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Abstract. A population dynamics model for copepods is pre- high to conclude, in our opinion, that, in this case, it was
sented, describing the seasonal dynamicBs#udocalanus a major cause in limiting phytoplankton bloom. The model
minutus elongatuandAcartiaspp. in the southern Baltic Sea presented here is a next step in understanding how the popu-
(Gdahsk Deep). The copepod model was coupled with a onelation dynamics of a dominant species in the southern Baltic
dimensional physical and biological upper layer model for Sea interact with the environment.

nutrients (total inorganic nitrogen, phosphate), phytoplank-
ton, microzooplankton, and an early juvenile of herring as a
predator. In this model, mesozooplankton (herbivorous cope,
pods) has been introduced as an animal having definite pat-

terns of growth in successive stages, reproduction and mor the past, where zooplankton has been introduced into a
tality. The populations are represented by 6 cohorts in dif-model, factors such as filtering, respiration, and excretion
ferent developmental stages, thus assuming that recruitmengther often have been taken as fixed productions of the hy-
of the next generation occurs after a fixed period of adultpothetical biomass rather than being related to more detailed
life. The copepod model links trophic processes and popuinformation on behaviour and metabolism. In the literature
lation dynamics, and simulates individual growth within co- there are now considerable experimental data on these as-
horts and the changes in biomass between cohorts. pects for several species of zooplankton. This information
The simulations of annual cycles of copepods contain onecan be used to provide some idea of the functional relations
complete generation d?seudocalanuand two generations  which could be used in a simulation of zooplankton response
of Acartia in the whole column water, and indicate the im- to variations in its environment. The development of such
portance of growth in the older stages of 6 cohorts of eacltheoretical descriptions is critical to the inclusion of this an-
species, to arrive at a total population biomass. The peaks dfnal, in more general simulations of ecosystems. Most of
copepods’ biomass are larger at the turn of June and July fothe models take into account only nutrient and phytoplank-
Pseudocalanuand smaller in July foAcartia, lagging that  ton (Fransz et al., 1991), probably because of the difficulty in
of phytoplankton by ca. two mouths, due to the growth of representing the complex behaviour that exists among zoo-
cohorts in successive stages and egg production by femalesslankton species and also among the different zooplankton
The numerical results show that the investigated specieslevelopmental stages. Models having one compartment for
could not be the main factor limiting the spring phytoplank- the whole zooplankton community are useful only for sim-
ton bloom in the Gdask Deep, because the initial develop- ulating ecosystem dynamics over the course of a few days
ment was slow foAcartiaand faster foPseudocalanysut (Wroblewski and Richman, 1987) or for a stable environ-
the main development formed after the bloom, in both casesment, but become meaningless for long periods if the envi-
The phytoplankton bloom is very important in the diet of the ronment fluctuates. Although field workers consider popula-
adults of the copepods, but it is not particularly important for tion dynamics to be the minimum level of study, zooplankton
the youngest part of new generation (early nauplii). How- population models are rarely included in ecosystem models.
ever, the simulated microzooplankton biomass was enough The considerations of herbivores as biomass show that
useful deductions can be made. In particular, in studies of
Correspondence td:. Dzierzbicka-Gtowacka phytoplankton populations, it may be sufficient to use a sin-
(dzierzb@iopan.gda.pl) gle parameter for presenting the general concepts from this
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Fig. 1. Conceptual diagram of the coupled model.

point of view (Riley, 1965). Such studies of phytoplankton namics in the spring bloom time in the Gdk Gulf. How-

usually stress the effects of physical variables in changingever, growth ad development of copepodite stageBsafu-

the phytoplankton populations. These factors are certainlydocalanusvere presented by Dzierzbicka-Gtowacka (2004a,

important, but they may have been overemphasised by thé).

excessive simplicity of the portrayal of the herbivores. Thus, The aim of this paper is a description of the seasonal

itis necessary to look at the probable intricacies that can arisglynamics ofPseudocalanus minutus elongatasd Acar-

from a more consistent consideration of growth, reproduc-ia spp. at the Gdfask Deep. A population dynamics model

tion, and mortality of copepods in particular developmentfor copepods was coupled with a 1-D physical and biolog-

stages. Steele and Henderson (1976) demonstrated thati@l model (Dzierzbicka-Glowacka, 2005b) and a simple 1-

comprehensive model of the food chain needs to take |ntCD prey-predator upper |aye|’ model (Dzierzbicka-G}owacka'

account the population dynamics of herbivores@alanus  2006).

