avramov et al. 2013). True groundwater
species have longer life cycles compared to epigean relatives,
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therefore facing a high risk of multiple exposures along their
life span. Hence, Humphreys (2007) cautioned against the
uncritical acceptance of groundwater risk assessment based
on the sensitivity of epigean taxa with no close phylogenetic
relationships with stygobiotic counterparts. In the face of this
state of affairs, ecotoxicological tests on stygobiotic taxa are
an obligate step toward a more appropriate assessment of
groundwater quality and groundwater ecosystem protection.

This study focused on enhancing the knowledge about the
sensitivity of freshwater copepod species, both epigean and
hypogean, to agricultural pollutants. Our main objectives were
(1) to review the available literature data; (2) to perform
ecotoxicological experiments in order to assess the toxicity
of four toxicants, two fertilizers and two herbicides widely
used in Europe for cereal agriculture, on the hypogean
cyclopid Diacyclops belgicus and the epigean Eucyclops
serrulatus (Copepoda Cyclopoida Cyclopidae); (3) to assess
the hazardous concentration of un-ionized ammonia for fresh-
water copepods and compare it with the one computed for
traditional toxicity test species (algae, macroinvertebrates, and
fishes) by a species sensitivity distribution (SSD); and (4) to
evaluate whether or not hypogean species are more sensitive
than epigean ones to the same pollutants.

Methods
Test organisms and culture conditions

Test specimens were collected from two different groundwater
wells (W1 and W2) used for gardening in the campus of
Consiglio Nazionale delle Ricerche—CNR in Florence
(Italy), 300 m apart from each other. Groundwater samples
from both wells were tested for 32 chemicals, including am-
monium, nitrites, nitrates, heavy metals, inorganic pollutants,
polycyclic aromatic hydrocarbons (PAHs), pesticides, and
organochlorine compounds. All chemical concentrations were
lower than the limits set by European law, thus indicating the
absence of pollution. Both wells (depth<10 m) are situated in
a shallow Quaternary porous aquifer. A phreatobiological net
sampler (mesh size 60 um, modified after Cvetkov 1968) was
used to collect copepods from the bottom and the water
column of the wells. Samples were immediately carried to
the laboratory in a cooling box after collection. Copepods
were sorted in a laboratory by a micropipette under a stereo-
microscope at %12 magnification and separated in different
groups according to macroscopic differences in morphology.
Some specimens of each group were then identified at the
species level under an optical microscope at X100 magnifica-
tion. Two different species were identified, namely, Eucyclops
serrulatus (epigean) and Diacyclops belgicus (hypogean).
Afterward, DNA barcoding analysis was carried out on live
specimens collected in both wells, with the aim to verify the
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identity of the taxa and to exclude the presence of cryptic species
belonging to the same genera. DNA was extracted from pools of
individuals (4 for E. serrulatus and 20 for D. belgicus ), random-
ly chosen, and sampled in different seasons, by using the Qiamp
DNA Microkit (Qiagen Inc., USA). Cytochrome OXlIdase
(COXI) amplification was made using Folmer region primers
(LCO-HCO, Folmer et al. 1994), and the Polymerase Chaine
Reaction (PCR) products were purified and sequenced.
Chromatograms were edited by CHROMAS software v. 2.01
(Technelysium Pty. Ltd.). The sequences, manually corrected,
were aligned and translated into amino acids using MEGA v.
5.05 (Tamura et al. 2011). For both E. serrulatus and
D. belgicus, sequences from Barcoding analysis showed a very
low intrapopulation variability (1 % of divergence), confirming
the taxonomic identity and uniqueness of both species and the
absence of cryptic species. The COXI sequences of these species
were deposited in GenBank.

