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Abstract

Gut pigment and abundance of the fem@kdanus euxinugHulsemann) were measured from several water layers
(defined by density values), with 3-5 h intervals during 30 h and 21 h at a station in the southwestern Black
Sea in April and in September 1995, respectively. The fer@aleuxinusvas observed to begin migration to the
upper phytoplankton-rich layer approximately 3 or 4 hours before the sunset. Only a fraction of theGataales
population (0.2% in April and 3.6% in September) did not migrate but remained at the depth of the oxygen minimum
zone during the nighttime. The migrating population was determined to have spent 7.5 h in the euphotic zone in
April and 10.5 h in September. The grazing rate of fen@ddanus euxinusvas measured from the gut content

data collected from the layers which contain the euphotic zone. The percentage of primary production grazed by
the femaleC. euxinusvas calculated as 14.5% in April and 9.5% in September.

Introduction Physical and biological properties of the Black Sea

There is an intriguing relationship between diurnal The Black Sea, with an average depth~ofl240 m,
migration and feeding activity in zooplankton. There containsthe world’s largest anoxic water volumgs(4
may be several reasons for the vertical migration of 10° km?, ~ 87% of the sea volume) below a thin layer
zooplankton, but in any case this would interact with (about 150 m) of oxygenated surface waters (Oguz et
grazing. The herbivorous zooplankton grazing impact al., 1992). A pycnocline (or halocline) separates the
represents an essential part of phytoplankton and zoo-oxic and anoxic waters and there is a well defined
plankton interactions in the ecosystems. The gut flu- oxygen minimum zone (OMZ; with less than /A
orescence method has been increasingly applied toO;) betweenthese waters. The depth of the OMZ varies
determinen situalgal grazing rates of planktonic cope- both seasonally and from one part of the Black Sea to
pods in recent years (e.g. Boyd et al., 1980; Dagg & another depending on the circulation and the intensity
Grill, 1980; Kiorboe & Tiselius, 1987; Dagg et al., of eddies. However, recent investigations have shown
1989; Morales et al., 1993; Tsuda & Sugisaki, 1994). that the OMZ (as well as other chemical and physical
In this paper, the diel vertical migration of female characteristics of the water column) could be explained
Calanus euxinugras described by means of time series better by water density rather than depth (Tugrul et al.,
sampling in the Black Sea. The situ grazing pres- 1992; Saydam et al., 1993; Murray et al., 1993). If
sure of these copepods was also determined. Since outhe OMZ (and the other characteristics) is explained as
aim was specifically to determine the share of female a function of water density then spatial and temporal
Calanusgrazing as a percentage of primary produc- variations disappear. For example, the lower boundary
tion, we analysed the gut pigment content only for the of the OMZ changes from 120 m to 175 m at different
copepods collected from the euphotic zone. locations during the April and September 1995 cruises
in the Black Sea when itis expressed in terms of length
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units (e.g. meter), however it is always situated at the to major biogeochemical characteristics of the water

density of sigma-theta=16.2 (Gokmen, 1996). column which may affect the distribution of mesozoo-
The distribution of the pelagic fauna is related to plankton inthe Black Sea (Figure 2). These depth strata

the boundaries of the OMZ (Vinogradov et al., 1992; are:

Wishner et al., 1995). Vinogradov et al. (1992) has (1) from the depth of thermocline to the surface;

divided Black Sea pelagic ecosystem into two parts; (2) from the depth of sigma-theta 14.6 to the ther-

the aerobiotic and the chemobiotic. mocline; sigma-theta 14.6 roughly corresponds to
The aerobiotic waters of the Black Sea are biolog- lowest boundary of the euphotic zone (1% light
ically productive because of high run-off from rivers level) (Oguz et al., 1996).

around the basin. The monthly primary production of (3) the depth range between sigma-theta 15.4 and 14.6;
water column for offshore areas from 1960 to 1991 at this stratum, the majority of nitrification and

was compiled by Vedernikov & Demidov (1993). In remineralization of organic matter take place (Lipp
April the mean primary production was 520 mgCfn & Kempe, 1993).