finmarchicusin the North Sea; this species dominates the

biomass of zooplankton in spring and summer and shows

clearly demarcated cohorts. The study of copepods popu-

lation dynamics was made, for instance, by Francois Carlott? The coupled one-dimensional model

and several co-workers, who have worked along the same

lines, i.e. in the papers by Carlotti and Sciandra (1989), CarRecently, Dzierzbicka-Gtowacka (2005b) developed a one-

lotti and Nival (1992), Carlotti and Radach (1996), Carlotti dimensional physical and biological upper-layer model. In

and Wolf (1998) and Radach et al. (1998) and here shouldur paper, we study the dynamicsiiminutus elongatusnd

be included the paper by Moll and Stegert (2007). This typeAcartia spp. from the southern Baltic Sea (Gulf of Gdansk).

of study for the southern Baltic Sea (Gu&k Gulf) has been We kept the structure of both simple models (Fig. 1) and

made by Dzierzbicka-Glowacka (2005a) forelongatusly- added a component for pelagic detritus, which was not pre-
viosly represented.

Biogeosciences, 3, 635-650, 2006 www.hiogeosciences.net/3/635/2006/
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Table 1. Differential equations for pelagic detritus and new processes; PDetr detritus concentratiork’;: turbulent diffusion coefficient,
w;: phytoplankton sinking velocityy,;: detritus sinking velocity;,;: detritus remineralization rate.

2PDetr _ 2 (KZ 9P326‘f) +MORpp + FECrp + MORy p — wy PR _ ING , — REMI .

Food available for mezozooplankton Faot) = Phyt(z,t) + PDetn(z, t)
Inputs to the pelagic detritus equation
with microzooplankton equation:
Fecal pellet material FEg=n rINGz
Carcasses material MORn;INGz
with mesozooplankton equation given in Table 3
Pelagic detritus equation

Sinking of pelagic detritus wy %‘23”
Flux of dead phytoplankton MORp = ppMORp
Flux of fecal pellets FE€p=ps(FEC+FEG)
Flux of dead zooplankton and fish MQ@R=p;(MOR+MORy,)
Copepod grazing on pelagic detritus I%@ING%W
Remineralization of pelagic detritus REM#r,;PDetr
Nutrient equation
Total remineralization REMI=REMj)
Benthic detritus equation
Flux condition at the boundary for Fp(H) = —w;Phyt(H,t) — w;PDet(H, t)

phytoplankton and detritus

A one-dimensional Coupled Ecosystem Model consistsone contributes to zooplankton growth, another is deposited
of three submodels: meteorological, physical and biologi-as faecal pellets, and a third is excreted by the zooplankton as
cal. The meteorological component drives both of the 1-Ddissolved metabolites, and is lost by mortality and predation.
models, and the output of the physical model is also usedDrganic detritus in the water column is either immediately
for driving the biological model. We do not discuss the remineralized or directly transported to the bottom, where it
meteorological and physical submodels, but focus on theaccumulates in a stock of benthic detritus. The concept of
biological submodel. This submodel combines two mod-the detritus pool at the bottom has been introduced to cre-
els: nutrient-phytoplankton-zooplankton-detritagd prey-  ate a lag in the remineralization of the majority of detritus
predator, i.e. this model consists of seven mass conservatiorand the eventual replenishment of the upper layer with nu-
equations. There are six diffusion advection reaction equatrients. This complex process is parameterized by assuming
tions for phytoplankton, micro- and mesozooplankton, anda net remineralization rate for bottom detritus (Billen et al.,
early juvenille fish biomass, and a double nutrient in the wa-1991). In this model nutrients are represented by two compo-
ter column. The seventh equation, an ordinary differentialnents: total inorganic nitrogen (N®NO>+NH,) and phos-
equation, describes the development of detritus at the bottonphate (PQ). The pool of nutrients is enriched in many ways:
The equations, process formulations and parameter valuerough the remineralization of dead phytoplankton, zoo-
of the ecosystem model are given by Dzierzbicka-Glowackaplankton and fish, and feacal pellets; the release from phy-
(2005b). However, the additional equations and processetoplankton, zooplankton and fish excretion and benthic re-
relating to the model's pelagic detritus compartment are pre-generation. One state variable for microzooplankton is con-
sented in Table 1. sidered. Microzooplankton is defined as heterotrophic plank-

