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Abstract :   
 
Copepods are excellent bioindicators of climate change and ecosystem pollution in anthropized coastal 
waters. This work reviewed the results of previous studies examining changes in egg production rate 
(EPR), hatching success (HS), and nauplius survival rate (NSR) in natural conditions and in the presence 
of pollutants, including heavy metals and organic contaminants such as polycyclic aromatic hydrocarbons 
(PAHs) and persistent organic pollutants (POPs). At high concentrations, cadmium and silver induce an 
increase in EPR in the copepods Acartia tonsa and Acartia hudsonica, while exposure to mercury 
decreases EPR in adults by 50%. All three metals affect HS, with mercury inducing a stronger effect than 
cadmium and silver. Cadmium affects reproductive traits in Centropages ponticus, decreasing EPR and 
particularly HS. Furthermore, copper and chromium at high concentrations induce significant decreases 
in eggs per female in Notodiaptomus conifer. In terms of organic contaminant and Polycyclic Aromatic 
Hydrocarbons (PAHs), Eurytemora affinis is reported to be affected by naphthalene, 2-
methylnaphthalene, 2,6-dimethylnaphthalene, and 2,3,5-trimethylnaphthalene and can thus be used in 
ecotoxicity studies, but only if the exposure time is high. Acartia tonsa shows significant reductions in EPR 
and HS at high concentrations of fluoranthene, phenanthrene, and pyrene. However, the response to 
Persistent Organic Pollutants (POPs) such as pentachlorophenol (PCP) and 1,2-dichlorobenzene (DCB) 
differs. In E. affinis, EPR increases with DCB, but HS falls to <1%. EPR increases when the species is 
exposed overnight, but HS remains low in the presence of DCB. Based on these results, we developed a 
novel copepod reproductive trait index (CRT-Index) for use in marine ecotoxicology surveys and tested 
in some simple cases. We show that copepods are good candidates as models for ecotoxicology studies, 
in particular using reproductive traits (EPR, HS and NSR) because of their sensitivity to a wide range or 
pollutants. 
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used in ecotoxicity studies, but only if the exposure time is high. Acartia tonsa shows significant 

reductions in EPR and HS at high concentrations of fluoranthene, phenanthrene, and pyrene. 

However, the response to Persistent Organic Pollutants (POPs) such as pentachlorophenol (PCP) 

and 1,2-dichlorobenzene (DCB) differs. In E. affinis, EPR increases with DCB, but HS falls to 

less than 1%. EPR increases when the species is exposed overnight, but HS remains low in the 

presence of DCB. Based on these results, we developed a novel copepod reproductive trait index 

(CRT-Index) for use in marine ecotoxicology surveys and tested in some simple cases. 

We show that copepods are good candidates as models for ecotoxicology studies, in particular 

using reproductive traits (EPR, HS and NSR) because of their sensitivity to a wide range or 

pollutants.  

 

Keywords: Planktonic Copepods; Reproductive Traits; Ecotoxicology. 

 

 

 

 

 

 

 

1. Introduction 

Plankton are a useful indicator of marine ecosystem health status due to their significant role 

in the functioning of marine ecosystems and biogeochemical cycles, owing to their key position 

at the food web base and rapid response to environmental change (Kadiene et al., 2019). 
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Planktonic copepods are a key component in aquatic food webs, acting as the main grazers of 

small autotrophic and heterotrophic nanoplankton and microplankton species, and as food 

sources for higher trophic levels (Cushing, 1990; Huys and Boxshall, 1991; Mauchline, 1998; 

Daly Yahia et al., 2004; Uye, 2011; Neffati et al., 2013). They also play a key role in the control 

of fish recruitment, since copepod eggs, nauplii, and copepodite stages are prey for larval and 

adult fish ( Cushing, 1990; García and Palomera, 1996). Copepods can be excellent bioindicators 

of climate change and ecosystem shifts (Beaugrand, 2005) or of pollution in eutrophied coastal 

water areas ( Daly Yahia et al., 2004; Ben Lamine et al., 2015; Serranito et al., 2016; N’doua 

Etilé et al., 2017; Drira et al., 2018).  

It has been shown that marine ecosystems react quickly to environmental modifications, 

particularly in coastal regions subjected to greater anthropogenic inputs (Beaugrand et al., 2010; 

Brander, 2010; Burrows et al., 2011) . Thus, in order to monitor these changes the term 

‘indicator’ is applied in the EU Marine Strategy Framework Directive ( Borja et al., 2010; 

Rombouts et al., 2013). A set of bioindicators is an assessment and policy tool that enables a 

scenario or pattern to be measured, allowing ecosystem health and environment changes to be 

evaluated (Parmar et al., 2016), and ecosystem management to be improved (Niemi and 

McDonald, 2004). Zooplankton are prospective bioindicators for aquatic ecosystems, but are 

seldom considered in monitoring initiatives (Perry et al., 2004; Tett et al., 2008; Rombouts et al., 

2013). They are reported to be sentinels of environmental modifications and pressures (Legendre 

and Rivkin, 2005; Richardson, 2008; Beaugrand et al., 2010). Through their role in carbon 

export to ocean depths and nutrient recycling to the lower productive layers, zooplankton create 

a connection between primary producers and higher trophic components (Banse, 1995; Urabe et 

al., 2002; Lankov, 2010). Zooplankton are also a source of nutrition for planktivorous fish larvae 
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and carnivorous animals such as chaetognaths (Reiss et al., 2005). Among the zooplankton, 

copepods are the main species and likely also the most common multicellular organisms on Earth 

(Huys and Boxshall, 1991; Mauchline, 1998; Uye, 2011). The zooplankton assemblies of many 

Arctic and temperate marine environments, such as the North Atlantic, are dominated by 

calanoid copepods ( Mauchline, 1998; Beaugrand et al., 2002a,b). Copepods are commonly used 

in toxicity tests, as they are adaptable to the laboratory cultivation conditions, sensitive to 

toxicants, and of ecological relevance (Kulkarni et al., 2013; Anderson and Phillips, 2016; 

Kadiene et al., 2017; Kadiene et al., 2019).  