day~! (range 50-990 mgC nt day1). In September  (4) the depth range between sigma-theta 15.8 and 15.4;
the average value was 200 mgC fday * (range 35— during the increase in the sinking of particulate

360 mgC n12 day 1). The euphotic zone depth (1% organic matter, the upper boundary of the OMZ
light depth of surface light) in the anticyclonic regions raises to the sigma-theta 15.4 (Basturk et al., 1994)
was around 35-40 m deep and in the cyclonic region (5) and the depth range between sigma-theta 16.2 and
around 30-35min May in the Black Sea (Vidal, 1995). 15.8; sigma-theta 16.2 corresponds to the bottom
However, the depth of the photosynthetic layer usually of the OMZ or the beginning of the anoxic water
may extend down to 50—-60 m with the optimum photo- layer. According to Vinogradov et al. (1992), this
synthetic intensity being measured atadepth of 5-10m  isthe daytime aggregation layer for late copepodite
(Bologa, 1985/1986). The seasonal primary production stages and adult @alanus
pattern in the Black Sea is bimodal. Diatoms predomi- A series of vertical tows were taken in April and
nantly bloom in spring, whil&miliana huxleyjand to in September 1995 at 3-5 h intervals through a 30 h
a lesser degree dinoflagellates, predominantly bloom and 21 h cycle respectively. Samples were preserved
in summer and fall (Hay & Honjo, 1989). in sodium-borate buffered 4% formalin-seawater solu-
The chemobiotic environment includes the OMZ tion, then subsampled with a Folsom splitter and iden-
and the anaerobic layer. Only very few species can tified by a stereomicroscope.
survive in the OMZ. Of these the principal one is
Calanus euxinugVinogradov et al., 1992), which  Determination of gut pigment content and grazing
achieves the maximum biomass amongst Black Seapressure
copepods (Ergun, 1994). The late copepodite stages
and the adults oC. euxinusundertake diel vertical ~ Following each vertical tow, femal€alanus euxinus
migrations and they spend the daytime in the OMZ. specimens were immediately separated on GF/F filters
They decrease their oxygen consumption rate in the under the microscope for gut pigment content analysis,
OMZ (Vinogradov et al., 1992). then frozen on dry-ice within 15 min after collection.
Phytoplankton pigments in the guts of 10-15 fresh-
ly collected individuals of femal€alanus(collected

Methods from the two uppermost layers in April and the upper-
most layer in September encompassing the euphotic
Diel vertical migration zone) were measured via whole animal fluorescence

(Mackas & Bohrer, 1976; Boyd et al., 1980). For the
Samples were collected from a 1250 m deep station background fluorescence of the fem@kdanus a por-
chosen in a dynamically non-active region (Lat: 41.54 tion ofthe collected individuals were exposed to starva-
Long: 29.50) during 26—28 April and 27-28 Septem- tionin the GF/C filtered sea water during 24 h. Pigment
ber 1995 (Figure 1). Vertical distribution of copepods analyses from each net tow were made in duplicate or
was determined by vertical hauls using a Nansen Clos- triplicate depending on abundance of the organism.
ing Net of 70 cm mouth opening and 112 m mesh size. For the gut evacuation rate experiment, copepods
The water column was sampled over five depth strata were collected at night from 50 m to the surface, where
(interms of density levels; see Introduction) according the maximum feeding is assumed to occur. After col-
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Figure 1 The sampling station in the Southwestern Black Sea.

lection, the cod end contents were rapidly retrieved whereR= Instantaneous evacuation rafe;temperature.
and immediately sieved through a 20061 mesh to Gut evacuation rate can be used to convert each
remove jelly organisms and sieved through 1Q00 measure of gut contents to an ingestion rate. Ingestion
mesh to remove smaller organisms. Some part of the rate is calculated from;

filtrate was poured into soda/seawater solution (1:5,

v/v) to anaesthetize the animals for initial gut fluores- I=SR

cence, whilst the rest was transferred into an aquarium yhere S=level of gut contents (ng pigment

filled with filtered seawater and kept in dark on deck. copepod!): R= instantaneous evacuation rate (mip
The decline rate of gut content was determined by peri- By extrapolation over 60 min this equation can be used
odically analyzing copepods at a time from aquarium ;s astimate hourly ingestion rates.