Groups of a maximum of 25 individuals of each species
were reared in 10-ml vials, with a 2-cm diameter, in unchlori-
nated rearing water (pH 7.4, electrical conductivity 415
uS em ', HCO;™ 301, Ca®" 48.6, Mg”*" 28.2, SiO, 15.2,
NO,™ 8.5, Na" 5.8, SO, 4.1, K" 1, F <0.15, all expressed
in mg 1""), which was replaced twice a week. Once a week,
copepods in each vial were fed on a disc (diameter 3 mm,
thickness 2 mm) of a mixture of boiled vegetables and chicken
liver, finely minced by a food processor and then hand-pressed.
No sediment was added. Cultures were maintained in perma-
nent darkness in a temperature-controlled chamber at 15 °C,
corresponding to the average annual temperature in the field
that was measured monthly in both wells by a multiparametric
probe. Individuals of D. belgicus (adult length measured from
the tip of the cephalic shield to the end of the caudal rami was
about 0.6 mm) survived for more than 21 days in rearing
conditions. However, neither molting exuviae nor ovigerous
females were found during this period. On the contrary,
E. serrulatus (adult length measured from the tip of the cephalic
shield to the end of the caudal rami was about 1.1 mm) molted
and reproduced under laboratory conditions. Taking into ac-
count this ecological difference, we sampled individuals in the
field and acclimated them in a glass container (500 ml) for only
3 days prior to each ecotoxicological testing. During acclima-
tion, copepods were deprived of food in order to allow empty-
ing guts completely. The digestive tract was clearly visible
under stereomicroscope at X80 magnification. After this proce-
dure, feces were removed, and only actively swimming cope-
pods were selected for each bioassay.

Ecotoxicological testing

The toxic effects of two fertilizers and two commercial herbi-
cides were investigated by means of specifically designed test
bioassays. Toxicants were provided by Regione Toscana in
the form they are used in the field for cereal crops: (1)

ammonium nitrate (pure crystalline solid, Chemical
Abstracts Service [CAS]: 6484-52-2); (2) urea (pure crystal
prismatic, CAS: 57-13-6); (3) ARIANE™ II from Dow
AgroSciences LLC Italy (liquid mixture 21.9 % (4-Chloro-
2-methylphenoxy)acetic acid (MCPA) potassium salt, CAS:
5221-16-9; 5.29 % Fluroxypyr, CAS: 81406-37-3; 2.42 %
Clopyralid, CAS: 57754-85-5); and (4) BEYOND from
BASEF Italy (3.7 % Imazamox, CAS: 114311-32-9).

Acute toxicity data (96 h), in absence of food, were obtain-
ed for nonovigerous adult females and adult males of both
E. serrulatus and D. belgicus. Experiments were carried out
at 15 °C, and the chemicals were added in water solution in
order to reproduce the environmental conditions of the natural
habitats and the way the chemicals are used in the field. Test
solutions were obtained by dilution of stock solutions, pre-
pared with the unchlorinated water used for rearing. For each
species, the experimental concentrations were chosen based
on preliminary range-finding experiments according to spe-
cies tolerance (>90 % survivorship in control treatment and
100 % mortality at maximal concentration). For the final tests,
only the active ingredients Imazamox and ionized ammonia
were retained for subsequent analyses from BEYOND herbi-
cide and ammonium nitrate, respectively. Copepods were
exposed to the toxicants by placing them in 5-cm-diameter
Petri dishes containing 10 ml of appropriate test solutions.
Every 24 h, each replicate was checked for the presence of
dead individuals (no movement after gentle stimulation by a
sorting needle). Appropriate controls with nonexposed indi-
viduals were set up for each test. As proposed in other studies
(Brown et al. 2005; Avramov et al. 2013), due to the naturally
low abundance of test organisms in the field and the failure of
rearing hypogean species in a laboratory, only small numbers
of specimens were used for each test at a time. In our study,
five specimens of E. serrulatus and four specimens of
D. belgicus were used for each toxicant concentration, respec-
tively. Each test was conducted two times, with test 2 being a
replicate of test 1. For each test, copepods were randomly
chosen from the same glass container. Only alive and normal-
ly moving individuals were selected.

