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The ubiquitous copepod species Arctodiaptomus salinus (Daday, 1885) and Calanipeda aquaedulcis
(Krichagin, 1873) are important components of food chains of numerous fresh- and saltwater areas. These
copepods are suitable for feeding larvae of both marine and freshwater fish species; however, influence
of nutrition on the production characteristics of these species is not well understood. Previously we deter-
mined that monocultures of microalgae Dinophyceae and Prymnesiophyceae are optimal feeding objects
for egg production by females of A. salinus and C. aquaedulcis, survival rate, and development time of these
copepods throughout ontogenesis. The aim of this work was to determine the production characteristics
of copepods A. salinus and C. aquaedulcis under optimal temperature conditions depending on the model
of the feeding with a mixture of microalgae Dinophyceae and Prymnesiophyceae. The highest survival
rates of A. salinus from the naupliar stage to the adult one (93-95 %) were observed when copepods
were fed with a monoculture of microalga Isochrysis galbana (Parke, 1949) or a mixture I. galbana + Pro-
rocentrum cordatum (Ostenfeld) J. D. Dodge, 1975; the shortest development time (19 days) — when cope-
pods were fed with a mixture of three microalgae 1. galbana + P. cordatum + Prorocentrum micans (Ehren-
berg, 1834). The shortest development time of C. aquaedulcis from the naupliar stage to the adult one
(13 days) was observed when copepods were fed with a mixture of microalgae I. galbana + P. corda-
tum. The shortest duration of the naupliar stage of development of both copepod species was observed
when their diet included I. galbana as a monoculture or one of mixture components. During the cope-
podit stage, the pattern remains the same, only with P. cordatum. The maximum absolute fecundity
of C. aquaedulcis reached 24 eggs per female (I galbana), of A. salinus — 16 eggs per female (P. cor-
datum). Egg hatching of C. aquaedulcis when being fed with both monocultures of microalgae P. corda-
fum and 1. galbana and with their mixture reached 100 %. The highest egg hatching rate for A. salinus
was reached only when copepod females were fed with a mixture of microalgae 1. galbana + P. micans.

Keywords: copepods, Arctodiaptomus salinus, Calanipeda aquaedulcis, survival, development,
reproduction, microalgae, mixture of microalgae, Dinophyceae, Prymnesiophyceae
For this experimental work, two Calanoida representatives were selected as model species: brackish
water copepods Arctodiaptomus salinus (Daday, 1885) and Calanipeda aquaedulcis (Krichagin, 1873).
One of the main advantages of using these species as food objects in aquaculture is the possibility of us-
ing them for feeding both marine and freshwater larvae of valuable fish species, since both copepod
species can withstand a wide range of salinity (up to 50-60 %o) [4]. Among other technological advantages
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it can be distinguished that, unlike marine Calanoida (for example, those of genus Acartia), these species
lack cannibalism (neither their own eggs nor early naupliar stages are eaten by adult copepods). As a result,
naupliar, copepodit, and adult stages can be grown together.

The main criteria for microalgae nutritional value for copepods are: development time of individuals
when being fed with the same microalgae species; survival rate during embryonic development (egg hatching
rate); success of moults during the transition from one life stage to another; success of metamorphosis
during the transition from the last naupliar stage to the first copepodit one; time of reaching sexual maturity;
female fecundity (egg production rate); survival rate before feeding naupliar stage, and successful transition
of nauplii to exogenous nutrition.

The results of our previous studies [1 ; 3] showed that monocultures of microalgae Dinophyceae
and Prymnesiophyceae are optimal food objects for egg production by A. salinus and C. aquaedulcis fe-
males, as well as copepod survival and development rates throughout ontogenesis. We identified tempera-
ture optimal values of copepod cultivation (+20...422 °C for A. salinus and +20...426 °C for C. aquaedul-
cis [2]), at which the overall development time significantly reduces and the highest values of survival rate
and fecundity of individuals are obtained.

The aim of this work was to determine production characteristics of copepods A. salinus
and C. aquaedulcis under optimal temperature conditions when being fed with a mixture of microalgae
Dinophyceae and Prymnesiophyceae.