over a2 to 6 h period. S Since recent studies have revealed that ingest-
Gut fluorescence samples were homogenized in g4 chiorophylla is converted to phaeopigments dur-
10 ml of 90% aqueous acetone and the quorescenceing passage through the copepod gut (Head & Har-

of the filtrate was measured before and after acidi- (g 1992), the gut content pigment was expressed
fication with 10% HCI using Hitachi model F-3000 ¢ chlorophylla+ phaeopigments in a chlorophy-
Fluorescence Spectrophotometer. The chlorophyll and equivalent weight.

phaeopigment content of each copepod was calculated
using the equations of Strickland & Parsons, (1972, cf. Grazing pressure on primary production
Boyd et al., 1980).

The studies of gastric evacuation in copepods indi- The average abundance of femalalanusfor the
cate that the evacuation rate of food from the Qut yhole water column was calculated by combining the
is exponential (Mackas & Bohrer, 1976, Dagg & (ata from all performed tows. These were carried out
Grill, 1980). However our gut evacuation rate exper- a¢ gifferent hours (8 times in April and 6 in Septem-
iments were unsuccessful because values of gut pig-per) for the 5 different layers. Then the daily grazing
ment analysis did not decrease regularly but fluctuated pressure of the femal€. euxinuswas estimated by
greatly with time. Therefore, we instead used the equa- 15ing into account its average abundance with inges-
tion of Dam & Peterson (1988) for the estimation of *jon rate. Grazing pressure, which was calculated as
the evacuation rates which is based on the relationshipyga| pigment, was converted to carbon (C) by using
between gut clearance time and temperature foraWide(Phytoplanktc;n Carbon) PC:Chl+atio. The PC val-

variety of copepods: ues were estimated from the cell volume measurements
R=0.0117+0.00179% of phytoplankton using carbon-volume relationship of
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Figure 2 The potential temperature and salinity profiles plotted against both depth and water density at the station in April (A) and in September
(B) 1995. Measurements were repeated several times during the stay at the station. The sampling layers are shown with horizontal solid lines
corresponding to different sigma-theta values (see Methods for detailed explanation). The shaded area shows the euphotic zone. The water
column between the surface and the depth of 15.8 density surface is oxic. The depth below 16.2 density surface is anoxic. OMZ =Oxygen
Minimum Zone.
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Figure 3 \Vertical profiles of light tranmission, POC (Particulate Organic Carbon) anda@8hlorophyll-a) at the station in April and
September 1995.

Strathmann (1967, Miss E. Eker unpublished data). profiles obtained during the biological measurements
The grazing pressure was obtained by dividing the cal- are presented in Figures 2 and 3 to illustrate hydro-
culated consumption of grazing rate by the integrated chemical properties of the water column (down to
primary production of the water column (Yilmaz etal., beginning of the anoxic water) of the region. In April
1996). the surface mixed layer is a relict feature of the win-
ter time convective mixing and due to the spring time
solar heating a new layer was formed in the first 10-15
Results meters of the water column (Figure 2). The depth of
chlorophyll-a maximum was between 18—40 m (Fig-
Hydrography and phytoplankton composition of the  ure 3). In September there was a sharp stratification at
station around 25 m depth due to the temperature. TheaChl-
profiles showed maxima at 12—13 meters. Both in April
Salinity, potential temperature, Particulate Organic and in September the light transmission measurements
Carbon (POC), chlorophyls and light transmission  displayed minimum values near the surface indicating
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the presence of higher amounts of suspended matter Dissolved Oxygen (+M)
at this layer compared to lower depths, however the 0 75 150 225 300 375
difference between the surface and deeper layers is mifeetodo b b
much more pronounced in September. In September = 117 L — april
the transmission in the surface mixed layer was much 2 3] ' - -September
lower than in April which was partly due to a higher ﬁg 1291 |
abundance of both alive and broken gelatinous organ- E,, 135

isms observed visually in the former sampling period. B 141

In the top few meters, POC concentrations in Septem- B 147

ber were also higher than that in April (Figure 3). The g 153.]

