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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
(PAHSs) 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.

Keywords : Planktonic Copepods, Reproductive Traits, Ecotoxicology


https://doi.org/10.1016/j.scitotenv.2020.138621
https://archimer.ifremer.fr/doc/00623/73498/
http://archimer.ifremer.fr/
mailto:nejibdaly@qu.edu.qa

1. Introduction

Planktonarea useful indicator of marine ecosystem health status dineitcsignificant role
in thefunctioningof marine ecosystems and biogeochemical cyceig totheir key position

at the food web base and rapigksponseto environmental changéKadiene et al, 2019)



Planktonic copepods are a key component in aquatic food, wetisg as the main grazers of
small autotrophic and heterotrophmanoplankton and microplankton speciesid as food
sources for higher trophic leve{€ushing, 1990; Huys and Boxshall, 1991aihline, 1998;
Daly Yahia et al., 2004; Uye, 2010leffati et al., 2013 They also play a key role in the control
of fish recruitmentsince copepod eggs, nauphind copepodite stagese prey for larval and
adult fish( Cushing, 1990¢GarciaandPalomera, 1996 Copepodsan beexcellent bioindicators
of climate changand ecosystem shiff8eaugrand, 2005)r of pollution in aitrophied coastal
water areag 'DO\ <DKLD HW DO %HQ /DPLQH HW DO

Etilé et al., 2017Drira et al., 2018)

It has been shown that marine ecosystems react quicklgntironmenrdl modificatiors,
particularly in coastal regions subjected to greatehropogenic input@Beaugrand et al., 2010;
Brander, 2010;Burrows et al., 2001. Thus in order to monitor these changes the term
indicatory lapplied inthe EU Marine Strategy Framework DirectiyeBorja et al., 2010;
Rombouts et al., 2013A set of boindicatorsis an assessment and policy tool that enables a
scenario or patterto be measuredillowing ecosystenhealth and environment changesbe
evaluated(Parmar et al., 2016)and ecosystem managemetd be improved(Niemi and
McDonald, 2004).Zooplanktonare prospective bioindicators for aquatic ecosysteing are
seldomconsideredn monitoring initiativegPerry et al., 2004; Tett et al., 2008pmbouts et al.,
2013. They arereported to besentinels of environmental modifications and press{iregendre
and Rivkin, 2005; Richardson, 200Beaugrand et al., 2010Yhrough their role in carbon
export to ocean depths and nutrient recyctmthe lower productive layergpoplankton create

a connection between primary producers argher trophic componen{8anse, 1995; Urabe et

al., 2002;Lankov, 2010)Zooplanktonare also a source of nutrition fplanktivorous fish larvae



and carnivorous animals such as chaetogn@®esss et al.2005) Among the zoolankton,
copepods arthe main spdaes andikely alsothe most common multicellulasrganismson Earth
(Huys and Boxshall, 1991; Mauchline, 1998je, 201). The zooplankton assemblies of many
Arctic and temperate marine environmenssich asthe North Atlantic, are dominated by
calanoid copepodsMauchline, 1998Beaugrand et al., 20024 Copepods are commbnused

in toxicity tests as they are adaptable to the laboratory cultivatonditions sensitiveto
toxicants and of ecological relevanc&ulkarni et al., 2013; Anderson and Phillips, 2016;

Kadiene et al., 201 Kadiene et al., 2009

Classia@l testingfor toxicity in copepods mainly consists of acute and chronis tesamiimg
the effect on actions of individuglimmune and endocrine processes, development, grawndh
reproduction Chen et al., 2011; Michalec et al., 20Kxdiene et al., 2037 These tests may
also examinemortality, EC50 (half maximumeffective concentratign LC50 (half lethal
concentratiojy and NOEC o observable effect concentrafjoifferent review papers have
soughtto generalize the use of animal groups, classespecies as tools or environmental
indicators For examplefFerdousandMuktadir (2009)considered use dfeshwater zooplankton
andKulkarni et al. (2013) usef copepods in freshwater ecotoxicologyhile Hagerbaumer et
al. (2015 reviewed use ofnematodes irgeneralecotoxicology and Cornelis et §2018 useof

terrestrialisopods as a atel organism in soil ecotoxicology.

The aim of the presemtview was toassess coped species as environmtal bioindcators,
based orthe effect of heavy metabntaminants and afrganic contaminastsuch agolycyclic
aromatic hydrocarbons (PAHg)Nd persistent organic pollutani®OPs)on the reproductive
traits of calanoid copepod<hangesn egg production ratéEPR),egghatching succesgiS),

and nauplius survival ratéNSR) in copepodssubjectedto toxic conditionsin various studies
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were compared and summarizedth order to identify useful copepod species for toxicity
investigations.We then used the results tdevelopa new index basedon copepod fertility
(Copepod Egg Production IndgCERIndex) or Copepod Reproductive Trait Ind€CRT-
IndeX), to be usedn aquatic ecotoxicologjor assessingollution impacts and environmental

changegSouissi et al., 2008; Anneafirabelsi and Daly Yahia, 2008leffati et al., 2018