All endpoint estimates were based on nominal values.
Based on the results of preliminary tests, the nominal range
of toxicant concentrations were selected for the acute bioas-
says at 96 h. Acute toxicity data (mortality) were analyzed by
Probit method whenever the data structure was suitable. If
insufficient numbers of partial kills were present in a study, the
data were alternatively analyzed by the Trimmed Spearman—
Karber method. Validated software and programs used for
statistical analyses were USEPA (1994a, b), Probit V1.5 and
Trimmed Spearman—Karber V1.5. To estimate the ultimate
lethal concentration at 50 % (LC50) shown in Table 1, the
mortality data of both tests were used. As the two tests have
resulted in similar LC50 values, the mortality responses were
pooled in order to enhance the statistical robustness of the
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Table 1 Median lethal concen-

tration (96 h+95 % confidence Es Db
limits) for adults of Eucyclops
serrualtus (Es) and Diacyclops LC50—96 h CL LC50—96 h CL
belgicus (Db) exposed to the her-
bicide mixture ARIANE II, urea,  Ariane IT (%) 0.004 0.00147 0.002 0.000259
ammonia, and the herbicide 0.003-0.006 0.0006-0.0026 0.001-0.003 0.0001-0.0005
Imazamox Urea (g 17" 12.92 4.64 3.14 0.005
10.20-15.12 3.63-5.95 1.25-645 0.001-0.087
Ammonia (mg 1" 52211 1.196 16.336 0.032
18.35-154.76 2.35-8.60 11.63-20.36 0.008-0.095
Imazamox (mg 171) 232.44 67.67 199.23 29.52
CL is chronic lethality with con- 186.36-319.52 14.08-112.11 161.20-250.35 5.36-80.40

fidence intervals at 95 %

dataset, as suggested by Avramov et al. (2013). For each
species and each toxicant, chronic lethality (CL) estimations
and confidence intervals at 95 % were obtained using the
Acute to Chronic Estimation method (ACE V3.0) according
to Mayer et al. (1999). ACE is a program included in the Risk
Assessment Tools software (Mayer et al. 2010). The method
combines two linear regressions in order to estimate low lethal
concentrations at each observation time period and regresses
these dependent variables against the reciprocal of time (inde-
pendent variable), with the intercept being the chronic value
for lethality. The routine uses Probit and logl0 transforma-
tions of percent response.

In order to define the concentration of un-ionized ammonia
at which freshwater copepod species would not be harmed, we
computed a SSD for D. belgicus and E. serrulatus and other
five species of freshwater copepods (data from Di Marzio
et al. 2009). We compared the SSD for freshwater copepods
to the SSD estimated from traditional toxicity test species
(algae: Ochromonas sociabilis, invertebrates: Ceriodaphnia
dubia, vertebrates: Oncorhynchus mykiss, Oncorhynchus
nerka), modeled from values of LC20 and effective concen-
tration at 20 % (EC20), as proposed by the Canadian Council
of Ministers of the Environment (CCME) (2010). In order to
allow the comparison, acute data of concentrations for ionized
ammonia (NH,") were corrected for pH and temperature
according to CCME (2010), and after Probit analysis, we
obtained the EC20 values for un-ionized ammonia (NH5) for
the freshwater copepod species. Hazardous concentrations for
5 % of assayed species (HCS) were calculated from two-
parameter logistic models.

Source of literature data

We carried out a screening of published data available from
literature for freshwater copepods using the online query tool
of EPA-ECOTOX database crossing the fields Copepoda and
freshwater, and the ISI Web of Knowledge SM (© 2010
Thomson Reuters) in the fields of ecology and ecotoxicology.
Studies reporting nonsignificant statistical data were not

@ Springer

considered, as well as data concerning species living in littoral
and brackish environments. In relation to lethal
concentrations/doses, in Table 2, we reported LC50 values,
when available, in order to allow comparisons with our data.
Moreover, we only considered studies dealing with experi-
ments, run both in the laboratory and in the field, where
exposition was induced under controlled conditions and spec-
imens identified at least at the genus level.