Classical testing for toxicity in copepods mainly consists of acute and chronic tests examining 

the effect on actions of individuals, immune and endocrine processes, development, growth, and 

reproduction (Chen et al., 2011; Michalec et al., 2013; Kadiene et al., 2017). These tests may 

also examine mortality, EC50 (half maximum effective concentration), LC50 (half lethal 

concentration), and NOEC (no observable effect concentration). Different review papers have 

sought to generalize the use of animal groups, classes, or species as tools or environmental 

indicators. For example, Ferdous and Muktadir (2009) considered use of freshwater zooplankton 

and Kulkarni et al. (2013) use of copepods in freshwater ecotoxicology, while Hagerbaumer et 

al. (2015) reviewed use of nematodes in general ecotoxicology and Cornelis et al. (2018) use of 

terrestrial isopods as a model organism in soil ecotoxicology. 

The aim of the present review was to assess copepod species as environmental bioindicators,  

based on the effect of heavy metal contaminants and of organic contaminants such as polycyclic 

aromatic hydrocarbons (PAHs) and persistent organic pollutants (POPs) on the reproductive 

traits of calanoid copepods. Changes in egg production rate (EPR), egg hatching success (HS), 

and nauplius survival rate (NSR) in copepods subjected to toxic conditions in various studies 
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were compared and summarized, in order to identify useful copepod species for toxicity 

investigations. We then used the results to develop a new index based on copepod fertility 

(Copepod Egg Production Index (CEP-Index) or Copepod Reproductive Trait Index (CRT-

Index)), to be used in aquatic ecotoxicology for assessing pollution impacts and environmental 

changes (Souissi et al., 2008; Annabi-Trabelsi and Daly Yahia, 2009; Neffati et al., 2013). 

 

2. Importance of copepods in marine and aquatic ecosystems 

In pelagic food webs, marine zooplankton comprise an assembly of metazoan consumers 

occupying various phylogenetic and functional trophic levels (Steinberg and Landry, 2017). 

Zooplankton provide important connections between primary producers and higher trophic 

levels, are essential ecosystem change markers, and play a crucial role in nutrient and carbon 

cycling (Kitchell et al., 1987; Pace et al., 2004). Alterations in zooplankton abundance and 

community structure may therefore have significant consequences for processes at the ecosystem 

level, as well as trophic cascades and water quality (Doubek et al., 2019).  

Copepods are the most extensive metazoan subclass on Earth and generally dominate 

mesozooplankton, accounting for over 80% of its biomass (Verity and Smetacek 1996). 

Copepods are crucial component in the diet of sea fish larvae (Santhanam et al., 2012), typically 

accounting for more than 50% of larval fish gut contents (Stottrup, 2000). It is well established 

that several marine fish larvae are unable to survive on typical live commercial feeds such as the 

rotifers Brachionus sp. and Artemia sp., thus posing great challenges in aquaculture production 

(McKinnon et al., 2003; O’Bryen and Lee, 2005; Chesney, 2005). These species include many 

highly cherished fish such as snappers (Lutjanidae) and groupers (Serranidae). Copepods have 

13 distinguishable stages of life (egg, six naupliar stages, and six copepodid stages, including the 
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adult stage), making it easy to monitor development, and many species are sexually dimorphic 

(Kwok et al.  2005). These features of the copepod life cycle and their significance in the aquatic 

food web make copepods an appropriate candidate for use in ecotoxicology studies (Kwok et al., 

2015). 

Copepods are important for the success of marine fish larvae, by providing them with live prey 

and acting as a dietary supplement to maximize fish survival and growth rate (Holt, 2003). 

Copepods, particularly calanoid and harpacticoids, are regarded as the most essential natural prey 

for marine fish larvae, because they not only contain nutrients that support fish larvae 

requirements and development, but are also capable of producing and inducing stimulatory 

appetitive effects on larvae and optimizing production of digestive enzymes (Olivotto et al., 

2011; Zaleha et al., 2012). Rotifers and Artemia have advantages due to their suitability for 

larviculture (breeding and farming of fish larvae), easing mass production and increasing 

productivity and profitability. However, they are not as efficient dietary components as 

copepods, because of issues such as low feeding response in larvae with small mouths due to 

their size and because their nutritional composition, such as content of free amino acids and 

essential fatty acids, is not sufficient to sustain marine fish larvae (Ostrowski and Laidley., 

2001). Use of copepods in commercial feeds for fish larvae is currently very limited, mainly due 

to its challenges and difficulties in their intensive culture (Alajmi and Zeng, 2015). However, 

with recent advances in culture techniques (Alajmi and Zeng, 2015), copepods may be used more 

widely in marine larviculture, especially for fish species that produce small number of larvae per 

spawning, such as marine ornamental fish. 
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3. Copepod reproductive traits 

Semelparity and iteroparity are possible reproductive strategies in living organisms (Begon et 

al., 1990). A species is regarded as semelparous if it is defined by a single pre-death reproductive 

episode, or iteroparous if it is defined by numerous reproductive cycles during its lifetime. In the 

case of many copepods, iteroparity in the adult stage consists of producing several clutches of 

eggs per reproductive cycle, i.e., they are iteroparous annuals according to Begon et al. (1990).   

Measuring EPR has become a widely used method in ecological studies on copepods (Ianora 

et al., 2007). Egg HS and NSR are widely used in ecological studies too, but are also critical in 

ecotoxicology studies (Souissi et al., 2008; Neffati et al., 2013; Cherif et al., 2015). The 

reproductive biology of copepods depend on the quantity and quality of ingested food and abiotic 

factors such as temperature, turbidity, and pH (Miralto et al., 1999; Turner, 2004; Ianora et al., 

2007).  

In general, copepods might be suitable as relevant indicators in ecotoxicological studies, as they 

are sensitive to a range of pesticides and insecticides (Forget et al., 1998). Some studies have 

shown that the early developmental stages in copepods are particularly sensitive to contaminants 

and chemicals, which stresses the importance of considering their reproductive traits (EPR, HS, 

and NSR) (Kulkarni et al., 2013).  

3.1. Natural factors 

Various environmental conditions affect the reproductive biology of planktonic copepods. 