2. Importance of copepodsin marine and aquatic ecosystems

In pelagic food webs, marine zooplankton compriseassembly of metazoan consumers
occupying various phylogenetic and functionedphic levels(Steinbergand Landry, 2017)
Zooplankton provide importantonnectios betweenprimary producers and higher trophic
levels, are essential ecasgm changenarkers and play a crucial role in nutrient and carbon
cycling (Kitchell et al., 1987;Pace et lag 2004. Alterationsin zooplanktonabundanceand
communitystructuremay therefore have significaobnsequence®r processes at the ecosystem
level,as well agrophic cascades and water qua(iboubek et al., 2019)

Copepods arethe most extensive metazoan subclassn Earth and generally dominate
mesozooplankton, accounting for over 80% of its biom@ssrity and Smetacek1996)
Copepods arerucialcomponenin the diet ofsea fish larva (Santhanam et al., 2012ypicaly
accouning for morethan 50% of larval fish gut contenfStottrup 2000) It is well established
thatseveral marine fish larvae are unable to survive on typicatbwemercialfeedssuch aghe
rotifers Brachionussp. andArtemiasp., thus posingreat challengein aquaculturgroduction
(McKinnoQ HW DO 2 1% U\ HQhebBr@y; 2065 These species include many
highly cherishedfish such as snapperkufjanidag and groupers $erranidag Copepodshave

13 distinguishable stages of life (egg, six naupliar stagessix copepodil stagesincluding the



adult stagg, makingit easy tomonitor development, anthany species are sexuatlymorphic
(Kwok et al. 20®). These featuresf the copepod life cycland their significance in the aquatic
food webmakecopepods an appropriatandidatdor use inecotoxicologystudies(Kwok et al.,

2015)

Copepodsare importanfor the success aharinefish larvae by providing themwith live prey
and acting as a dietargupplement to maximizésh survival and growth rat¢Holt, 2003)
Copepods, particularly calanodhd harpacticoidsre regarded as the mestsentiahatural prey
for marine fish larvae becausethey not only containnutrients that supportfish larvae
requrements and developmertiut are also capale of producing and inducing stimulatory
appetitive effe on larvaeand optimizing productionof digestive enzymegOlivotto et al.,
2011; Zaleha et al., 202 Rotifers and Artemia have advantagedue to theirsuitability for
larviculture (breeding and farming of fish larva@asing mass productioand increasing
productivity and profitability. However, tlgeare not as efficientdietary componest as
copepodsbecause of issues such as low feeding responkgvae with small mouths due to
thar size and because their nutritional compositismch ascontent offree amino acids and
essential fatty acidsis not sufficient to sustain marinish larvae (Ostrowski and Laidley.,
2001) Use ofcopepodsn commerciafeeds for fish larvaés currentlyvery limited mainly due
to its challenges and difficulties in their intensive cult(dajmi and Zeng, 205). However
with recentadvancesn culture technique@lajmi andZeng,2015, copepodsnaybe used more
widely in marine larvculture especiallyfor fish speciesthat produce small number of laeser

spawningsuch as marine ornamental fish.



3. Copepodreproductive traits

Semelparity and iteroparity are possible reproductive strategiegng organismgBegon et
al., 1990) A species is regardessemelparous if it is defined by a single jlesath reproducter
episodeor iteroparous if it is defined by numerous reproductive cycles during its lifetime. In the
case of many copepods, iteroparity in the adult stage cow$ipt®ducing several clutches of

eggs per reproductive cyclee., they aréeroparousannuas according t@Begon etal. (1990).

MeasuringEPRhas become a widely used methoeaologcal studieson cqepods(lanora
et al.,2007) Egg HS and NS arewidely used in ecoldgal studiestoo, but arealso criticalin
ecotoxicology studies (Souissi et al., 2008; Neffati et al., 201Bherif et al., 201% The
reproductive biology of copepods depeamtthe quantity and quality of ingested foaddabiotic
factors such as temperatuterbidity, andpH (Miralto et al., 1999; Turner, 2004anora et al.,

2007)

In general, copepodsight be suitableasrelevantindicatoss in ecotoxicological studiess they
are sensitive toa range of pesticides andsecticides(Forget et al.1998) Some studieshave
shown that theearlydevelopmentastage in copepodareparticularlysensitive to contaminants
and chemicalswhich stresasthe importance of considering theeproductive trait§EPR, HS

and NR) (Kulkarni et al.,2013)

3.1. Natural factors

Various environmental conditions affdtte reproductivebiology of planktoniccopepods.
Egg production is affected bgrmperaturéDevreker et al.2009)and bythe quality andamount
of theavailablefood (Kleppel et al1998) Salinity variations also affethereproductive success

of estuarinecopepodspecies(CastreLongoria, 2003) Devreker et al(2009) observedhigh



reproductive production dturytemoraaffinisin the Seineestuaryin France with intermediate
and low salinities (between 5 and fipt) tendng to beideal Turbidity, especially in estuarine
waters, is recognized to baatherkey limitation affectingcopepod reproduction. Burdloff et al.
(2000 demonstrated that increased levels of suspended particulate mattes@asiblefor
poor nutritional quality in highurbidity area of the Girondeestuaryin France leading tolow
EPRIin E. affinis. Additionally, photoperiod ha amajorinfluenceon copepod reproductioi
study by Camusind Zeng (2008)showeda trendfor increasedEPR and hatching successth
longer photoperiod, witlthe fastestmean growth times from egg to adbkingcorrelated with

extendedllumination period.