MATERIAL AND METHODS

The experiments were carried out on laboratory cultures of copepods A. salinus and C. aquaedulcis
at a temperature of (21 = 1.5) °C. As food for A. salinus, a mixture of microalgae was used: Prymnesio-
phyceae (Isochrysis galbana Parke, 1949, of 3-6 um) and Dinophyceae (Prorocentrum cordatum (Osten-
feld) J. D. Dodge, 1975, of 12—-14 wm; Prorocentrum micans Ehrenberg, 1834, of 28—42 um). As food
for C. aquaedulcis, a mixture of microalgae I. galbana + P. cordatum was used. Concentration of food was
maintained at the level of 0.02-0.08 mg of dry weight per ml (microalgae ratio in a mixture was equalized
by the dry weight of its components). The microalgae used in the experiments were grown in a cumula-
tive mode on the basis of sterilized Black Sea water saturated with Walne’s medium [7], at a temperature
of (24 = 1.5) °C and round-the-clock illuminance with an intensity of 5000 1x. Adaptation of copepods
to nutrition with a specific microalgae mixture was carried out for at least 2 to 3 weeks.

Black Sea water [(17.8 = 0.2) %o] was used as a culture medium (microalgae suspension in sterilized
seawater) for copepods; this water was subjected to rough purification, settled, then mechanically puri-
fied by sequential filtration through cartridge filters (with pore sizes of 10, 5, and 1 um), sterilized by ul-
traviolet, and pasteurized twice. For the experiments, 50-ml glass cylindrical vessels were used, which
were illuminated around the clock with an intensity of 2000 1x. Complete replacement of culture medium
in the experimental vessels was carried out every 2-3 days.

To determine copepod development time, survival rate, and percentage of males and females, we trans-
planted from laboratory cultures of C. aquaedulcis and A. salinus, being adapted to nutrition with a specific
microalgae mixture, 15 hatched N1 nauplii (see the explanation below) (6 replicates for each microalgae
mixture) of each copepod species into 50-ml vessels with culture medium. The experiments were carried
out at a copepod density in vessels of 0.3 ind. per ml.

Copepod survival rate was assessed as the percentage of individuals that survived all stages from the first
naupliar (N1) to adult one (C6). Copepod development time was identified as an average time interval
for the development of individuals from N1 to reaching C6.
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In experiments to determine reproductive characteristics of A. salinus and C. aquaedulcis from labora-
tory cultures of copepods adapted for being fed with a specific mixture of microalgae, 1 female (of each
copepod species) with eggs was transplanted in 50-ml cylindrical glass vessels (n = 25 for each microalgae
mixture). The number of eggs in the laying (absolute fecundity) and hatched viable nauplii (egg hatching
rate) were calculated. All observations of copepods (every 1-3 days) were carried out intravitally using
MBS-12 microscope at a magnification of 2x8 and 4x8.

For comparison, the data on the reproductive characteristics of A. salinus and C. aquaedulcis were used
when copepods were fed with monocultures of microalgae Dinophyceae and Prymnesiophyceae. Those data
were obtained in previous works [1 ; 3].

For all the data obtained, arithmetic means (M), confidence interval (95 % CI), standard deviations (SD),
and reliability (p) of differences in sample means using Student’s ¢-test were calculated.

RESULTS

The survival rate of C. aquaedulcis and A. salinus throughout moults from stage N1 to C6 varied depend-
ing on microalgae species the copepods were fed with. The survival rate of C. aquaedulcis was of 92.5 %
when being fed with P. cordatum; of 83 % — with I. galbana; of 89 % — with a mixture 1. galbana + P. cor-
datum (Fig. 1). The minimum survival rate of A. salinus throughout all the moults from stage N1 to C6
(68.6 %) was observed when being fed with P. cordatum; the maximum survival rate — when being fed with
L. galbana (94.5 %) and with a mixture of microalgae I. galbana + P. cordatum (93 %) (Fig. 1).