Egg production is affected by temperature (Devreker et al., 2009) and by the quality and amount 

of the available food (Kleppel et al. 1998). Salinity variations also affect the reproductive success 

of estuarine copepod species (Castro-Longoria, 2003). Devreker et al. (2009) observed high 
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reproductive production of Eurytemora affinis in the Seine estuary in France, with intermediate 

and low salinities (between 5 and 15 ppt) tending to be ideal. Turbidity, especially in estuarine 

waters, is recognized to be another key limitation affecting copepod reproduction. Burdloff et al. 

(2000) demonstrated that increased levels of suspended particulate matter are responsible for 

poor nutritional quality in high-turbidity areas of the Gironde estuary in France, leading to low 

EPR in E. affinis. Additionally, photoperiod has a major influence on copepod reproduction. A 

study by Camus and Zeng (2008) showed a trend for increased EPR and hatching success with 

longer photoperiod, with the fastest mean growth times from egg to adult being correlated with 

extended illumination period. 

Many studies have been carried out in efforts to understand the connections between copepod 

reproduction and ingested phytoplankton species, Research in the field and the laboratory has 

demonstrated a strong link between reproductive traits (fecundity, hatching success, naupliar 

survival) and food quantity, but also other features of foods such as size, morphology, taxonomic 

composition, toxicity, biochemical composition and bioactives compounds (Kleppel, 1995; Ban 

et al., 1997; Miralto et al.,1999; Laabir et al.,2001; Bonnet and Carlotti 2001; Ceballos and 

Ianora, 2003; Koski et al., 2006). 

Among these studies, research conducted in the North Lagoon in Tunisia examined the effect of 

temperature and nutritional availability on seasonal fluctuations in EPR of one member of the 

Centropagiidae (Centropages kroyeri) and three Acartiidae copepods (Acartia clausi, Paracartia 

latisetosa, and Paracartia grani) (Annabi-Trabelsi and Daly Yahia, 2005; Annabi-Trabelsi et al., 

2012). All three species of Acartiidae showed marked differences in EPR in response to season. 

The fertility of P. latisetosa and P. grani fertility was positively affected by temperature and 

salinity, while that of A. clausi fecundity was negatively affected, even though its EPR was 
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supported by consumption of phytoplankton (chlorophyll-a and sestonic proteins used as 

proxies). The EPR of the other two species was enhanced by particulate organic matter (POC), 

signifying that these species feed on micro-zooplankton and detritus rather than on 

phytoplankton (Annabi-Trabelsi et al., 2012). Comparable findings have been reported for 

temperate regions, where A. clausi usually occurs during cold-temperate periods, decreasing to 

relatively low population numbers or vanishing totally during summer. For example, in Japanese 

coastal waters, A. clausi vanishes from the water column at temperatures above 21
o
C, with the 

eggs produced resting during summer (Uye, 1985). The EPR data in the literature generally 

indicate that P. latisetosa has the highest and most successful reproduction population traits in 

summer, P. grani in autumn, and A. clausi in winter (Annabi-Trabelsi et al., 2012). This 

demonstrates that there is an optimal range of temperature for egg production in different 

copepod species. 

In order to compare differences between the natural EPR in copepods and the EPR value under 

the impact of contaminant, data on the EPR of various copepod species taken from different 

studies were compiled and are shown in Table 1. Comparisons indicate how the toxicity of the 

water affects the reproductive traits in two main genera, Acartia and Temora. In particular, Table 

1 shows the range of ambient temperature in which the species is observed, the EPR (number of 

eggs female
-1

 day
-1

), and study areas for various species of Acartia and Temora.  

In a study to assess the impact of natural influences on copepod reproduction traits (Neffati et al., 

2013), in autumn 2006 the EPR, HS, and NSR of the copepods Centropages ponticus, a lagoon 

species, and Temora stylifera, a marine species, were studied in the Bizerte channel off Tunisia 

based on their abiotic factors and phytoplankton composition (Table 1). The results revealed that 

the EPR and HS of C. ponticus remained moderately stable throughout autumn and were able to 
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tolerate high turbidity, with mean EPR of 13.7±0.3 eggs day
-1

 and mean HS of 24.4±1.6%, while 

the reproductive traits of T. stylifera fluctuated substantially, with mean EPR of 35.2+3.8 eggs 

day
-1

 and mean HS of 50.4+5.5%. Thus due to its more offshore marine nature, T. stylifera could 

not withstand high coastal turbidity and hence had low EPR and HS under these conditions. In 

both species, changes in EPR and HS were as a consequence of natural environmental 

differences, especially maternal food availability in the form of phytoplankton composition, with 

a minimal observable decrease in EPR and HS after a major phytoplankton bloom. The NSR of 

C. ponticus was found to be closely quite related to temperature, while that of T. stylifera seemed 

to more sensitive to maternal food consumption (Neffati et al., 2013). According to Souissi et al. 

(2008), who conducted an experiment on Centropages kroyeri in the same region (Bizerte 

coastal zone), temperature generally plays a major role in controlling copepod reproduction and 

life cycle strategy, but the quality and quantity of food available also greatly influence 

reproduction.  

3.2. Toxicity affecting reproductive traits 

Toxicity tests are critical for biomonitoring and environmental risk assessment of released 

chemical substances. Good availability of procedures for the cultivation of organisms and 

bioassays using species reflecting changes at diverse trophic levels and for diverse taxonomic 

groups are essential for collecting data about the likely significance of environmental pollution 

(Gorbi et al., 2012). Improvements in calibration and emerging new standardized bioassay 

guidelines for species of ecological relevance are therefore of major importance in ecotoxicology 

(Raisuddin et al., 2007). Acute and chronic tests have shown sensitivity of copepods to various 

toxic substances, such as metals, antibiotics, insecticides, antifouling products, and surfactants 

(Sosnowski and Gentile, 1978; Gorbi et al., 2012). As a proxy method for approximating 
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secondary pelagic production, measuring EPR and HS of adult female copepods has been 

proposed as a measure of potential population recruitment rates (Turner, 2004; Neffati et al., 

2013). In addition, egg production is an important element of copepod adult biology, integrating 

a number of metabolic processes and thus having high ecological significance (Laabir et al., 

1995; Souissi et al., 2008). Egg production and hatching in copepods has thus been shown to be a 

highly sensitive biological response to many toxicants, such as heavy metals, pesticides, PAHs, 

and testosterone ( Willis and Ling 2004; Bellas, 2007; Almeda, et al., 2014). 