Many studies have been carried outefforts to understand theonnectionsbetween copepod
reproduction andngestedphytoplankton specieflesearchin the field andthe laboratoy has
demonstratedx strong link betweenreproductive traitsfécundity hatching success, naupliar
survival)and food quantity, but also other features of foods such as size, morphology, taxonomic
composition, toxicitybiochemical compositioand bioactives compoundKleppel, 1995; Ban

et al., 1997; Miralto et al.,1999; Laabir et al.,20@bnnet and Carlotti 2001; Ceballos and

lanora, 2003Koski et al.,2006.

Among theestudies research conducted the North Lagoonin Tunisiaexaminedhe effect of
temperature and nutritional availability on seasonal fluctustioEPR of one member of the
Centropagiidag¢Centropages kroyeriandthree Acartiidae copepodAcartia clausi Paracartia
latisetosaandParacartiagrani) (AnnabiTrabelsi and Daly Yahia, 200BnnabtTrabelsi et al.,
2012. All three speciesf Acartiidaeshowedmarkeddifferences in EPRin response t@eason.
The fertility of P. latisetosaand P. grani fertility was positively affected by temperature and

salinity, while that of A. clausi fecundity was negatively affectedven though itEPR was
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supported by consumption gdhytoplankton ¢hlorophylta and sestonic proteinsised as
proxies). The EPR of the other two specwsasenhancedy particulate organic matter (PQC)
signifying that thee speciesfeed on micrezooplankton and detritugather than on
phytoplankton(AnnabtTrabelsi etal., 2012) Comparablefindings have been reported for
temperate regions, whefe clausiusually occurs during coltemperate periods, decreagto
relatively low populatiomumbersor vanishingotally during summer-or examplein Japanese
coastal watersA. clausivanishes from the water column at temperatatesve21°C, with the
eggsproduced restingluring summer (Uye, 1985). The EPR datathe literaturegenerally
indicate thatP. latisetosahas the highest and most sussfel reproduction population traits in
summer,P. grani in autumn and A. clausiin winter (AnnabiTrabelsi et al., 2012) This
demonstrateghat there is an optimal range of temperature for egg produstiafifferent
copepodspecies.

In order tocomparedifferences between the natural EPR copepodsind the EPR value under
the impact ofcontaminantdata onthe EPR of variougopepodspeciestakenfrom different
studieswere compiled and are shown Table 1 Comparisonsndicate how the toxicity of the
water affets the reproductive traits in two main @ea AcartiaandTemora.ln particular,Table

1 shows thaange ofambienttemperaturen whichthe species is observethe EPR (number of

eggs femalé day?), andstudy areasor various species dkcartiaandTemora.

In a study to asses#ise impact of natural influences on copepod reproduction (féiati et al.,
2013, in autumn 2006he EPR HS, andNSR of the copepod€entropagegonticus a lagoon
speciesand Temorastylifera, a marine spect& werestudiedin the Bizerte channebff Tunisia
based on their abiotic factors and phytoplankton compogifiable ). Theresultsrevealed that

the EPR and HS €. ponticusemained moderately stable throughout autumnvesre able to



toleratehigh turbidity, with meanEPR of 13.20.3 egg day* andmeanHS of 24.41.6% while

the reproductive traits of. styliferafluctuatedsubstantially with meanEPR of 35.2+3.8 eggs
day' andmeanHS of 50.4+5.5%Thusdue to itsmore offshoranarine natureT. styliferacould

not withstand higlcoastalturbidity and hence had low EPR and HS under these conditions.
both species changes in EPR and HS were as a consequence of natural environmental
differencesespecially maternal food availability theform of phytoplankton compositiomvith

a minimalobservable decreas® EPR and HS after a major phytoplankton blodine NSR of

C. ponticuswas found to belosely quite related to temperatuwnnile that of T. styliferaseemed

to more sensitive to materrfalod consumptioriNeffati et al., 2013)According toSouissi et al.
(2008) who conductedan experiment onCentropageskroyeri in the same regionBjzerte
coastal zong temperaturgenerallyplays a major role in controlling copepod reproduction and
life cycle strategy but the quality and quantity of foodvailable alsogreatly influence

reproduction.

3.2. Toxicity affecting reproductive traits

Toxicity testsare criticalfor biomonitoring and environmental risk assessment of released
chemical substance$sood avdability of procedures for the cultivation of organisms and
bioassayaising speciesreflecting changes ativersetrophic levels andor diversetaxonomic
groupsare essentiafor collecing dataaboutthe likely significance ofenvironmental pollution
(Gorbi et al., 2012)Improvements incalibration and emergingnew standardized bioassay
guidelinesfor species of ecological relevance are therefore of ni@jortancan ecotoxicology
(Raisuddin et al.2007) Acute and chronic tests have shown sensitivitgagepoddo various
toxic substancesuch as metals, antibiotics, insecticides, antifouling products, and surfactants

(Sosnowski and Gentile, 197&orbi et al., 2012)As a proxy method forapproximating
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secondary pelagic production, measuriBBR and HS of adult female copepodbas been
proposed as a measure of potential population recruitment (fateser, 2004;Neffati et al.,
2013) In addition, egg production is an important elen@ntopepod adult biology, integrating

a number of metabolic processes and thus having high ecological signifitaad®r et al.,
1995;Souissi et al., 2008Egg production and hatchimgcopepods has thus been shown to be a
highly sensitive biological response to many toxicasieh as heavy metals, pesticides, PAHs

and testosteron@Willis and Ling2004; Bellas, 2007Almeda,et al.,2014)