The influence of microalgae species on development time of copepod stages was identified (Fig. 2).
When being fed with microalgae 1. galbana and P. cordatum, development time of C. aquaedulcis was
of 14 days; when being fed with a mixture 1. galbana + P. cordatum, it was of 13 days. The shortest devel-
opment time of naupliar stage (6 days) was obtained when copepods were fed with 1. galbana and I. gal-
bana + P. cordatum. The shortest development time of copepodit stage of C. aquaedulcis (C1-5) (7 days)
was obtained when being fed with P. cordatum and I. galbana + P. cordatum.

Development time from the first naupliar stage to the adult one of another copepod species — A. salinus —
turned out to be significantly longer than that of C. aquaedulcis, when being fed with all microalgae species
proposed. The development time of A. salinus when being fed with monocultures I. galbana and P. cor-
datum, as well as a mixture 1. galbana + P. cordatum was of 20 days. The shortest development time
(19 days) was noted when copepods were fed with a mixture of three microalgae I. galbana + P. corda-
tum + P. micans. When being fed with a mixture I. galbana + P. micans and with a monoculture P. micans,
the development time of copepods increased to 21 and 22 days, respectively. The longest development time
(25 days) was observed when copepods were fed with a mixture P. cordatum + P. micans.

The shortest time of A. salinus naupliar stage of development was of 7 days (when being fed with
L. galbana and mixtures of microalgae 1. galbana + P. cordatum + P. micans and I. galbana + P. micans),
and the longest was of 10 days (with P. cordatum + P. micans). The shortest time of A. salinus copepodit
stage of development (C1-5) was of 12 days (when being fed with P. cordatum and mixtures of microalgae
I. galbana + P. cordatum + P. micans and I. galbana + P. cordatum), and the longest was of 15 days (when
being fed with P. cordatum + P. micans).

The percentage of males and females of A. salinus and C. aquaedulcis when reaching the adult stage
of development also varied depending on microalgae species the copepods were fed with (Table 1).
For C. aquaedulcis, the lowest percentage of males (21 %) was obtained (reliably) when copepods were fed
with I. galbana; the proportion increased to 43 % when copepods were fed with P. cordatum and a mixture
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L. galbana + P. cordatum. For A. salinus, the highest percentage of males (70 %) was obtained (unreliably)
when copepods were fed with a mixture 1. galbana + P. micans, and the lowest (45-48 %) — when being
fed with monocultures P. micans and P. cordatum.
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Fig. 1. Survival rate of Calanipeda aquaedulcis (1) and Arctodiaptomus salinus (II) in the experiment depending
on being fed with various microalgae species (M; 95 % CI; n = 15)

Table 1. Percentage of males (M) and females (F) of copepods Calanipeda aquaedulcis and Arctodiaptomus
salinus when being fed with various microalgae species (M = SD; n = 15) (95 % CI)

Microalgae C. aquaedulcis A. salinus
M, % F, % M, % F, %
L galbana 20.8£8.3 79.2£8.3 56.1 £ 12.7 439+ 12.7
P. cordatum 42.7+6.3 573+6.3 477+ 10 52310
P. micans - - 45123 55%+23
L. galbana + P. cordatum 433+93 56.7+9.3 61+59 39+£59
L. galbana + P. micans - - 70.1 £12.3 299+123
P. cordatum + P. micans - - 59.1+124 409t 124
L. galbana + P. cordatum + P. micans - - 52.8+12.7 472+ 12.7
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Fig. 2. Development time of Calanipeda aquaedulcis (1) and Arctodiaptomus salinus (II) in the experiment
depending on being fed with various microalgae species (M; n = 15)

The average value of absolute fecundity of C. aquaedulcis slightly varied (19.3 + 3.2) eggs per female
(I. galbana + P. cordatum) to (24.2 + 1.8) eggs per female (I. galbana). Egg hatching reached 100 %
when copepods were fed with both monocultures of microalgae P. cordatum and I. galbana and with their
mixture (Fig. 3).