 

4. Response to heavy metal contamination 

Heavy metals are considered to be among the most damaging aquatic pollutants 

(Verriopoulos, and Moraïtou-Apostolopoulou 1982). Their effects on aquatic organisms are 

extensive, as demonstrated predominantly in industrial pollution studies (Gutierrez et al., 2010). 

By assimilating metals from food or by absorbing them from water, copepods accumulate metals 

(Wang and Fisher 1998; Reinfelder et al., 1998), with the relative importance of the uptake 

pathway varying considerably between metals. The absorption path of a metal can determine its 

internal distribution (Hare, 1991; Wang and Fisher 1998), but few studies have assessed the 

toxicity of elements primarily absorbed from copepod food. Furthermore, there are very few 

studies on the effect of toxic metals in marine zooplankton (Sunda et al., 1987; Hook, 2001). 

Copper and chromium are critical heavy metals because they are key elements in metabolic 

processes, but become toxic at high levels (Sullivan et al., 1983; Sunda et al., 1987; Walker, 

1990; Gorbi et al., 2012). Studies have shown that, as a result of human activities, the lower 

Salado River basin, one of Argentina’s most crucial basins, is highly polluted with copper and 

chromium (Ceresoli and Gagneten 2003; Gagneten, 2007, 2009). Copper is used commercially 
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as an algaecide in antifouling paint and also in fish disease treatment (Gutierrez et al., 2010). 

Chromium is used in a variety of industries, as a leather tanning agent, in stainless steel 

electroplating, and in glass, pigment, fungicide, and battery production.  

Table 2 shows the EPR of various species of calanoid copepods under different 

concentrations of copper and chromium in two different studies. In mixed culture of Acartia and 

Paracalanus spp. in the Saanich Inlet, British Columbia, it was found that, as eggs matured, their 

reproduction, survival, and HS decreased even without the interference of any heavy metals 

(Reeve et al., 1977). However, as the concentration of copper input increased, egg production 

decreased more rapidly and at 100 µg L
-1

 there was no recorded egg production at all (Reeve et 

al., 1977) (Table 2). This means that when algaecides and fish disease chemicals are used in 

large quantities without regulatory control, there is less reproduction of copepods and their 

population can decline in polluted areas ( Reeve et al., 1977). In contrast, the copepod  

Notodiaptomus conifer showed rather different reproductive behavior in the presence of copper 

in experimental tanks in a study by Gutierrez et al. (2010). In the absence of copper, each female 

produced a mean of 5.67 eggs, while at a copper concentration of 0.4 µg L
-1

  each female 

produced a mean of 7 eggs, which increased to a mean egg count of 11.2 when the copper 

concentration increased to 0.8 µg L
-1

. However, upon doubling the copper concentration again, 

to 1.6 µg L
-1

, the mean number of eggs produced per female dropped to 7.5. There was no egg 

production at all when the concentration of copper increased to 3 µg L
-1

 (Gutierrez et al., 2010). 

This shows that there is an optimal level of egg reproduction in female copepods in the presence 

of copper, since it is an essential element for metabolic processes, but with lethal effects above a 

threshold concentration. In the same study, chromium, which is also important for metabolic 

processes, gave a rapid decrease in mean number of eggs produced per female (from 9.66 to 3) 
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when the concentration was increased from 0 to 7.5 µg L
-1

, but no egg production at all at 

concentrations of 15 and 30 µg L
-1

 (Gutierrez et al., 2010). Thus, in general, depending on the 

sampling location or different pelagic areas or inland waters, copepods appear to thrive better in 

the absence of chromium, but female copepods need a certain amount of copper for metabolic 

processes, egg reproduction, and hatching success (Table 2). 

Exposure of Centropages ponticus in the Bizerte Lagoon, Tunisia, to cadmium at 18
o
C resulted 

in an inverse relationship between cadmium concentration and both EPR and HS (Cherif et al., 

2015). With exposure to cadmium at 0.2 µg L
-1

, EPR and HS declined from the value in the 

cadmium-free control (set at 100%) to 57.75% and 59.64%, respectively, but most of the eggs 

produced hatched successfully. At a cadmium concentration of 1 µg L
-1

, EPR declined 

drastically to 22.52% and HS to 13.09% compared with the control (Cherif et al., 2015).   

In a study at Stony Brook Harbor in the USA (Hook and Fisher 2001), the copepods Acartia 

tonsa and A. hudsonica were exposed to mercury, cadmium, and silver at a temperature range of 

15-25 
o
C (Table 3). The heavy metals were applied at five concentrations (0 (control), 0.25, 0.5, 

1, and 2 nM. For mercury, the control group showed 100 ± 10 % EPR and 100 ± 15 % HS, but at 

0.25 nM both the EPR and HS nearly halved, to 52 ± 7 % and 57 ± 5 %, respectively. However, 

EPR did not change significantly on increasing the mercury concentration to 2 nM. The HS was 

barely affected at 0.5 and 2 nM, but the highest HS (110%) was observed at 0.5 nM and the 

lowest HS at 1 nM. This shows that even small changes in the concentration of mercury can 

reduce the EPR and HS by up to 50% (Table 3). In contrast, for cadmium the EPR of 100 ± 14 % 

and HS of 100 ± 18 % in the control decreased only slightly as the concentration increased to 

0.25 nM, resulting in EPR of 89 ± 10 % and HS of 85 ± 8 %. The EPR then increased to 115 ± 

20 % as the concentration of cadmium increased to 2 nM,  i.e., higher than in the control, while 
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HS showed a consistent decrease as the concentration of cadmium increased (Table 3). Similarly, 

silver gave an increase in EPR as the concentration increased to 2 nM, although with a small 

decline in EPR at 0.25 nM. This indicates that cadmium and silver concentrations of up to 2 nM 

may increase EPR, but that cadmium may affect HS (Table 3). 