euphotic zone depth was 38m in April (corresponding 5 15'9_

to the two uppermost sampling layers) and 17 m in 16'5_

September (corresponding to the uppermost sampling

layer). Figure 4 Vertical profiles of DO (Dissolved Oxygen) concentra-
In April there were 31 species of phytoplankton tio_n‘at the station in April and in September 1995. OMZ = Oxygen

in the euphotic zone, and among these, the coccol- Minimum Zone.

ithophorid Emiliana huxleyiwas the most abundant

species (Miss Elif Eker, unpublished datdjete-

rocapsa triquetra(synonym Peridinium triquetrum nighttime only a very small percentage of the female
andScrippsiella trochoidegsynonymP. trochoideum Calanuswere present in the OMZ in both sampling
were the main species in Peridinea, &tittschia deli- periods: 3.6% in September and 0.2% in April. In the

catulaandN. closteriumwere the most dominantones early morning (in April and in September the sun rises
in Diatomea. Average phytoplankton concentration at at06:06h and 05:47h respectively) the bulk of the cope-
the surface was 14 10° cells I-tin April. This abun- pods was already in the OMZ. During daytime, female
dance was made up by 53% coccolithoporids, 19% C. euxinusconcentrated in the OMZ and this cycle
dinoflagellates and 1.3% diatoms. In September both was repeated throughout the sampling period. During
species number (56 species) and abundance (1P the study, the abundance of the fem@kdanusin the
cells ') were higher than those in April. Coccolitho-  water column showed some variations with different
porids represented almost entirely Byhuxleyimade sampling time resulted most probably from physical
up the bulk of phytoplankton abundance with 92%. The dynamism as lateral intrusion of the water masses.
share of dinoflagellates and diatoms in phytoplankton It was difficult to define accurately the extent of
was same with 2.8 and 2.9% respectivaixuviel- feeding period (in the sampling layers corresponding
la cordata E. compressandGlenodinium paululum  to the euphotic zone) due to the long (3-5 h) sampling
among dinoflagellates anBhizosolenia calcar-avis interval; however, we can estimate roughly the duration
andNitzschia delicatulamong diatoms were the most  that femaleCalanusspends at the euphotic zone from
abundant species (Miss Elif Eker, unpublished data). its vertical distribution figures (Figures 5 and 6). In
During both sampling periods the oxygen minimum April as some copepods are already in the upper layers
zone (OMZ) was observed between sigma-theta 15.8 at 17:00 and 18:00 hours, it could be assumed that they

and 16.2 (Figure 4). can begin to migrate around at 16:00h. The majority of
the individuals must reach to the euphotic zone depth
Diel vertical migration at around 21:00h. The lower boundary of the OMZ

located at 162 m and thickness of the euphotic zone
The vertical distributions of the femafgéalanus eux-  was 38 m so they should migrate at least 125 m to
inusin April and in September are presented in Fig- reach the euphotic zone. They spend 5 h to transit this
ures 5 and 6. The sun sets at 19:52h in April and at 125 m resulting an upward speed of around 25Th.h
17:43h in September. In both sampling periods the At 02:00h, just over the half of the copepods were
femaleCalanusbegan to migrate upward to the phy- still in the euphotic zone (Figure 5). According to the
toplankton rich upper layers towards the evening. At estimation of Hardy & Bainbridge (1954, cf. Marhall
night they concentrated in the first layer between the & Orr, 1972) the downward speed Galanusis about
thermocline and the surface. After midnight the major- 3 times higher than its upward speed over a long period
ity of copepods started to migrate downward. During experiment (i.e. 1 h). If this ratio is taken into account
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Figure 5 Diel changes in the vertical distribution of female euxinusabundance (dark area) in April 1995. The shaded area indicates the
euphotic zone. OMZ = Oxygen Minimum Zone.

the downward speed @falanuswill be 75 m i1, then Dam & Peterson (1988) the gut evacuation rate con-
it must take approximately 2 h to reach the OMZ. Since stant was 1.86 ht in April and 3.0 ! in September.
they were already in the suboxic layer at 07:00h, they

must begin downward migration sometime between Grazing pressure on primary production