The philosophy was to make the model as simple as postonic organisms from 10 to 5Q0m SED (Spherical Equiv-
sible as far as phytoplankton is concerned: phytoplankton iglent Diameter), excluding heterotrophic nanoflagellates and
modelled with the aid of only one state variable. The phy-haupliar/larval stages of larger zooplankton and of benthic
toplankton concentration is taken as a dynamically passivé@rganisms. The microzooplankton comprises ciliates and
physical quantity, i.e. it is incapable of making autonomousother heterotrophic protists, which are filter-feeders, feeding
movements. The biological model incorporates formulationson phytoplankton. The fish is represented by earlier juvenile
of the primary production mechanism and of the remineral-of herringClupea harengufor 4-10 cm size class, where its
ization mechanisms within the mixed layer in the lower lay- growth rate is controlled by the encounter rate between con-
ers and at the bottom. Phytoplankton in the water is eithessumer and prey. This component has been introduced into
grazed by zooplankton, small fish, or else it dies and sinksthis model to determine a predation of zooplankton.

The grazed phytoplankton can be divided into many groups:

www.biogeosciences.net/3/635/2006/ Biogeosciences, 3, 635-650, 2006
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Table 2. Mathematical formulations of relationships used in the modetohort; j: stage; ifW;_1<W;<W;, theni=j for successive
developmental stages=1, 2- - - 13; Foot: food concentratiory;: temperatureW;: weight; Z;: number;B: predator biomasss: growth
rate of predatorWremale Weight of femaleWegg weight of egg:K;: turbulent diffusion coefficientRi: Richardson number.

Process Units Formulation

Growth

Ingestion pgcdt ING; = fil; f1e; fw;

Influence of food fil;(Fooy = f;, . {1— exp(%)}
Influence of temperature fte;(T) = tltZT

Allometric relation fwi (W) =W}

Fecal pellets ugCd1 FEG=(1 - na)ING;=n ¢ING;

Metabolism ngC a1 MET,=M; + M,

Basic metabolism Mg = ny W;

Active metabolism Mg =neA;, Aj = ngING;

Egg matter ngC d1lfemale? ProdEgg = exo0 GROWTH) — 1

Growth ngC a1 GROWTH=ING-FEC-MET

Growth j=13 ugC a1 GROWTH; 3=ING13—FEC;3—MET13—ProEgg
Dynamics

Mortality no. m3d-1 MOR;=Z;m;

Predation no. m3d-1 PRED =ggB/W;

Migration no. m3d-1 MIG; =1+ ay, coSw(t — 1,)) f(2)

Eggs no. dlfemalel! EGG-= “;‘VGT";Q"G ProdEgg, EGG=X Z13 [, EGG

Turbulent diffusion s1 K, =5x10%1+ Ri)"2%+10°6

In this paper the mesozooplankton (herbivorous copepods)Zmesd = Z,le Zle W; Z;, where
has been introduced into this model as animals having defi-, .,

nite patterns of growth, reproduction, and mortality. Assume—- = ING; — FEG, — MET; Q)
that two taxa of copepoBseudocalanus minutus elongatus

andAcartia spp. are present. The each species’ populationgz; 9 9Z;

is represented as six cohorts with different developmental'y,” = 52 ( 13_Z> — MIG; — MOR; — PRED. @

stages.