Results
Ecotoxicological testing

Acute toxicity data are shown in Table 1. The values of
LC50 at 96 h, as well as the values of CL, showed a clear
pattern of sensitiveness shared by both species: ionized am-
monia was the most toxic substance, followed by Imazamox
and ultimately by urea. The comparison between the toxicity
of ARIANE II and those of other chemicals was not possible,
since the concentration of the mixture of the three herbicides
was expressed in percentage. The hypogean species
D. belgicus was more sensitive than the epigean
E. serrulatus to all toxicants, under both acute and chronic
exposure (Table 1). CL estimations of E. serrulatus were 1
order of magnitude lower than the values of LC50 at 96 h for
this species, for all toxicants. CL estimations of D. belgicus
were 3 orders of magnitude lower than the values of LC50 at
96 h for ionized ammonia and urea and 1 order for both
herbicides. The CL value for ionized ammonia estimated for
D. belgicus (0.032 mg I"") was 3 orders of magnitude lower
than the actual standard for groundwater quality (0.5 mg 1)
enforced by the European Drinking Water Directive. In Fig. 1
is shown the logistic distribution (solid line) of EC20 toxicity
values for E. serrulatus and D. belgicus and other five species
of freshwater copepods (data from Di Marzio et al. 2009) and
for standard freshwater species (dashed line) for un-ionized
ammonia. The hazardous concentration for 5 % of total tradi-
tional test species (HCS) is plotted against the hazardous
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References

Unit

LCL95% UCL95%

Conc.

Stage Loc. Days Endp. Effect

Species

T

Commercial name

Table 2 (continued)

CAS
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Kulkarni et al. 2013a

0.1459 mg ™!

0.0198

MORT 0.0498

LC50

4

1

LAB
LAB

Ad

F Mesocyclops leuckarti

Triphenyltin hydroxide

76879

Chippaux et al. 1996

mg 1!

MORT 0.02

LC50

Thermocyclops

Fu

Ziram

137304

oblongatus
Attheyella crassa

Di Marzio et al. 2009

mg !

0.43

0.19

MORT 0.25

LC50

4
4
4
4
4

1

LAB
LAB
LAB
LAB
LAB
LAB

I
I
I
I

«-Endosulfan

115297
115297
115297
115297
115297
115297

Di Marzio et al. 2009

0.120 mg 1!

0.21

0.048
0.19
0.19
0.06

MORT 0.095

LC50

A

Echinocamptus echinatus

«-Endosulfan

Di Marzio et al. 2009

mg !

MORT 0.20

LC50

Bryocamptus minutus

«-Endosulfan

Di Marzio et al. 2009

mg 1!

1

LC50 MORT 0.20 0.2

A
A

Bryocamptus pygmaeus

«-Endosulfan

Di Marzio et al. 2009

mg !

0.09

MORT 0.07

LC50

Bryocamptus zschokkei

«-Endosulfan

Gorbach and Knauf 1971

mg ™!

MORT 1.0

LC100

Cyclops strenuus

I

«-Endosulfan

duration of experiments in days (77 time-independent test); Endp. endpoint (LCXX lethal concentration, ECXX effective concentration, LDXX lethal dose, LOEC lowest observable effective concentration,
NOEC no observed effect concentration, NOEL no observable effect level, Hy hypoxic conditions, No normoxic conditions); Effect (MORT mortality, ABDN changes in abundance, REP changes in

reproduction, GHIS changes in general histology, PHY changes in physiology, IMBL immobilization); Conc. toxicant concentration; L CL95 % lower confidence limits 95 %; U CL95 % upper confidence