02:00 and 05:00h. Consequently the duration of stay

of femaleCalanus euxinugn the euphotic zone was Theingestion rate dfalanusvas calculated as 18.7 ng
7.5 h in April. With a similar calculation, the duration  pigment copepod! h—1 in April and 42.0 ng pigment

of stay in the euphotic zone in September would be copepod® h—! in September (Table 1). The average
around 10.5 h, with an upward speed of around 34 m abundance of femal€alanusin the whole water col-

h—! and downward speed of 102 nrh umn was 3365 ind m? in April and 1343 ind nr?
in September (Table 2). These made up 11.4% of
Gut pigment content total copepod abundance (including copepodite stages)

in April and 6.7% in September. Almost all female
The background fluorescence for the starved indi- Calanusbelonged to the migratory group. Only 3.6%
viduals was estimated as.68 + 0.39 ng pigment in September and 0.2% in April were observed dur-
copepod?. After this value was accounted for, ing the night time in the OMZ which could belong
the overall average gut pigment concentration of to a non-migrating population. By ommitting these
femaleCalanuswas calculated to be 10.1 ng pigment non-migrating fractions, we assumed that each female
copepodin April and 14.0 ng pigment copepodin Calanusin the water column migrate to the euphot-
September (Table 1). Although gut content values were ic layer and spend 7.5 h day in the euphotic zone
similar, the overall average ingestion rate varied due in April and 10.5 h day? in September for feeding.
to the differences in the gut evacuation rate constant Daily consumption by the femal€alanuswas esti-
between the sampling periods. Using the equation of mated by taking into account the feeding duration, the

number of individuals in the whole water column and



Table 1 Gut pigment content (S, ng pigment copepéjiand ingestion rate (ng pigment
copepod ! h—1) of femaleCalanus euxinui the layers encompassing the euphotic zone
during April and September 1995. Gut evacuation rate constBtsefre 1.86 i1 in April

and 3 1 in September

Gut Pigment Content in the Layers

Sampling from the thermocline  from sigma-theta 14.6  Ingestion Rate

hours to the surface to the thermocline I=6R
April

18:00 — - —

22:00 4.77 12.63 16.18

02:00 6.76 6.86 12.67

07:00 — — —

11:30 - - -

17:00 - - -

20:00 21.28 3.42 22.97

24:00 8.46 16.2 22.93

Overall Average = 10 +5.8 187+ 4.4
September

19:00 8.7 26.2

23:30 8.7 26.1

03:30 18.8 56.3

07:30 - -

12:00 — —

16:00 19.9 59.6

Overall Average= 10+5.3 420+ 15.9

— there was not sufficient number of female copepods for the analysis.

Table 2 Number of femaleC. euxinusin the oxic water column and grazing
pressure on primary production in the euphotic zone during April and September
1995. Standard deviations are shown in paranthesis

April September
No. of Ind. (nT2) 3365 (3340) 1343 (853)
POC (g 1-1) 178.9 (55.8) 188.6 (23.4)
PC (g1~ 25.8 (18.3) 85.0 (50.0)
Chl-a (ug 171 0.34 (0.05) 1.31(0.51)
PC:Chla 76 65
Average Phytoplankton
Conc. (cell F1) 14x 10* (2 x 104 11 x 10° (54 x 10P)
Consumption
(aspg pigment nm2day 1)  471.6 (112.1) 592.8 (224.8)
Consumption
(as mgC nT2 day1) 35.9 (8.5) 38.5(14.6)
Primary Prod.
(mgC n2 day~1) 247.0 405.4

Grazing Pressure (%) 14.5 (3.5) 9.5 (3.6)

329
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Figure 6. Diel changes in the vertical distribution of female euxinusabundance (dark area) in September 1995. The shaded area indicates
the euphotic zone. OMZ = Oxygen Minimum Zone.