Planktonic copepods are the major food source for fish |ar_Equat|on (1) determines the change in weight of an indi-

vae in the period of development following the utilization of V|du.al copepod, taking .dev.elo.pmental gtages into consid-
eration as the sum of its individual gains and losses of

the larval yolk sac. They also form part of the basic diet of _ i :

many adult pelagic fish. Feeding studies of fish larvae byenergy (GROWTH_INGFEC_MET).’ equation (2) repre-
Zatachowski et al. (1975) and Last (1978a, b, 1980) havesents the effects of mortality, predation, and daily migration
shown thatPseudocalanysAcartia and Tem;)ra'nauplius on a particular cohort as a function of numbers in that co-
and copepodid stages are important components of the ditﬁor.t ;E tf}etﬁppropn?te dtevelopiner;]t' Slfage'dwgg 'f t?e d
of numerous species of fish in the Baltic Sea and adjacen\fveIg of the naupliar stage at which teeding starts an

waters, i.e. the North Sea and also the English Channel, as female is the weight of the adult, then for each cohort re-
well as in Scotland, Nova Scotia and Canadian Arctic wa- 2tions of the form Egg-F (T FOOL Ztemale Wiemale/ Wegg)
ters. indicate the requirements for some function defining recruit-

ment Egg in terms as temperatufe food available, Foot,
adults numbersZiemale and the ratio of adult to naupliar
weight, Wiemale/ Wegg

Processes taken into account are presented in Table 2.
Weight is controlled by growth, which depends on food and
temperature. The growth rate is expressed in carbon mass
units. The ingestion rate ING for specific developmental
We consider that the mesozooplankton is composed of 6 costages is dependent firstly on the food concentration accord-

3 Submodel of population dynamics for investigated
copepods

horts with different ages d®. m. elongatusndAcartiaspp.,
with weightsW; and numberg;; then

Biogeosciences, 3, 635-650, 2006

ing to a functionfil; and secondly on temperature, follow-
ing a constan g law ftre;. We use the allometric relation

www.hiogeosciences.net/3/635/2006/
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expressed by Paffedfer (1971), fw;, in which the maxi-  six cohorts, and for the biomasses of each cohorPfeu-

mal ingestion rate increases with weight during developmentdocalanus minutus elongatasid Acartia spp. in the whole
Egested matter is the part of ingested matter which is not aseolumn water in the southern Baltic Sea.

similated and here is represented by fecal pellet production Copepod ingestion and egg-production rates vary in re-
FEC. The quantity of egested matter is simply proportionalsponse to forcing from the physical and biological envi-
to the ingestion rate with the percentage of ingestion egestegobnments (Runge, 1984, 1985; Ambler, 1985; Peterson,
as fecal materiak s. The total rate of metabolic loss (ex- 1988; Rothschild, 1988; Kleppel, 1992). In turn, the in-
cretion rate) MET can be split into three components with gestion rate and diet are thought to affect growth, devel-
different relations to the food uptake rate (see Steele angpment and egg production (Roman, 1984; Stoecker and
Mullin, 1977). M; is assumed to be the resultant or basic Egloff, 1987; Kleppel et al., 1991). The relationships be-
metabolism, independent of food supply. The respiratorytween food concentration, composition, feeding and pro-
costs of foraging for and capturing foad, should fall as  duction have been difficult to quantify in natural food en-
the food concentration and, correspondinglyf-ood, rises.  vironments. Growth and development of copepods in dif-
Finally, there is the cost of assimilating and biochemically ferent waters are determined mainly by temperature and
transforming the food (specific dynamic actid, ), propor-  food availability (Paffenbfer and Harris, 1976; Corkett and
tional to the rate of assimilation, which is computed as a McLaren, 1978; Vidal, 1980a, b; Thompson, 1982; McLaren
constant fraction of the ingestion rate (e.g. Steele, 1974, whet al., 1989; Klein Breteler et al., 1995; Witek, 1995; Koski
usedA=0.7ING). We suppose as Wroblewski (1984) that ex- et al., 1998; Dzierzbicka-Glowacka, 2004a, b). Egg pro-
cretion can be separated into 2 terms. The filgt)(rep-  duction of copepods in nature is generally assumed to be
resents the basic metabolism and is proportional to weightfood-limited, while juvenile growth often seems to be de-
The secondX,) refers to the active metabolism and is pro- pendent on temperature alone (McLaren et al., 1969; Paf-
portional to the ingestion rate. fenhbfer and Harris, 1976; Thompson, 1976; Corkett and