Significant differences were identified in the effect of microalgae species on the absolute fecundity
of A. salinus: the minimum [(8.8 + 1.9) to (10.3 £ 1.3) eggs per female] was noted when copepods
were fed with P. cordatum + P. micans; 1. galbana + P. cordatum + P. micans; I. galbana + P. micans; I. gal-
bana, and the maximum [(13.75 + 2.3) to (16.4 + 2.4) eggs per female] — when being fed with P. micans;
L. galbana + P. cordatum;, P. cordatum.

The trophic conditions (chemotaxonomic characteristics associated with a species and a class of mi-
croalgae which copepod females were fed with) had the most expressed effect on the embryonic develop-
ment of A. salinus, the norm of which is characterized by the hatching rate from the eggs of viable nauplii.
This index was reliably minimal [(62.63 *+ 10) %] when A. salinus females were fed with P. cordatum.
Then the value of the hatching rate of nauplii varied (unreliably) (84.9 = 7.3) to (97.46 + 2.7) %, reaching
a maximum (100 %) when copepods were fed with 1. galbana + P. micans.
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Fig. 3. Comparative diagrams of absolute fecundity and hatching rate of viable nauplii from the total number
of eggs of females of copepods Calanipeda aquaedulcis (1) and Arctodiaptomus salinus (II) when being fed
with various microalgae species (M £ SD; n = 15) (95 % CI)

DISCUSSION

When comparing values of copepod survival rates and development time, a similarity of the influence
of some microalgae species on indices of C. aquaedulcis and A. salinus is found. The shortest duration
of the naupliar stage of development of both copepod species was observed when their diet included /. gal-
bana as a monoculture or one of mixture components. During the copepodit stage, the pattern remains
the same, only with P. cordatum.

Feeding with small-sized I. galbana turned out to be optimal for the development of copepod nau-
pliar stages. Meanwhile, such nutrition delayed the development of copepodit stages compared to nutrition
with large-sized P. cordatum. The shortened development time during the naupliar stage when copepods
are fed with 1. galbana is leveled out by the shortened development time during the copepodit stage when
they are fed with P. cordatum. Thus, the total development time (naupliar stage plus copepodit stage) was
the shortest for C. aguaedulcis when copepods were fed with a mixture 1. galbana + P. cordatum (13 days),
and for A. salinus — when they were fed with I. galbana + P. cordatum + P. micans (19 days).
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It is known that in most Calanoida copepods, females are always larger than males; smaller sizes
of Calanoida males are usually associated with their faster development [6]. According to hypothesis [11],
under the influence of unfavorable environmental conditions, a shift in the sex ratio towards the predomi-
nance of males can be expected; when the conditions are favorable, a shift towards females can be expected.
In case of C. aquaedulcis and A. salinus, males are smaller than females. Therefore, if the hypothesis is cor-
rect, then a shift in the sex ratio towards males can testify non-optimal environmental conditions: extreme
temperatures and/or high salinity, or inadequate food availability. It is likely that food biochemical com-
position can also affect sex differentiation of developing copepods, as defined for other hydrobionts [13].
Concentration and quality of food affect numerical sex ratio of adult Calanus spp.: an increase in the propor-
tion of females is observed with an increase in the concentration of food in the medium, in which copepods
develop [8]. However, the data obtained on the supposed influence of microalgae chemotaxonomic char-
acteristics on the sex ratio in copepod experimental populations require additional comprehensive studies
of their biology, combined with studies of the biochemical composition of microalgae and copepods being
fed with them.

The chemotaxonomic composition of microalgae, that female copepods are fed with, certainly af-
fects their reproductive characteristics and especially viability of nauplii of both species throughout hatch-
ing. In our experiments, the maximum egg hatching rate (100 %) of nauplii was observed when female
C. aquaedulcis were fed with monocultures 1. galbana and P. cordatum, as well as a mixture of the same
microalgae. However, for A. salinus, some differences were found in the influence of microalgae species
on the survival rate of nauplii while hatching. Thus, the minimum hatching rate of A. salinus nauplii and their
females’ maximum absolute fecundity were obtained when copepods were fed with P. cordatum.