gut pigment concentrations. In April 472y pigment other additional factors; the effect of Danube river and
m~2 day~! and in September 598g pigment nr? the phytoplankton. A higher input from Danube river
day—*was found to be consumed in the euphotic zone to the sampling area is clear from the salinity profile
by the femaleCalanus(Table 2). The PC:Ché ratios (Figure 2) which is lower in this period than that in
are 76 in April and 65 in September. These PC:€hl- April (as was previously observed by Sur et al., 1994).
ratios were used to convert the consumed gut pigment Since rivers in general and Danube river in particular
to carbon. The estimated primary production values at (Balkas et al., 1990) contribute a considerable amount
this station were 247 mgC m day~! in April and of terrestrial material, a higher river input into the area
405 mgC mr? day ! in September (Yilmaz et al., would cause a decrease in light transmission observed
1996). So in April the consumption rate of female in September. Perhaps as a result of this high river
C. euxinuswas calculated as 35.9 mgC day ! input, the phytoplankton abundance in this sampling
representing 14.5% of the primary production, and in period (11x 10° cells I-1) was also much higher than
September the consumption was 38.5 mgCaay 2, that in April (14 x 10* cells I"1). As a result the high
equal to 9.5% of the primary production. concentration of phytoplankton did not only contribute

to a decrease in light transmission, but also to a high-

er content of chlorophylkin September compared to
Discussion April (Figure 3).

Inthe Black Sea a great portion of copepods migrate

Besides the higher abundance of jelly substances, thedaily from the OMZ containing little or no phytoplank-
high suspended matter (which is deduced from the light ton into surface waters where phytoplankton is abun-
transmission profile in Figure 3) observed above ther- dant (Vinogradov et al., 1985 and 1992; Vinogradov
mocline (the mixed layer) in September is due to two & Nalbandov, 1990), and this was also observed for
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the femaleC. euxinusn this study. In both sampling  consumer where nano and picoplankton had dominated
periods, excepting a very small percentage, almost all over phytoplankton. For the grazing intensity, the size
female C. euxinuswere observed to undertake diel of phytoplanktonis very important, nano and picophy-
migration. This result is in a good agreement with that toplankton being too small for grazing by copepods
found by Vinogradov & Nalbandov (1990) and Vino- (Tsuda & Sugisaki, 1994). In contrast to many other
gradov et al. (1992). Therefore we can conclude that regions, the contribution of picophytoplankton to the
despite the existence of a non-migrating population of Black Sea phytoplanktonis low (Stelmakh, 1988). Ari-
copepodite V ofCalanus females of this copepods nardietal. (1990) estimated the grazing intensity of 27
are migratory. We estimated the feeding duration of species of female copepods to be between 5 and 26%
femaleCalanusat the euphotic zone to be about 7.5 h  of the primary production in the upwelling site in the

in Apriland 10.5 hiin September. Morales et al. (1993) Banda Sea, Indonesia.

found that feeding lasted at least & 8 h for large According to Ergun (1994), in the Southern Black
fraction (1000—-2000m) of copepods. Our rough esti-  Sea the bulk of copepod abundance is made up of
mation of speed was 25 nTh upwards and 75 mtt only five species;Calanus euxinus, Acartia clausi,

downwards in April. In September, the speed values Pseudocalanus elongatus, Centropages kroyerd
were 34 m ! upwards and 102 mH downwards. Paracalanus parvudis results suggested that eux-
These differences in speed between both sampling peri-inus constituted the biggest proportion of the biomass
ods may come from several environmental conditions, in each sampling period; June 1991, January and July
most notably being the temperature. The values found 1992. During these sampling periods the average per-
here are in the range of experimental results of Hardy centage o€. euxinusvas 85% as biomass and 22% as
& Bainbridge (1954, cf. Marshall & Orr, 1972). They number among all 5 common copepods. Therefore the
observed thaCalanusmigrated with a speed of 66 m  considerable grazing pressure by the fen@leuxi-
h—! upwards and 107 mt downwards over a short  nusfound in this study is not suprising. Finally it can
experimental period (2 minutes) while the speeds were be concluded that fema@alanus euxinubas a major
15 m ! upwards and 47 mt downwards over a  importance in the transfer of organic matter from pri-
longer experimental period (1 hour). mary producers to the higher taxa, including pelagic

There may be several reasons for the higher graz- fish.
ing pressure value in April (14.5%) compared to thatin
September (9.5%). First of all, there is a higher abun-
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