[population approach], @ female, &' male); Loc. place of experimentation (LAB laboratory, FIELDA outdoors in artificial conditions, FIELDN outdoors in natural conditions, NR not reported); Days
limits 95 %; Unit (kg Al ha™' kilograms of active ingredient per hectare)

PCP Pentachlorophenol; 7 type of pollutant (P pesticide, / insecticide, H herbicide, Fu fungicide, F' fertilizer); Stage stage of development (4 adults, N nauplii, C copepodites, P all stages together

concentration for 5 % of the copepod species (HC5c¢). For
traditional test species, the HC5 value was 120 pg 17" (95 %
confidence limits 105-137 ug 1", and for copepods, it was
92 ug 1" (95 % confidence limits 81104 ug 1™"). HC5 values
were significantly different (p <0.05).

Review of literature data

According to the information we derived from published data,
41 studies dealt with sensitivity of freshwater copepods to
pesticides and N-fertilizers, from 1948 up to now. Only one
paper involved a hypogean copepod, Parastenocaris
germanica. The studies, involving 30 copepod taxa (21
cyclopoids, 6 harpacticoids, and 3 calanoids), 5 of which
identified only at the genus level, are consistently fewer than
those concerning marine, brackish, and littoral copepods ex-
posed to plant protection products (reviewed by Kulkarni et al.
2013b). The experiments were carried out in a laboratory (29
out of 39), outdoors in artificial and/or simulated environ-
ments (4), and outdoors in natural settings (8). Bioassays
predominantly dealt with short-term (<4 days) tests. Overall,
the effects investigated were mainly mortality (21 out of 39),
the others concerning variation in population abundances
(12), reproductive alterations (1), histological changes (1),
physiological modifications (1), and immobility (3). Only four
published studies have addressed N-fertilizer toxicity, the
remnants concerning herbicides and fungicides and mainly
insecticides and insecticide precursors. Considering short-
term bioassays and comparing endpoints of LC50s with mor-
tality effects (Table 2), the sensitivity scale for freshwater

Cumulative probability of species affected
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Fig. 1 Aquatic community risk model for un-ionized ammonia (NHs)
using EC20 values of Eucyclops serrulatus and Diacyclops belgicus and
other five species of freshwater copepods from Di Marzio et al. (2009)
(solid line) compared with EC20/LD20 data (dashed line) from standard
test species (algae: Ochromonas sociabilis, invertebrates: Ceriodaphnia
dubia, vertebrates: Oncorhynchus mykiss , Oncorhynchus nerka). HC5c:
hazardous concentration at 5 % of protection based on copepods, HCS:
hazardous concentration at 5 % of protection based on standard test
species according to CCME
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copepods is insecticides and fungicides>herbicides> fertil-
izers. Sensitivity to N-fertilizers is at least 1 order of magni-
tude lower than sensitivity to pesticides (Table 2). Taking into
account the studies concerning acute exposures of 24 h, the
insecticides Temephos and Fenthion are the most toxic
chemicals, inducing 50 % mortality at concentrations of about
0.01 mg "' (Table 1). The insecticide Cypermethrin signifi-
cantly reduced abundances of Cyclops sp. populations after an
exposure to a concentration of <0.001 mg 1! (Wendt-Rasch
et al. 2003). Concerning acute exposures of <24 h, the fungi-
cide Triphenyltin hydroxide was the most noxious chemical at
low concentrations (<0.001 mg I""). The influence of time in
short-term bioassays was considered in five studies, where
sensitivity to pesticides was shown to increase with time of
exposure (Ludemann and Neumann 1960; Robertson and
Bunting 1976; Notenboom et al. 1992; Willis 1999;
Kulkarni et al. 2013a). Acute sensitivity to the insecticide
Temephos has been investigated in three different studies up
to now (Table 2): besides differences in the experimental
conditions, data indicated that the cyclopoid Macrocyclops
albidus and Thermocyclops oblongatus are more sensitive
than Thermocyclops hyalinus at 24 h of exposure (Samman
and Thomas 1978; Chippaux et al. 1996; Marten et al. 1993).
Notenboom et al. (1992) and Willis (1999) tested the effect of
Pentachlorophenol, respectively, on the hypogean species
Parastenocaris germanica and on three surface freshwater
species, namely, the calanoid Boeckella delicata and
Calamoecia lucasi and the cyclopoid Mesocyclops leuckarti.
Only data derived from 96 h of exposure of adult stages in
normoxic conditions were comparable, highlighting that
LC50 at 96 h of the hypogean species was <0.01 mg 1™,
whereas the LC50s of the surface water species were higher
than 0.1 mg 1", Acute sensitivity of different species to the
same toxicant under the same experimental conditions has
been investigated in five studies: Chaton et al. (2002) ob-
served that the calanoid species Diaptomus castor is 2 orders
of magnitude more sensitive than the cyclopoid
Acanthocyclops robustus to the insecticide Fipronil.
Likewise, Marten et al. (1993) observed that Macrocyclops
albidus is 1 order of magnitude more sensitive than
Acanthocyclops vernalis and Mesocyclops ruttneri to the
insecticide Permethrin. Conversely, other authors observed a
comparable sensitivity of different species to insecticides and
fertilizers (Willis 1999; Mosslacher 2000; Di Marzio et al.
2009).