4. Response to heavy metal contamination

Heavy metals are considered to be amahg most damaging aquatic pollutants
(Verriopoulos and MoraitouApostolopolou 1982) Their effects on aquatic organisms are
extensiveas demonstrategredominantlyin industrial pollution studie§Gutierrez et al.2010)

By assimilating metals from food or by absorbing them from water, copepods accumulate metals
(Wang and Fisherl998; Reinfelder et al. 1998, with the relative importance of theptake
pathway vaying considerably between metals. The absorption path of a metal can determine its
internal distribution(Hare, 1991;Wang and Fisher 1998, but few studies havassessd the

toxicity of elemers primarily absorbed from copepod food. Furthermore, there are very few
studieson theeffect of toxic metals in marine zooplankt@@unda et al., 198+ ook, 2007).

Copper and chromium areritical heavy metals because they are key elements in metabolic
processes, but become toxic at high ley8sllivan 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 Argentifianost crucial basins, is highly polluted witbpper and

chromium(Ceresoliand Gagnete2003; Gagneten, 20072009. Copper is usedommercially
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as an algaecide in antifouling paint and alsdisin disease treatmei(Gutierrez et al., 2010)
Chromium is used in a variety ofdustries,as a leather tanning agent, in stainless steel
electroplatingand in glass, pigment, fungicidend battery production.

Table 2 shows the EPR of various species of calanoid copepods under different
concentrations of copper actdromiumin two different studiesin mixed culture ofAcartia and
Paracalnusspp. inthe Saanich Inlet, British Columbia was found thatas eggsnaturel, their
reproduction, survivaland HS decrease even without the interference of any heavy metals
(Reeve et al.1977) However, as the concentration of copper inpateasedegg production
decreasednore rapidlyand & 100 pugL™ there waso recorced egg production at alfReeve et
al., 1977 (Table 2). Thismeans that when algaecides and fish disease chsmiealused in
large quantities without regulatory controhereis less reproduction of copepods and their
population can decline in polluted areas ( Reeve et al.,1977. In contrast the copepod
Notodiaptomusonifer showed rather different reproductive behavior in the presence of copper
in experimentatanksin a study by Gutierrez et al. (2010).the alsence otopper each female
produceda mean of 5.67 eggsvhile at a copper concentration @4 ugL™® each female
producel a mean of7 eggs,which increasd to a mean egg count of 11.2 wh#re copper
concentration increased to 0.8 ug. However upon doublinghe copper concentratioagain,
to 1.6 pugL™, themeannumber of eggproducedper female dropped to 7.Fhere wasno egg
productionat all whenthe concentratiorof copperincreased to 3 pug™ (Gutierrez et al., 2010).
This shows that there is an optimal level of egg repraoaluch female copepods in the presence
of copper sinceit is an essential elemefdr metabolic processgbut withlethal effects above a
thresholdconcentrationIn the same studychromium, which is also important for metabolic

processs,gavea rapid decrease in mean number of eggs produced per féroaied.66 to 3
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when the concentratiorwas increased fror® to 7.5 pg L™, but no egg production at adit
concentrations o5 and 30ug L™ (Gutierrez et al., 2010)Thus,in general, depending on the
sampling location or different pelagic areas or inland watersgepodsappear tahrive better in
the absence athromium but female copepodaeed a certain amount obpper for metabolic
proceses egg reproductigrand hatcing succesgTable 2)

Exposure ofCentropagegonticusin the Bizerte LagoonTunisig to cadmium at 18C resulted
in an inverse relationship betweeadmiumconcentratiorand both EPRandHS (Cherif et al,
2015) With exposure to cadmiurat 0.2pug L™, EPR and HSleclined from the value in the
cadmiumfree control (set at00% to 57.75% and 59.64%espectively but most of the egg
produced hatched successfully. At a cadmium concentration of pg L™, EPR declind
drasticallyto 22.52%andHS to13.09%comparedvith the control(Cherifet al., 2015)

In a study & Stony Brook Harbor ithe USA (Hook and Fisher 200}, the copepod#\cartia
tonsaandA. hudsonicavereexposed tanercury, cadmiumand silverat a temperatureangeof
15-25°C (Table 3) The heavy metalaere applied afive concentratioa (O (control), 0.25, 0.5,
1, and 2 nM For mercury, the control group showHaD + 10% EPRand100 + 15% HS, but at
0.25 nM both the EPR and Htgarly halvedto 52+ 7% and57 + 5%, respectively However,
EPRdid not change significantlgn increasing thenercuryconcentration to 2 nMThe HS was
barely affected at 0.5 and 2 nMut the highest HS (110%) was observed at 0.5 nM and the
lowest HS at 1 nMThis showsthat even smalthanges irthe concentration of mercury can
reduce the EPR and Hfy up to 50%(Table 3) In contrast, for cadmiumthe EPR of 100 + 146
and HS of 100 £ 186 in thecontrol decreasednly slightly as the concentration increased to
0.25 nM resultingin EPR of 89 + 10% and HS of 85 + 86. The EPRthenincreasedo 115 +

20 %as the concentration of cadmium increased to 2 nbl, higher thann the contro] while
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HS showed a consistent decrease as the concentration of cashtieased (Table 3pimilarly,
silver gavean increase in EPR as the concentration increas@dnM, although witha small
decline in EPR at 0.25 nMhis indicats thatcadmium and silveconcentratios of up to 2 nM

may increase EPRutthat cadmium mayfeect HS(Table3).