 

5. Response to organic contaminants (PAHs) 

Polycyclic aromatic hydrocarbons are persistent planar molecules comprised of two or 

several six-member (benzene) rings directly connected together, and are commonly found in 

aquatic ecosystems (Kennish, 1992; Walker et al., 2004). Main sources of PAHs industrial waste 

products, oil spills, and fossil fuel refining and combustion (Walker et al., 2004; Albers, 2002; 

Fourati et al., 2018). Worldwide, PAH discharges from all natural and anthropogenic sources 

into aquatic environments are reported to be 80,000-230,000 tons per year (Kennish, 1992; 

Wright and Welbourn, 2002; Soliman et al., 2014, 2019). PAHs are by far the most deadly 

components of oil for maritime biota, with genotoxic, carcinogenic, and reproductive effects, and 

can bioaccumulate in maritime species (Corner et al., 1976; Kennish, 1992; Albers, 2002; Pane 

et al., 2005; Manahan, 2010). Although low molecular weight PAHs are the most toxic, they are 

generally unimportant in ecological terms due to their volatility and consequently short half-life 

in water (Walker et al., 2004). 

Investigations by Ott et al. (1978) showed that E. affinis can be used in ecotoxicity studies testing 

long exposure time to naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, and 2,3,5-

trimethylnaphthalene (Table 5). A study by Bellas and Thor (2007) examined A. tonsa females 

exposed to different concentrations of fluoranthene, phenanthrene, and pyrene, to determine their 

effect on EPR and HS. At a concentration of 10 nM, fluoranthene did not have any effect on 
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EPR, at concentrations up to 50 nM it showed a consistent decrease in EPR, at 250 nM the EPR 

increased slightly, while at higher concentrations there was a sudden decrease in EPR. A 

significant difference (p<0.001) was observed at 800 and 1250 nM (Bellas and Thor, 2007). A 

similar correlation was observed for pyrene, but at different concentrations. Relative to the 

control, EPR slightly increased as the pyrene concentration increased up to 160 nM, but a sudden 

decrease in EPR was observed at concentration ≥320 nM. For phenanthrene, the results showed a 

slight decrease in EPR in lower concentrations, an increase from 24 nM to 600 nM, and a sudden 

decrease in EPR at concentrations greater than 1800 nM (Bellas and Thor, 2007). In terms of 

detrimental effects on EPR, concentrations greater than 400 nM fluoranthene, 320 nM pyrene, 

and 1800 nM phenanthrene appear to be critical (Table 5). 

The same study examined changes in egg HS with increasing concentrations of the same three 

PAHs. For fluoranthene, HS decreased slightly at a concentration of 10 nM, increased slightly 

until 200 nM, and then decreased steadily until 1250 nM (Bellas and Thor, 2007). A similar 

pattern was observed for pyrene, but at different concentrations, e.g., at concentrations of 320 

and 640 nM HS remained the same. In the case of phenanthrene, higher HS compared with the 

control was observed at 2, 4, and 240 nM, and then a steady decrease was observed at higher 

concentrations (Bellas and Thor, 2007). 

  

6. Response to other persistent organic pollutants  

The effect of organochlorine complexes on HS of calanoid copepods was examined in a 

study on E. affinis and A. bifilosa by Lindley et al. (1999) using pentachlorophenol (PCP) and 

1,2-dichlorobenzene (DCB). PCP is a widely utilized biocide, on the Red List of primacy 

contaminants, but not the EEC and US EPA priority lists (Lindley et al., 1999). It has been 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

16 
 

detected in large volumes in freshwater sediments in the USA (Hoke et al., 1993) and throughout 

the Scheldt estuary, the Netherlands (Vanzoest and Vaneck 1991). In non-ionized form, it is very 

hydrophobic and can easily be immersed in deposits and bioaccumulated in mitochondria, where 

it hampers respiration (Mahler and Cordes, 1968). 

In the study by Lindley et al. (1999), samples of eggs were subjected to various treatments, while 

one control group of eggs was incubated in filtered sea water (FSW) throughout and another 

control group was kept under FSW overnight (Table 5). The sea water for FSW was collected 

from the Eddystone Rocks in the English Channel. The number of E. affinis eggs produced was 

found to be significantly higher in DCB solution compared with the control group, but HS was 

less than 1% of that in the control, in which more than 99% of eggs hatched. Similarly, the 

number of eggs produced by E. affinis in DCB overnight was higher than in  the corresponding 

control, but HS was lower, only 36 ± 53 %, compared with 100% in the control group (Lindley 

et al., 1999). When A. bifilosa fecundity was tested in PCP solution, the results showed that the 

number of eggs produced was similar to that in the control, but HS for the sample exposed to 

PCP was zero. Exposure overnight gave higher egg production in the PCP sample, but HS was 

still zero (Lindley et al., 1999).  This shows that egg production in these copepod species can 

tolerate POP-contaminated waters, but the hatching rate of eggs appears to be quite sensitive to 

DCB and PCP (Table 6). 

 

7. Discussion 

This review examined the significance of planktonic copepod reproductive traits as ecological 

indicators and their prospective significance in ecotoxicology. In the literature reviewed, various 
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species of calanoid copepods were identified to be affected by heavy metals, organic 

contaminants, and POPs. The effects were measured by observing changes in EPR, HS, and 

NSR. Based on the reported changes, we suggest expanding the concept of using copepods as a 

model for copepod reproductive characteristics or traits in aquatic ecotoxicology by applying a 

"Copepod Egg Production Rate Index" and a more specific "Copepod Reproductive Trait Index" 

in marine and environmental tracking and pollution surveys. 