The influence of age was investigated by Willis (1999) in
relation to the sensitivity to Pentachlorophenol of two
calanoid and one cyclopoid species and by Kulkarni et al.
(2013a) for the cyclopoid Mesocyclops leuckarti exposed to
Thiphenyltin hydroxide. Naupliar stages were more sensitive
than adults for Calamoecia lucasi and Mesocyclops leuckarti
at both 24 h and 48 h of exposure to Pentachlorophenol,
whereas nauplii of Boeckella delicata were less sensitive than

adults (Willis, 1999). Similarly, LC50 values after 48 h and
96 h of exposure to Thiphenyltin hydroxide for nauplii of
Mesocyclops leuckarti were significantly lower compared to
the other stages; on the contrary, there were no significant
differences between the LC50 values at 96 h for the
copepodids, adult males, and adult females (Kulkarni et al.
2013a).

Regarding N-fertilizers, the only long-term bioassay, con-
ducted outdoors in natural settings, highlighted the negative
effect of ionized ammonia on population abundances
(Ramaprabhu et al. 1986). However, in this study the taxon
was identified at the genus level only (Cyclops sp.). Data from
long-term exposure to insecticides, under either natural or
artificial settings, are hardly comparable. However, besides
differences in experimental conditions, low toxicant concen-
trations (<0.1 mg 1) seemed to significantly decrease popu-
lation abundances (Table 2). Although only few studies ad-
dressed this topic, concentrations of <1 mg 1! of insecticides
and <5 mg 1" of ionized ammonia seemed to determine a
significant delayed development of freshwater interstitial co-
pepods (Di Marzio et al. 2013).