5. Response to organic contaminants (PAHS)

Polycyclic aromatic hydrocarbongre persistent planar molecules comprised of two or
several sixmember (benzene) rings directly connected togetad, arecommorty found in
aguaticecosystemgKennish, 1992Walkeret al, 2004. Main sources of PAHs industrial waste
products, oil spib, andfossil fuel refining and combustiofWalker et al., 2004; Albers, 2002;
Fourati et al., 2018 Worldwide, PAH discharges from all natural and anthropogenic sources
into aquaticenvironmens are reportedto be 80,000230,000tons per year (Kennish, 1992;
Wright and Welbourn, 2002Soliman et al.,2014, 2019. PAHSs are by far themost deadly
component®f oil for maritimebiota with genotoxic,carcinogenicandreproductive effectsand
canbioaccumulaten maritime speciegCorner et al., 1976; Kennish, 1992; Albers, 2002; Pane
et al., 2005Manahan, 2010 Although low molecular weight PAHs atiee most toxic,they are
generally unimportant in ecological termse to their volatility and consequently short Hef
in water(Walkeret al, 2004).

Investigationdy Ott et al.(1978 showedthatE. affinis can be used in ecotoxicisfudiestesting
long exposure time to naphthalenen&thylnaphthalene, 2@imethylnaphthaleneand 2,3,5
trimethylnaphthalene (Tablg). A study by Bellas and Thd2007) examinedA. tonsafemales
exposed to different concentrations of fluoranthenenphihrengand pyreneto determine their

effect onEPR and HS At a concentration of 10 nM, fluoranthene did not have any effect on
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EPR at concentrationsip to 50 nMit showed a consistent decrease in E&R50 nM the EPR
increased slightlywhile at higher concentratianthere was asudden decrease in EPR. A
significant differencgp<0.00) was observed at 800 and 1250 (B&llasand Thor, 2007) A
similar correlationwas observedor pyrene but at different concentratisn Relative to the
control EPR slightly increased as thgreneconcentration increased up to 160 it a sudden
decrease in EPR was observed at concentra8@0 nM.For phenanthrenghe resultshowed a
slight decrease in EPR in lower concentratj@msncrease from 24 nNb 600nM, and asudden
decrease ilePR at concentrationgreater than 1800M (Bellasand Thor, 2007) In terms of
detrimental effeon EPR, concentrations greater than 400 nMréothene 320nM pyrene
and1800nM phenanthreneppear to be critical (Tabk).

The samestudy examinedchanges iregg HSwith increasing concentrations of teamethree
PAHs. For fluorantheneHS decreased slightigt a concentration of 10 nivincreasedslightly
until 200 nM andthen decreased steadily until 1250 r{Bellas and Thor, 2007) A similar
pattern was observed for pyrermit at different concentrations.g., atconcentrations of 320
and 640 nMHS remainal the sameln the case of phenanthrene, higher HS compargdthe
control was observed at 2,,4and 240 nM and then a steady decrease was obseavadyher

concentration¢BellasandThor, 2007)

6. Response to othepersistent organic pollutants

The effect of organochlorineomplexeson HS of calanoid copepawas examined in a
study onE. affinisandA. bifilosaby Lindley et al. (1999using pentachlorophenol (PCR)nd
1,2-dichlorobenzenéDCB). PCP is a widely utiied biocide,on the Red List of primacy

contaminantsput notthe EEC and US EPA priorityists (Lindley et al., 1999) It has been
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detected in large volumes in freshwater sedimentisdrJSA(Hokeet al, 1993)and throughout
the Scheldt estuary, the NetherlaifdanzoesandVaneck1991) In non-ionized form, it is very
hydrophobicandcan easilypeimmersedn deposits anthioaccumulatedn mitochondriawhere

it hampergespiration(Mahler and Cordesl968)

In the studyby Lindley et al. (1999)samples of eggs wereubjected tawvarious treatmentsyhile
one control group of eggsvas incubatedin filtered seawater (FSW) throughout and another
control group was kept under FSW overni§hable5). The sea water for FSW was collected
from the Eddystone Rocks in the English Chaniibe number oE. affiniseggs produced was
found to besignificantly higher in DCBsolution comparedavith the control groupbut HS was
less thanl% of that inthe contro] in which more tharB9% of eggshatched.Similarly, the
number of eggs produced By affinis in DCB overnightwashigherthan in the corresponding
control but HS was lower, only 36 + 53 %ompared withLl00%in the control group (Lindley
et al., 1999)WhenA. bifilosafecundity was tested in PCP solutidhe results showed that the
number of eggs producedas similar to thain the control but HSfor the sampleexposed to
PCP was zerd=xposureovernightgavehigher egg production in the PCP samjlet HS was
still zero (Lindley et al., 1999) This shows that egg productidn these copepod speciean
toleratePORcontaminated waterdut the hatching rate of eggs appears to be quite sensitive to

DCB and PCKTable6).