Microalgae Dinophyceae are characterized by a high content of highly unsaturated fatty acids with a pre-
dominance of docosahexaenoic acid (hereinafter DHA) over eicosapentaenoic one (hereinafter EPA) [12].
Prymnesiophyceae are characterized by an increased DHA content with a low EPA content [10]. Content
and ratio of DHA and EPA in microalgae composition, supposedly, are among the main chemotaxonomic
factors, which influence the reproductive characteristics of Calanoida copepods [5 ; 9]. Balanced EPA
and DHA presence in microalgal nutrition throughout copepod ontogenesis has a positive effect on the de-
velopment rate of C. aquaedulcis and A. salinus. At the same time, the nutrition of copepod females with
a mixture of microalgae Dinophyceae and Prymnesiophyceae determines maximum nauplii hatching rate
of both copepod species.

Conclusion. The highest survival rates of A. salinus from the naupliar stage of development to the adult
one (93-95 %) were obtained when copepods were fed with a monoculture of microalga 1. galbana
and a mixture I galbana + P. cordatum, and the shortest development rate (19 days) — when copepods
were fed with a mixture of three microalgae I. galbana + P. cordatum + P. micans. The shortest develop-
ment rate of C. aquaedulcis from the naupliar to the adult stage (13 days) was obtained when copepods
were fed with a mixture of microalgae 1. galbana + P. cordatum.

For C. aquaedulcis, the lowest percentage of males (21 %) was obtained reliably when copepods were fed
with 1. galbana; their proportion increased to 43 % when being fed with P. cordatum and a mixture I. gal-
bana + P. cordatum. No significant differences in the percentage of A. salinus males and females when
reaching the adult stage depending on microalgae species were identified.

The shortest duration of the naupliar stage of development of both copepod species was observed when
their diet included I. galbana as a monoculture or one of mixture components. During the copepodit stage,
the pattern remains the same, only with P. cordatum.
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The maximum absolute fecundity of C. aquaedulcis reached 24 eggs per female (1. galbana); of A. sal-
inus — 16 eggs per female (P. cordatum). Egg hatching reached 100 % when copepods were fed with
both monocultures of microalgae P. cordatum and I. galbana and with their mixture. The highest egg
hatching rate for A. salinus was reached only when females were fed with a mixture of microalgae
I. galbana + P. micans.

Therefore, mixtures of microalgae P. cordatum + I. galbana (for C. aquaedulcis) and I. galbana + P. cor-
datum + P. micans (for A. salinus), due to balanced presence of eicosapentaenoic and docosahexaenoic
acids, were determined as optimal food objects for copepod survival rate and development time throughout
ontogenesis. Also, these microalgae mixtures determined the maximum hatching rate of viable nauplii.

This work was carried out within the framework of government research assignment of IBSS “Investigation
of the mechanisms of controlling production processes in biotechnological complexes with the aim of developing
the scientific foundations for the production of biologically active substances and technical products of marine genesis”
(No. AAAA-A18-118021350003-6).
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IMPOAYKIIMOHHBIE XAPAKTEPUCTHUKH KOIIEITO /1
ARCTODIAPTOMUS SALINUS 1 CALANIPEDA AQUAEDULCIS
P IATAHUA CMECBHIO MUKPOBO/IOPOCJIEN
DINOPHYCEAE U PRYMNESIOPHYCEAE

JI. O. AranecoBa

denepanbHBI UcclieNOBATENbCKUI NEHTP «HCTUTYT OHosornu 10xHBIX Mopelt umenn A. O. KosaneBckoro PAH»,
Cesacrononb, Poccuiickas ®eneparws
E-mail: la7risa@gmail.com