In terms of heavy metals, various studies show that heavy metals such as copper, chromium, 

mercury, and silver induce a decrease in EPR and HS as the concentration of the contaminant 

increases. However, in the case of cadmium and silver the changes are not consistent, e.g., for 

cadmium the EPR and HS may increase with concentration up to a certain threshold (Hook and 

Fisher, 2001). For silver, HS may be unaffected, e.g., the copepod species A. tonsa and A. 

hudsonica incubated with concentrations of 1 nM and 2 nM silver showed HS of 79% and 96%, 

respectively. This indicates that A. tonsa and A. hudsonica are not suitable species to be used in 

ecotoxicology studies examining pollution by cadmium and silver. However, these two species 

can be used in ecotoxicology studies for mercury, due to a clear correlation of decreasing EPR 

and HS as the mercury concentration increases (Hook and Fisher, 2001). A factor affecting the 

results may be a high concentration of mercury in relation to cadmium and silver.  

In studies of cadmium toxicity, C. ponticus appears to be the best candidate copepod species, due 

to decreasing EPR and HS as the concentration of cadmium increases (Cherif et al., 2015). 

Furthermore, N. conifer can be used to assess copper and chromium toxicity, since the number of 

eggs per female drops as the concentration of copper and chromium increase (Gutierrez, 2010). 

In copper toxicity studies, a mixed culture of Acartia and Paracalanus could be used, since the 

EPR in both decreases rapidly as the copper concentration and number of days of exposure 
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increase (Reeve et al., 1977).  

The response of E. affinis to the organic contaminant naphthalene in terms of EPR changes is not 

significant at low concentrations and an exposure time of 10 days. However, at high 

concentrations and exposure time of less than 29 days, Ott et al., (1978) observed a reduction of 

43.7% in EPR. Furthermore, when exposed for less than 29 days to PAHs (2-methylnaphthalene, 

2,6-dimethylnaphthalene and 2,3,5-trimethylnaphthalene) E. affinis suffered a significant 

reduction in EPR (Ott et al., 1978). When fluoranthene was tested with Tisbe battagliai, an 

harpacticoid copepod, there was reduction in clutch size of 50% at a concentration of 66.9 µg.L
-1

 

in only 6 days of exposure time (Barata, 2002).  

Belas and Thor (2007) found that EPR in A. tonsa significantly decreased at concentrations ≥50 

nM of fluoranthene, ≥1800 nM of phenanthrene, and ≥320 nM of pyrene. Eggs from the same 

species only showed a significant reduction in HS in fluoranthene, although phenanthrene and 

pyrene caused a slight decrease (Bellas and Thor, 2007). 

Persistent organic pollutants such as PCP and DCB have been shown to have effects on EPR and 

HS in E. affinis and A. bifilosa. Compared with control groups, the number of eggs produced in 

the presence of DCB is reported to be significantly higher, but HS is reduced by 99% (Lindley et 

al., 1999). In that study, the amount of eggs generated by E. affinis in the presence of DCB 

overnight was greater than in the control, but HS was only 36 ± 53 %, compared with 100% in 

the control (Lindley et al., 1999). Thus for E. affinis, evaluating HS is more suitable than EPR to 

detect any effect of DCB. 

In the study by Lindley et al. (1999), A. bifilosa in the presence of PCP produced the same 

number of eggs as in the control, but hatching performance was zero. While the PCP sample 
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showed higher production of eggs in a similar approach, but kept overnight, HS was still zero.  

This shows that production of eggs in contaminated waters may be higher, but that hatching is 

disrupted by both DCB and PCP. 

Based on this review, copepod reproductive traits can be used in ecotoxicology studies to 

evaluate the impact of different contaminants. We developed a new index using planktonic 

copepods as a model for copepod reproductive traits or characteristics in aquatic ecotoxicology: 

the "Copepod Reproductive Trait Index" (CRT-Index): 

          
            (   )      (   )

 
 

where EPRS is female copepod egg production rate success, HS is egg hatching success, and 

NSR (24h) and NSR (48h) is nauplius survival rate after 24 h and 48 h, respectively, and: 
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We propose the following classification of environment or pollutant impact levels based on the 

CRT-Index applied to copepod reproductive traits, using data produced by Neffati et al. (2013) 

as an example. Figures 1 and 2 show, respectively, weekly changes in CRT-Index in the Bizerte 

Channel, Tunisia, from November 18 to December 8, 2006. 

For Temora stylifera, which is a more neritic species with well-established populations in the 

Bay of Bizerte, the CRT-Index ranged from 0% to 67.02%. Based on this species, the Bizerte 
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Channel shows in general a medium to high contamination status or environmental impact. For 

Centropages ponticus, a more coastal and lagoon species with well-established populations in 

the Bizerte Lagoon, the CRT-Index values are lower and range from 10.22% to 31.92%, 

indicating high to very high contamination status in the Bizerte Channel.  

This example demonstrates the utility of our novel index for coastal ecotoxicology and the more 

sensitive coastal species to contamination and environmental impacts. In this case, Centropages 

ponticus appears more sensitive to coastal and lagoon perturbations with less pronounced index 

fluctuations compared with Temora stylifera. 

 

8- Conclusions 

Based on a review of the literature, we show that reproductive traits in planktonic copepods are 

good biological indicators of coastal environmental status and ecosystem pollution in entropized 

coastal waters. Thus planktonic copepods are good candidates as models for ecotoxicology 

studies, in particular using reproductive traits such as daily egg production rate (EPR), egg 

hatching success (HS), and nauplius survival rate (NSR) after 24 h and 48 h of incubation. In all 

published papers dealing with planktonic copepod reproductive traits, one or more reproductive 

parameters of various species of copepods were identified as being affected by different 

contaminants, including persistent organic pollutants. Copepod responses to these pollutants 

were measurable as general reductions in EPR, HS, and NSR. 

Based on the literature, we propose a new tool for use in aquatic ecotoxicology: Copepod 

Reproductive Trait Index (CRT-Index), based on the reproductive traits EPRS, HS, and NSR 

after 24 and 48 h, for coastal environment monitoring and pollution status surveys. A simple 
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example based on two contrasting calanoid copepod species, Temora stylifera and Centropages 

ponticus, in the south-western Mediterranean Sea, illustrates the utility of this new tool in 

classifying coastal and lagoon waters in terms of contamination or environmental impact status. 