7. Discussion

This review examine the significance oplanktoniccopepod reproductive traiess ecological

indicatorsand their prospective significance in ecotoxicoldgythe literature reviewedjarious
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species of calanoid copepods were identified to be affected by heavy metals, organic
contaminantsand PORs. The effectsvere measured by observing changes in EPR, &8l
NSR.Based on the reportethangeswe suggest expandinidpe concept of using copemdsa

model for copepod reproductive characteristicgraitsin aquaticecotoxicologyby applyinga
"Copepod Egg Production Rate Indetida morespecific"Copepa 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 silverinducea decrease in EPR and HS as the concentration of the contaminant
increass. However,in the case otadmium andsilver the changes are not consistent, day.,
cadmium theEPRand HS mayncreasewith concentratiorup to a certain thresholgHook and

Fisher, 2001) For silver HS may be unaffected, e.ghe copepodspeciesA. tonsaand A.
hudsonicaincubated withconcentratios of 1 nM and 2 nMsilver showedHS of 79% and 96%,
respectively This indicatesthat A. tonsaandA. hudsonicaare not suitablspeciego be used in
ecotoxicologystudies examiningollution by cadmium andsilver. However,these twospecies

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

and HS as thenercuryconcentration increas€Hook and Fisher, 2001)A factor affecting the

results may behigh concentration ahercury in relation to cadmium and silver.

In studes ofcadmiumtoxicity, C. ponticusappears to bthe bestandidate copepod specidse
to decreasing EPR and HS as the concentration of cadmium irer&tserif et al, 2015.
FurthermoreN. conifercan be used tassessopper and chromiuroxicity, since the number of
eggs per femaldropsas the concentration of copper and chromium incré@séerrez, 2010)
In coppertoxicity studies, anixed culture ofAcartia and Paracalanus could be used since the

EPRin both decreasespidly as thecopperconcentration and number of dagé exposure
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increasgReeve et al.1977)

Theresponse oE. affinis to the organic contaminant naphthaéein terms of EPR changesrist
significant at low concentratisnand an exposure time of 10 daysHowever, at high
concentratioaand exposure time of less than 29 & et al.,(1978) observed reduction of
43.7% in EPRFurthermoreywhenexposed fotess than 29 daye PAHs @2-methylnaphthalene,
2,6-dimethylnaphthalene and 2,3ftmethylnaphthalene E. affinis suffered a significant
reduction in EPR(Ott et al.,1978) When fluoranthene was testeditlv Tisbe battagliai, an
harpacticoiccopepodthere wageduction in clutch sizef 50% ata concentration of 66.9 pgt

in only 6 days of exposure tin{Barata 2002)

Belas and Tho(2007) found thatEPRin A. tonsasignificantly decrease@t concentratios *50
nM of fluoranthene,+*1800 nMof phenanthreneand <320 nM of pyrene.Eggs from the same
species only showed significant reduction in HS in fluoranthenglthoughphenanthrene and

pyrenecaugd a slight decreagBellasandThor, 2007)

Persistent organic pollutants such as PCP and B&R been shown to have effects on EPR and
HS in E. affinisandA. bifilosa Comparedvith control group, the number oéggs produced in
thepresence oDCB is reported to bsignificantly higher, buHS isreduced by¥%% (Lindley et

al., 1999) In that study the amount of eggs generated byaffinisin the presence oDCB
overnightwasgreater than in the control, bHiS was only 36 + 53 %comparedwith 100% in

the control(Lindley et al., 1999)Thusfor E. affinis evaluatingHS is more suitable thaBPRto

detect any effect of DCB

In the study by Lindley et al. (1999)A. bifilosain the presence dPCP produced the same

numberof eggsasin the control, but hatching performance wasa While the PCP sample
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showed higher production of eggs in a similar approbhah kept overnightHS wasstill zera
This shows that production of eggs in contaminated waters may be highénabliatchingis

disrupted byboth DCB and PCP.

Based on this reviewgopepod reproductive traits can be usedecotoxicology studies to
evaluate the impact of different contaminantége developeda new index using planktonic
copepods as a modi@r copepod reproductivigaits or characteristias aquatic ecotoxicology

the"Copepod Reproductive Trait Inde(CRT-Index)

~
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where BFPRSis female copepoegg production rate succes$S is egg hatching succesand
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We propose the following classification of environment or pollutant impaetsbased orthe
CRT-Indexappliedto copepod reproductive trajtasingdata produced by Neffati et §2013
as an example. Figlsé& and 2 showrespectivelyweekly changesn CRT-Index intheBizerte

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

For Temora styliferawhich is a more neritic species wittell-establishedopulations in the

Bay of Bizerte the CRFIndex rangedfrom 0% t067.02% Based on this speciethe Bizerte
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Channel showin general a medium to high contaminatstatusor environmental impactor
Centropages ponticusa more coastal anldgoonspecies withwell-establishedopulations in
the BizerteLagoon the CRTIndex values are lower andange from 10.22% to 31.92%

indicatinghigh to very high contamination statinsthe Bizerte Channel.

This exampledlemonstratethe utility of our novelindex for coastal ecotoxicologgnd the more
sensitive coastalpgcies to contamination amshvironmental impacts. Ithis case Centropages
ponticusappeas more sensitive to coastal and lagoon perturbations withplessuncedndex

fluctuations comparedith Temora stylifera

8- Conclusions

Based on aeview ofthe literature we showthat reproductive traitsn planktonic copepodare

good biological indicatorsf coastal environmeat status and ecosystem pollutionantropized
coastal watersThus planktonic copepods are good candidaassmodelsfor ecotoxiology
studies in particular using reproductive traits such as daiggg production ratdEPR), egg
hatching succeq$1S), andnauplius survival rat€NSR) after 2 and 48h of incubation.In all
published papers dealing with planktonic copepod reproductive traits, one or more reproductive
parameters of various species of copepods were identifiedleng affected by different
contaminants, including persistent organic pollutaf@spepodresponse to these pollutants

weremeasurable ageneral reductiosin EPR, HSand NSR.