Discussion
Sensitivity of freshwater copepods

The importance of freshwater copepods is underestimated in
ecotoxicological research (Kulkarni et al. 2013b). According
to the literature review, studies on hypogean species are al-
most nonexistent. Freshwater planktonic cyclopoids and
calanoids have been involved more often than harpacticoids.
This is likely due to ecological attributes of the former groups
that make their collection and rearing in laboratory easier.
Calanoids are predominantly planktonic, and cyclopoids can
either be planktonic (also in subterranean lakes and pools) or
reside in interstitial habitats, however preferring medium-
coarse sediments. Harpacticoids are almost exclusively ben-
thic organisms, either inhabiting the minute voids among the
sediment particles or living as epiphytic in the benthos (e.g., in
mosses or macrophytes, swimming or gliding on the leaf
surfaces in proximity of the benthic surface) or as
hyperbenthic, swimming in the few millimeters above the
sediment surface or alternatively in phytotelmata (Reid
2001; Galassi et al. 2011). In groundwater, they are exclusive-
ly linked to benthic habitats (Galassi et al. 2009a). In contrast
with marine copepods, there are no standardized protocols
available for acute and chronic toxicity tests for freshwater
copepods, making any consistent comparison about sensitiv-
ity almost impossible. However, the ecotoxicological studies
summarized earlier in this paper, as well as data derived from
our experiments, showed that freshwater copepods are sensi-
tive to a range of pesticides and N-fertilizers. For both
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hypogean and epigean species, acute and chronic mortality
was induced by exposition to pesticides and N-fertilizers in
concentrations that are higher than the law limits of good
water body quality in Europe (pesticides 0.1 ug 1" in both
surface and groundwater; ionized ammonia 0.5 mg "' in
surface and groundwater; 2000/60/EC, 2006/118/EC, and
98/83/EC Directives). As a matter of fact, the presence of
hypogean fauna in alluvial aquifers deeply affected by agri-
cultural pollutants has been observed in various ecological
surveys (Galassi et al. 2009b; Di Lorenzo and Galassi 2013
and references therein). However, the extinction of less toler-
ant species due to long-term exposure to fertilizers and pesti-
cides at concentrations lower than law limits cannot be
neglected. The effect of chronic exposures at the maximum
concentration of ionized ammonia enforced by the European
Drinking Water Directive (0.5 mg 1) might be hazardous for
some hypogean taxa, as observed for D. belgicus. According
to literature data and the results from our own tests, N-
fertilizers, mainly urea, nitric acid potassium salt, and ammo-
nium chloride, are less toxic to freshwater copepods than
pesticides, both in short-term and long-term exposures. This
is likely due to differences in the detoxification systems acti-
vated at molecular level on which no information has been
provided yet. For aquatic invertebrates, the toxic effects of the
reactive forms of inorganic nitrogen, ammonia, nitrite, and
nitrate, are mediated by damages to the respiratory surfaces
and by changes in hemolymph pH (Colt and Armstrong 1981;
Camargo et al. 2005; Camargo and Alonso 2006). Conversely,
pesticides are mostly recognized to act as endocrine disruptors
(Crisp et al. 1998). The toxic effects of pesticides have been
observed to be more severe than respiratory damages: they
interfere with synthesis, secretion, transport, binding, and
activity of natural hormones in the body, thus affecting devel-
opment, behavior, fertility, and maintenance of homeostasis
(Crisp et al. 1998). However, the assumption that the forms of
inorganic nitrogen can act as endocrine disruptor chemicals in
freshwater copepods cannot be discarded, as recently ob-
served by Di Marzio et al. (2013).

Some authors observed significant (2 or 3 orders of mag-
nitude) interorder or even intergeneric differences in sensitiv-
ity to the same toxicant under the same conditions (Marten
etal. 1993; Chaton et al. 2002). Consequently, an SSD should
be considered with a view to establishing thresholds of toxi-
cants, which would be protective of most freshwater copepod
species. For un-ionized ammonia, we estimated that 95 % of
the freshwater copepod species that we considered in the
analysis would be protected if the concentration does not
exceed 92 pg 17!, The estimation of HC5 for standard species
was higher (120 pg 17"). Although this difference makes little
sense from a chemical point of view, a concentration of un-
ionized ammonia in groundwater higher than 92 ug 17" is
hazardous for the taxon that dominates groundwater habitats,
thus affecting the groundwater ecosystem as a whole. With the

@ Springer

scarce information available to date, the extrapolation of tox-
icity data to natural populations requires caution, as there are
numerous interacting factors, abiotic (e.g., temperature and
substrate) and biotic (e.g., competition, predation, and nutri-
tional status), usually not considered in experimental designs.
Increase in temperature likely enhances metabolic rates with
negative effects on sensitivity to pollutants and survival rates,
as it has been observed for the ionized form of ammonia on a
species of freshwater amphipods and two isopod species
(Dehedin et al. 2013).