YoukBuTHBIE BUAB Komenopa Arctodiaptomus salinus (Daday, 1885) u Calanipeda aquaedulcis
(Krichagin, 1873) — BaxkHble KOMIIOHEHTHI MUIIEBBIX LieNeld MHOTOUMCIECHHBIX MPECHBIX U COJIEHBIX
BOAOEMOB. JlaHHBIE KOMEMO/Ibl MPUTOJHBI AJI1 KOPMJICHUSI JTUYMHOK KaK MOPCKHUX, TaK U MPECHOBO[I-
HBIX BHUJOB pPbIO, OJIHAKO BJIMSIHUE MUTAHWS HA MPOAYKIMOHHBIE XapaKTEPUCTUKU ITUX BHUJIOB KOIie-
071 U3y4YeHO HenocTaTouHo. PaHee Hamu ObLIO ONpeneeHO, YTO MOHOKYJIBTYPbl MHKPOBOAOPOCIEN
Dinophyceae u Prymnesiophyceae sBisioTCsl ONITHMaTbHBIMA KOPMOBBIMU OOBEKTaMH JIJIS1 TIPOIYIIPO-
BaHUA sull caMKamu A. salinus u C. aquaedulcis, BBIXUBA€MOCTA M CKOPOCTY Pa3BUTHUS THUX KOMENO[
Ha BCEM NPOTSKEHWU WX OHTOreHesa. llenb maHHOW paboTHI 3aKoyaiach B OMpPEAeIeHUH MPOIyKIIU-
OHHBIX XapakKTepucTHK konenon A. salinus v C. aquaedulcis B ONTUMAJIBHBIX TEMIIEPATYPHBIX YCJIOBU-
SIX B 3aBUCHMOCTHU OT BapUaHTa MUTAaHUsI CMeChI0 MUKpoBojopociielt Dinophyceae u Prymnesiophyceae.
HawuboJiee BrICOKME 3HAUCHHS BBUKMBAEMOCTH A. salinus OT HayIUIMAJIbHOM JI0 B3POCIION CTaJWUU Pa3BU-
tus (93-95 %) oTmMedeHsl IpY MTUTAHUH KOTIETIO MOHOKYJILTY PO MHUKPOBOIOPOCTH Isochrysis galbana
(Parke, 1949) u cmecsio 1. galbana + Prorocentrum cordatum (Ostenfeld) J. D. Dodge, 1975; Hanmens-
I1ast MPOAOJIKUTETBHOCTD pa3BUTHSA (19 CyTOK) — TIpY KOPMJICHUM CMECHIO M3 TPEX MUKPOBOIOPOCIIEN
I. galbana + P. cordatum + Prorocentrum micans (Ehrenberg, 1834). HanmensInas cpeaHss NpooIKu-
TesbHOCTh pa3BuTHsA C. aquaedulcis OT HayTIMaIBHON 10 B3pociion ctaauu pa3sutus (13 cyr.) 3aduk-
CHpPOBaHA MPH MUTAHUU CMECHI0 MUKpoBojopochei 1. galbana + P. cordatum. HauveHsbInast mpoJosTKu-
TEJIBHOCTh HAYILIMAJBHOTO MEPUO/a Pa3BUTHsI KOIEMNOA 000OMX BUIOB OTMEYeHa TOIja, KOrja B COCTaB
YX AueTsl BXoawia I. galbana B KayecTBe MOHO- WJIM OJJHOTO M3 KOMIIOHEHTOB cMecH. Takas e 3aKo-
HOMEPHOCTh COXPAHSETCS [Tl KOTIEMOJJUTHOTO MEPUOJIA, TOJBKO Yke ¢ P. cordatum. MakcumanbHast ab-
cofmoTHas rionoButoctsh C. aquaedulcis nocturana 24 sy Ha camky (I galbana), A. salinus — 16 suny
Ha caMKy (P. cordatum). Briknes C. aquaedulcis Tpy MUTaHUM KaK MOHOKYJIbTypaMy MUKPOBOOPOCIER
P. cordatum w 1. galbana, Tak u ux cmecoio gocturai 100 %. Ins A. salinus TOJIbKO TUTaHUE CaMOK
cMechio MUKpoBojiopociiedt 1. galbana + P. micans 00yciaBiMBaeT MaKCUMAJTbHBIN MPOLICHT BHIKJICBA.

KarwueBbie caoBa: konenonwl, Arctodiaptomus salinus, Calanipeda aquaedulcis, BbIXvBae-
MOCTh, Ppa3BUTHE, Pa3MHOXEHHE, MHUKPOBOAOPOCIH, CMeCh MHKpoBoaopocieit, Dinophyceae,
Prymnesiophyceae
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