Based on the literature, we propoaenew toolfor usein aquatic ecotoxicologyCopepod
Reproductive Trait Index (CRIndex), based on the reproductive traits EPRS, Eisd NSR

after 24 and 48 hfor coastal environment monitoring and pollution status surv&ysimple
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examplebasedon two contrasting calanoid copepod speclesnora styliferaand Centropages
ponticus in the southwestern Mediterranean Sedllustratesthe utility of this new toolin
classifyng coastal and lagoon waters in teraf contamination or environmental impact status.
Natural planktonic copepod populations such as calanoid copepod neritic sjagciessilybe
reared inthelaboratory and usetd evaluate coastal environmental status using-Gig€x This
ecotoxicology tookould be implemented in coastal monitoring programthin the framework

of Integrated Coastal Zones Management.
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Figure 1. CRTINDEX for Temora styliferan Bizerte Channel (applied on data extracted from

Neffati et al., 2013).
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Figure2. CRT-INDEX for Centropages ponticus Bizerte Channel (applied on data extracted

from Neffati et al., 2013).
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Tablel. Natural Egg Production Ratedatching Success and Nauplius Survival Ratearious

study areas.

Species | Temperaturg Egg Production  Hatching Nauplii Study Area Authors
(O Rate ¢ of eggs| Success#fof | Survival Rate
female' day™) nauplii (# of survival
hatched after| nauplii 24h
48h in %) | after hatching
in %)
Acartia
A. bifilosa 4-15 2.810.7 Baltic Sea Hansen et al.
(Giesbrecht, 2006
1881)
A. bifilosa 12 0.2-7.7 Yellow Sea Li & Sun,
2008
A. clausi 1520 20-30 Baltic Sea Halsband &
(Giesbrecht, Hirche, 2001
1889)
A. clausi 1314 1835 Mediterranean| Calbet et al.,
Sea 2002
A. clausi 10-28 8-60 Ebrie Lagoon, | Pagano et al.
Gulf of 2004
Guinea
A. tonsa 17-24 1.651.6 Narrangansett| Durbin et al.,
(Dana, 1848) Bay 1983
A. tonsa 14-20 0.22.8 Shediac Bay, | Lincoln et al.,
Northumberla | 2001
nd Strait,
Canada
A. tonsa 20 2570 Florida, USA | Sedlacek &
Marcus, 2005
A. tonsa 6-10 10-20 Limfjord, Sgrensen et
Denmark al., 2007
A. hudsonica| 2.4-19.9 2-20 Bedford Sekiguchi et
Pinhey, 1926 Basin, Canadg al., 1980
A. graniSars,| 13.518 5-79 Mediterranean| Rodriguez et
1904 Sea al., 1995
Centropages
C. ponticus 8.7-19.3 (13.7 | 3-49 (24.4+ 26.6 Mediterranean| Neffati et al.,
Karavaev, +0.3) 1.6) Sea 2013
1895
C. kroyeri 15.123.3 12.2 11.8 Bizerte Souissi et al.,
(Giesbrecht, Channel (SW | 2008
1892) Mediterranean
Sea)
C. typicus 15 20-25 Bay of Carlottiet al,
Kroyer, 1849 ) ) Villefranche | 1997
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20 3540 surMer
Paracartia
P. graniSars,| Summer 4.43+£ 0.7 North Lagoon | Annabk
1904 Autumn 79+06 - of Tunis Trabelsi et
: I al., 2012
Winter 2.08+£ 0.5
P. latisetosa | Summer 13.1£6.1 North Lagoon | Annabk
(Krichagrin, ["Agtumn 4.49+ 0.6 B of Tunis Trabelsi et
1873) T al., 2012
Temora
T. stylifera 22 35 Mediterranean| Halsbarml-
Dana, 1849 Sea Lenk et al.,
2001
T. stylifera 23 35 Mediterranean| Halsbarl-
Sea Lenk et al.,
2004
T. stylifera 15 25.7 North Sea Halsband
Lenk et al,
2002
T. stylifera 3-89 (35.2 + 30-97.8 (50.4 | 34.9 Mediterranean| Neffati et al.,
3.8) +-5.5) Sea 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 signifiea¢ correlation; {)*:

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

Species Reproductive Temperaturg Salinity Chla POC Study
Traits
Acartia clausi EPR -0.88 ** -0.87 +0.74 +0.20 | Annabk
(Giesbrecht, 1889 Trabelsi,
2009
Paracartia EPR +0.64** +0.66** | -0.17 +0.42** | Annabt
latisetosa Trabelsi,
(Krichagrin, 1873) 2009
Paracartia grani | EPR +0.89** +0.90** | +0.19 +0.41** | Annabt
Sars, 1904 Trabelsi,
2009
Centropages EPR -0.081 +0.284* | -0.045 N/A Souissi et
kroyeri al., 2008
(Giesbrecht, 1892
Centropages HS +0.227 +0.0304*| +0.556*** | N/A Souissi et
kroyeri al., 2008
Centropages NSR (24h) |-0.180 +0.066 | +0.012 N/A Souissi et
kroyeri al., 2008
Centropages NSR (48h) | +0.364** +0.077 | -0.080 N/A Souissi et
kroyeri al., 2008
Centropages EPR N/A Neffati et
ponticus al., 2013
Karavaev, 1895
Centropages HS -0.39** N/A Neffati et
ponticus al., 2013
Centropages NSR (24h) | -0.49** N/A Neffati et
ponticus al., 2013
Centropages NSR (48h) | +0.67** N/A Neffati et
ponticus al., 2013
Temora stylifera | EPR N/A Neffati et
Dana, 1849 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

38




Table3 Consequence of Copper and Chromium on the @gdyproduction of various copepod

species.
Species Heavy | Concentration Day 1 | Day 3 | Day5| Sampling | Authors
Metal ] Eggs) | (Eggs)| (Eggs Station/
woLh | (E999)| (Eggs)| (Eggs) |
Study Site
Mixed culture Control (0) 89 62 54 Saanich Reeve,
of Acartiaand Inlet, 1977
! 10 62 |60 |41
Paracalanus British
20 59 46 6 Colombia
50 10 23 0
100 0 0 0
Notodiaptomusg Copper No. of eggs per female| Tanks from| Gutierrez
conifer (Sars, (mean) the et d.,
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1901)

Control 5.67 Instituto

i I
04 5 Naciona

de
0.8 11.2 Limnologia
16 75 (CONICET
3 : UNL)
Chromium | Control 9.66

7.5 3
15 -
30 -

2010

Table4. Effect of Hg, Cd and Ag on the Egg Production Rate (EPR) and Hatching Success (HS)

of various copepod species

Species Heavy | Concentration] % of EPR | % of HS T (°C) Sampling| Authors
Metal L1 Station /
(hg.L-1) Study Site
Centropages | Cadmium| Control 100 % 100 % 18 Bizerte Ensibi et
ponticus (48 h lagoon, al., 2015
Karavaev, 1895| exposure) 0.2 57.75 % 59.64% Tunisia
0.4 31.76 % 39.25%
1 22.52 % 13.09 %
Species Heavy | Concentration EPR HS (% T (°C) Sampling| Authors
Metal (Nm - (Individual* | control) Station /
Nanomols) day?) Study Site
Acartia tonsa| Mercury |0 100 + 10 100 + 15 1525 Stony Hook &
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(Dana, 1848)% 0.25 52+7 575
ﬁi'nhehylf‘izzgica 05 51<4 56+ 9
1 42+ 2 58 =7
2 49+5 534
Cadmium| 0 100+ 14 100 = 18
0.25 89 = 10 85+ 8
05 92 = 23 86+ 11
1 10622 |82%13
> 11620 |85+ 14
Siver |0 100+ 17 | 100
0.25 o1+ 16 98
05 91 = 28 110
1 11032 |79

(Depending
on the
season)

Brook Fisher,
Harbor, 2001
New

York,

USA

Table5 Effects of organic contaminants on various species of copepods reproduction traits

Chemical Species | Concentration Effects Exposure Study
(ng.L ™Y Time
(Days)
Naphthalene Eurytemora | 10 £50 No sig. effect on 10 Berdugo et al.
affinis egg production 1977
(Poppe,
1880)
Naphthalene Eurytemora | 14.2 Reduction in EPR| <29 Ottet al, 1978
affinis 43.7 %
2-methylnaphthalene Eurytemora | 15.0 Reduction in EPR| <29 Ottetal., 1978
affinis 43.3 %
2,6-dimethylnaphthalene | Eurytemora | 8.2 Reduction in EPR| <29 Ottetal., 1978
affinis 35.1 %
2,3,5trimethylnaphthalenq Eurytemora | 9.3 Reduction in EPR| <29 Ottetal., 1978
affinis 52.1%
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Table 6. Hatching Percentage of two Species of Calanoid Copepod under Pentachlorophenol

(PCP) of 14 mgt & 1,2-dichlorobenzene (DCB) of 91 mg knd Filtered Sea Water (FSW)

treatments

Species Treatment Average number o Hatching succes| Authors
Eggs (Replicates) % + SD

Eurytemora| Control (FSW) | 132 (5) >00+1 Lindley et al.,

affinis DCB Solution 209 (5) <1lx1 1999

(Poppe, FSW overnight | 112 (3) 100

1880) DCB overnight | 239 (3) 36 + 53

Acartia Control (FSW) | 15 (3) 68 + 28

bifilosa PCP Solution 15 (3) 0

(Giesbrecht,| FSW overnight | 13 (3) 86 + 12

1881) PCP overnight | 15 (3) 0

42



Table7 Proposed CRTIndex range and environment or tested pollutant levels of contamination

or impacts.
CRT-Index range (%) Level of contamination or pollutant impaci
" &37,QGH[ Low Contamination or No Impact
" &37,QGH[ Medium Contaminion or Impact
" &37,QGH][ High Contamination or Impact
" &37,QGH[ Very High Contamination Impact
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Highlights
- Response of someopepod species reproductive traits in natural contamination
conditions.
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- Copepod ReproductiveTrait * Index (CRTFIndex) a new tool in aquatic

ecotoxicology studies.
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