Hypogean versus epigean species sensitivity

Stygobiotic copepods have mostly been ignored in ecotoxico-
logical research. This is likely due to unfavorable attributes as
their long generation times, low fecundity, scarce information
about metabolism, and extreme difficulty in rearing them in a
laboratory. For this reason, no other studies, aimed at compar-
ing the sensitivity of a hypogean versus an epigean copepod
species, are available. According to our results and comparing
data from Notenboom et al. (1992) and Willis (1999),
stygobiotic copepods seem to be more sensitive to pesticides
and N-fertilizers than epigean ones, under both acute and
chronic exposures. Moreover, the difference in sensitivity is
more evident if CL values are considered. However, there are
no studies that provide an explanation for such dissimilarities.
Whereas some data exist on morphological adaptations to
groundwater life, very little is known about physiological
and behavioral strategies in stygobiotic copepods. Indeed,
information about metabolic adaptation is missing for most
groundwater invertebrates. However, a few studies have dem-
onstrated that some stygobiotic species have metabolic rates
lower than those exhibited by their surface relatives (Hiippop
1986; Hervant et al. 1996; Malard and Hervant 2001; Hervant
1996; Hervant and Renault 2002). Wilhelm et al. (2006)
observed that the oxygen consumption rate in stygobiotic
species is fairly lower than those of epigean taxa.
Concerning copepods, evidence of the lower metabolic rate
of stygobiotic species, compared to that of epigean relatives, is
apparent in a longer developmental time observed for some
stygobiotic cyclopoids by Lescher-Moutoué (1973). The same
pattern was observed also by Bjornberg and Por (1986) in a
comparative study of an epigean species of Bryocyclops and a
stygobiotic species of Speocyclops . Hypogean cyclopoids and
harpacticoids develop more slowly (although they have a
longer life span) than epigean relatives, with one or more
generations per year (Galassi 2001 and references therein).
However, the question whether reduced metabolic rate may
have a role in determining the observed difference in sensitiv-
ity to agricultural toxicants is a matter of discussion. The
lower metabolic rate assumed for most stygobiotic taxa might
lead to a delayed onset of defense mechanisms compared to
epigean relatives, as supposed by Avramov et al. (2013). This



Environ Sci Pollut Res

could explain the difference in sensitivity observed in our
work. However, this statement remains to be proven.

Conclusion

Ecotoxicological research on freshwater copepods is a grow-
ing concern for standardizing experimental protocols and
identifying appropriate representative species in freshwater
ecosystems, as it happened for marine environments. To date,
the extrapolation of sensitivity data from laboratory bioassay
to natural populations requires experimental settings that more
closely resemble field conditions. As far as agricultural impact
on freshwater is concerned, N-fertilizer and pesticide mixtures
should be certainly considered in further ecotoxicological
studies. Moreover, although acute toxicity tests have the ad-
vantage to allow a rapid assessment of environmental threats,
sublethal measures in time-independent tests may better rep-
resent the biological response of groundwater species to tox-
icants. Considering their dominance in the hyporheic zone and
their holobenthic lifestyle, freshwater harpacticoids deserve a
key role in the evaluation of the effects of contaminants
associated with alluvial sediments. The few data concerning
the sensitivity of larval stages to pollutants require additional
studies. Even if further information is needed, it is apparent
that groundwater ecosystem safety may be guaranteed only by
assessing the sensitivity of hypogean taxa to pollutants, no
longer by extrapolating information from epigean planktonic
surrogates. On the other hand, the use of an SSD approach,
which considers the sensitivity of both hypogean and epigean
species, would provide more suitable results in monitoring
some groundwater-dependent ecosystems, such as springs and
the hyporheic habitat.
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