Natural planktonic copepod populations such as calanoid copepod neritic species can easily be 

reared in the laboratory and used to evaluate coastal environmental status using CRT-Index. This 

ecotoxicology tool could be implemented in coastal monitoring programs within the framework 

of Integrated Coastal Zones Management. 
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Figure 1. CRT-INDEX for Temora stylifera in Bizerte Channel (applied on data extracted from 

Neffati et al., 2013). 
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Figure 2. CRT-INDEX for Centropages ponticus in Bizerte Channel (applied on data extracted 

from Neffati et al., 2013). 
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Table 1. Natural Egg Production Rates, Hatching Success and Nauplius Survival Rate in various 

study areas. 

Species Temperature 

(℃) 

Egg Production 

Rate (# of eggs 

female
-1

 day
-1

) 

Hatching 

Success (# of 

nauplii 

hatched after 

48h in %) 

Nauplii 

Survival Rate 

(# of survival 

nauplii 24h 

after hatching 

in %) 

Study Area Authors 

Acartia 

A. bifilosa 

(Giesbrecht, 

1881) 

4-15 2.8-10.7   Baltic Sea Hansen et al., 

2006 

A. bifilosa  12 0.1-7.7   Yellow Sea Li & Sun, 

2008 

A. clausi 

(Giesbrecht, 

1889) 

15-20 20-30   Baltic Sea Halsband & 

Hirche, 2001 

A. clausi 13-14 18-35   Mediterranean 

Sea 

Calbet et al., 

2002  

A. clausi 10-28 8-60   Ebrie Lagoon, 

Gulf of 

Guinea 

Pagano et al., 

2004 

A. tonsa 

(Dana, 1848) 

17-24 1.6-51.6   Narrangansett 

Bay 

Durbin et al., 

1983 

A. tonsa 14-20 0.2-2.8   Shediac Bay, 

Northumberla

nd Strait, 

Canada 

Lincoln et al., 

2001 

A. tonsa 20 25-70   Florida, USA Sedlacek & 

Marcus, 2005 

 

A. tonsa 6-10 10-20   Limfjord, 

Denmark 

Sørensen et 

al., 2007 

A. hudsonica 

Pinhey, 1926 

2.4-19.9 2-20   Bedford 

Basin, Canada 

Sekiguchi et 

al., 1980 

A. grani Sars, 

1904 

13.5-18 5-79   Mediterranean 

Sea 

Rodriguez et 

al., 1995 

Centropages 

C.  ponticus 

Karavaev, 

1895 

 8.7-19.3 (13.7 

± 0.3) 

3-49 (24.4 ± 
1.6) 

26.6 Mediterranean 

Sea 

Neffati et al., 

2013 

C. kroyeri 

(Giesbrecht, 

1892) 

15.1–23.3 12.2  11.8 Bizerte 

Channel (SW 

Mediterranean 

Sea) 

Souissi et al., 

2008 

C. typicus 

Kroyer, 1849 

15 20-25  

- 
 

- 
Bay of 

Villefranche-

Carlotti et al., 

1997 
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 20 35-40 sur-Mer 

Paracartia 

P. grani Sars, 

1904 

Summer 4.43 ± 0.7  

- 
 

 

- 

North Lagoon 

of Tunis 

Annabi-

Trabelsi et 

al., 2012 
Autumn 7.9 ± 0.6 

Winter 2.08 ± 0.5 

P. latisetosa 

(Krichagrin, 

1873) 

Summer 13.1 ± 6.1  

- 
 

- 
North Lagoon 

of Tunis 

Annabi-

Trabelsi et 

al., 2012 
Autumn 4.49 ± 0.6 

Temora 

T. stylifera 

Dana, 1849 

22 35   Mediterranean 

Sea 

Halsband-

Lenk et al., 

2001 

T. stylifera  23 35   Mediterranean 

Sea 

Halsband-

Lenk et al., 

2004 

T. stylifera  15 25.7   North Sea  Halsband-

Lenk et al., 

2002 

T. stylifera  3-89 (35.2 +-

3.8) 

30-97.8 (50.4 

+-5.5) 

34.9 Mediterranean 

Sea 

Neffati et al., 

2013 

 

 

 

 

 

 

 

 

 

 

Table 2 Correlation coefficients (r, Statistical) between copepod reproductive traits and 

environmental factors for different key marine and coastal copepod species in natural conditions. 

(+)*: positive significative correlation; (+)**: positive highly significative correlation; (-)*: 

negative significative correlation; (-)**: negative highly significative correlation; NS: non 
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significative. 

Species Reproductive 

Traits 

Temperature Salinity Chla POC Study 

Acartia clausi 
(Giesbrecht, 1889) 

EPR  -0.88 ** -0.87 +0.74 +0.20 Annabi-

Trabelsi, 

2009 

Paracartia 

latisetosa 
(Krichagrin, 1873) 

EPR +0.64** +0.66** -0.17 +0.42** Annabi-

Trabelsi, 

2009 

Paracartia grani 
Sars, 1904 

EPR +0.89** +0.90** +0.19 +0.41** Annabi-

Trabelsi, 

2009 

Centropages 

kroyeri 
(Giesbrecht, 1892) 

EPR -0.081 +0.284* -0.045 N/A Souissi et 

al., 2008 

Centropages 

kroyeri 

HS +0.227 +0.0304* +0.556*** N/A Souissi et 

al., 2008 

Centropages 

kroyeri 

NSR (24h) -0.180 +0.066 +0.012 N/A Souissi et 

al., 2008 

Centropages 

kroyeri 

NSR (48h) +0.364** +0.077 -0.080 N/A Souissi et 

al., 2008 

Centropages 

ponticus 
Karavaev, 1895 

EPR ---- ---- ---- N/A Neffati et 

al., 2013 

Centropages 

ponticus 

HS ---- ---- -0.39** N/A Neffati et 

al., 2013 

Centropages 

ponticus 

NSR (24h) -0.49** ---- ---- N/A Neffati et 

al., 2013 

Centropages 

ponticus 

NSR (48h) +0.67** ---- ---- N/A Neffati et 

al., 2013 

Temora stylifera 
Dana, 1849 

EPR ---- ---- ---- N/A Neffati et 

al., 2013 

Temora stylifera HS ---- ---- ---- N/A Neffati et 

al., 2013 

Temora stylifera NSR (24h) ---- ---- -0.46** N/A Neffati et 

al., 2013 

Temora stylifera NSR(48h) -0.41** ---- ---- N/A Neffati et 

al., 2013 
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Table 3 Consequence of Copper and Chromium on the daily egg production of various copepod 

species. 

Species Heavy 

Metal 

Concentration 

(µg.L
-1

) 

Day 1 

(Eggs) 

Day 3 

(Eggs) 

Day 5 

(Eggs) 

Sampling 

Station / 

Study Site 

Authors 

Mixed culture 

of Acartia and 

Paracalanus 

 

 

 

 

 

Copper 

Control (0) 89 62 54 Saanich 

Inlet, 

British 

Colombia 

Reeve, 

1977 
10 62 60 41 

20 59 46 6 

50 10 23 0 

100 0 0 0 

Notodiaptomus 

conifer (Sars, 

 No. of eggs per female 

(mean) 

Tanks from 

the 

Gutierrez 

et al., 
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1901) Control  5.67 Instituto 

Nacional 

de 

Limnología 

(CONICET 

UNL) 

2010 

0.4 7 

0.8 11.2 

1.6 7.5 

3 - 

Chromium Control 9.66 

7.5 3 

15 - 

30 - 

 

 

 

Table 4. Effect of Hg, Cd and Ag on the Egg Production Rate (EPR) and Hatching Success (HS) 

of various copepod species. 

Species Heavy 

Metal 

Concentration 

(µg.L-1) 

% of EPR % of HS T (
o
C) Sampling 

Station / 

Study Site 

Authors 

Centropages 

ponticus 
Karavaev, 1895 

Cadmium 

(48 h 

exposure) 

Control 100 % 100 % 18 Bizerte 

lagoon, 

Tunisia 

Ensibi et 

al., 2015 
0.2 57.75 % 59.64% 

0.4 31.76 % 39.25 % 

1 22.52 % 13.09 % 

 

Species Heavy 

Metal 

Concentration 

(Nm - 

Nanomols) 

EPR 

(Individual
-1 

day
-1

) 

HS  (% 

control) 

T (
o
C) Sampling 

Station / 

Study Site 

Authors 

Acartia tonsa Mercury 0 100 ± 10 100 ± 15 15-25 Stony Hook & 
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(Dana, 1848) & 

A. hudsonica 

Pinhey, 1926 

0.25 52 ± 7 57 ± 5 (Depending 

on the 

season) 

Brook 

Harbor, 

New 

York, 

USA 

Fisher, 

2001 
0.5 51 ± 4 56 ± 9 

1 42 ± 2 58 ± 7 

2 49 ± 5 53 ±4 

Cadmium 0 100 ± 14 100 ± 18 

0.25 89 ± 10 85 ± 8 

0.5 92 ± 23 86 ± 11 

1 106 ± 22 82 ± 13 

2 115 ± 20 85 ± 14 

Silver 0 100 ± 17 100 

0.25 91 ± 16 98 

0.5 91 ± 28 110 

1 110 ± 32 79 

 

 

Table 5 Effects of organic contaminants on various species of copepods reproduction traits. 

Chemical Species Concentration 

(µg.L
-1

) 

Effects Exposure 

Time 

(Days) 

Study 

      

Naphthalene Eurytemora 

affinis 

(Poppe, 

1880) 

10 – 50 No sig. effect on 

egg production 

10  Berdugo et al., 

1977 

Naphthalene Eurytemora 

affinis 

14.2 Reduction in EPR: 

43.7 % 

< 29  Ott et al., 1978 

2-methylnaphthalene Eurytemora 

affinis 

15.0 Reduction in EPR: 

43.3 % 

< 29  Ott et al., 1978 

2,6-dimethylnaphthalene Eurytemora 

affinis 

8.2 Reduction in EPR: 

35.1 % 

< 29  Ott et al., 1978 

2,3,5-trimethylnaphthalene Eurytemora 

affinis 

9.3 Reduction in EPR: 

52.1% 

< 29 Ott et al., 1978 
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Table 6. Hatching Percentage of two Species of Calanoid Copepod under Pentachlorophenol 

(PCP) of 14 mg l
-1

  & 1,2-dichlorobenzene (DCB) of 91 mg l
-1

 and Filtered Sea Water (FSW) 

treatments. 

Species Treatment Average number of 

Eggs (Replicates)  

Hatching success 

% ± SD 

Authors 

Eurytemora 

affinis 

(Poppe, 

1880) 

Control (FSW) 132 (5) > 99 ± 1 Lindley et al., 

1999 

 

DCB Solution 209 (5) < 1 ± 1 

FSW overnight 112 (3) 100 

DCB overnight 239 (3) 36 ± 53 

Acartia 

bifilosa 

(Giesbrecht, 

1881) 

Control (FSW) 15 (3) 68 ± 28 

PCP Solution 15 (3) 0 

FSW overnight 13 (3) 86 ± 12 

PCP overnight 15 (3) 0 
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Table 7 Proposed CRT-Index range and environment or tested pollutant levels of contamination 

or impacts. 

CRT-Index range (%) Level of contamination or pollutant impact 

75% ˂ CPT-Index ˂ 100%  Low Contamination or No Impact 

50% ˂ CPT-Index ˂ 75% Medium Contamination or Impact 

25% ˂ CPT-Index ˂ 50% High Contamination or Impact 

0% ˂ CPT-Index ˂ 25% Very High Contamination Impact 

 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

44 
 

Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

Graphical abstract 

Highlights 

- Response of some copepod species reproductive traits in natural contamination 

conditions. 

- Impact of Inorganic Heavy Metals, Polycyclic Aromatic Hydrocarbons (PAHs)and 

Persistent Organic Pollutants (POPs) on planktonic copepods Egg Production Rate 

(EPR) 

- Copepod Reproductive Trait – Index (CRT-Index) a new tool in aquatic 

ecotoxicology studies.  

 

Journal Pre-proof



Figure 1



Figure 2