The number of juveniles EGG is defined assuming thatMcLaren, 1978; Landry, 1983; Dzierzbicka-Glowacka and
eggs are released by the female throughout some time spafielifski, 2004). Some authors found correlations between
J. For mature adults, ingested matter is used for mainte-copepod egg production and phytoplankton standing stock
nance and reproduction (Sekiguchi et al., 1980). The reprofe.g. Landry, 1978; Checkley, 1980; Durbin et al., 1983;
ductive rate per individual female éfseudocalanusan be  Beckman and Petersen, 1986; Kigrboe and Johanson, 1986)
converted to the equivalent amount of egg matter per day aghile others did not (e.g. Bautista et al., 1994; Hay, 1995).
a percentage of female weight (see Corkett and McLarenin our opinion, these relations are not explicit and are hard to
1978; McLaren and Leonard, 1995). The efficiency t&fm  obtain. Food concentration clearly has no effect on egg pro-
is the conversion of increase in biomass by the adult populaduction. Egg production for some species may be correlated
tion into eggs, including the wasted growth in the males.  with food availability at the same temperature.

The intensity of mortality MOR is determined as average st of the coefficients used in the submodel are calcu-
mortality ratem.; m. at different food concentrations and |5ted from these results. Where data are lacking, coefficients
temperatures fdPseudocalanuts given by Klein Breteler et 516 estimated from knowledge about similar species (see Ap-
al. (1995). pendix).

According to Mudrak (2004), the youngest development
stages (hauplii) were usually found in subsurface layer
(mostly between 10 and 20m). They did not normally
ghange their positions in the vv_ater cqlumn.. Youpger COpepO_'I'he dynamical constants used in the biological model with

ids (C1-C2) showed strong diel vertical migration above the . . ) .
halocline, older copepodids (C4-C5) below the thermocline,the population dyna_m|cs submodel for the copgpods nvesti-
when adults remained in the deepest part of the water colum ated were determined mostly from data dgrlved from the
(near the bottom) (Mudrak et al., 2004). Therefore, here thelterature (see Tables 1 and 2 of Dzierzbicka-Glowacka,

S - 2005b). The values of the parameters were chosen reason-
migration process MIG, only for copepodids in the vegeta-

tion season, was described in a day-night cycle, whgte ably close to Baltic levels. ) ) ) _
is the vertical distribution of copepods in timgin which its 'We need to make assumptions concerning the vertical dis-
maximum concentration occurs in the upper layer. tribution of the biological characteristics and the biology of

Predation PRED represents the losses incurred;byits ~ thePseudocalanuandAcartia
magnitude can be determined from the biomass of early ju-
venile herring on the assumption that the loss incurred by () initial values as constants with depth were assumed (see
the prey concentration is proportional to the increase in the ~ Table 3);
predator biomass.
The copepod population model simultaneously provides (ii) the initial population ofPseudocalanuandAcartiahad
the time variations for the weights and the number of the no eggs and no nauplii N1-N6;

3.1 Assumptions of the model

www.biogeosciences.net/3/635/2006/ Biogeosciences, 3, 635-650, 2006
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Table 3. The initial values of biological characteristics investigated. Table 4. Processes coupling the mesozooplankton submodel to the
other components.

State variable Symbol Value Units
Total inorganic nitrogen Nugf 6 mmol ni3 Total ingested material |NGE}§:1 Ziezl INGy,i Zk.,i
Phosphate Nugr 0.6 mmol nr3 Total fecal pellet material FEC=j_; Z?:l FEG:. i Zk i
Phytoplankton Phyt 0.01 mgC T Total cadaverous material MOE:Z:l 25:1 MORy ; Wy ;
Microzooplankton Zmicro  mgCnT3 0.1 mgC 13 Total metabolic products METEf_l > METy Zy i
Pseudocalanus Egg 0 ind. n3 == I

N1-N6 0O ind. m3

C1 2300 ind. 3

c2 1800 ind. m3

c3 1300 ind. nT3 as juveniles. Metamorphosis begins in June in Vistula La-

ca 900 ind. nT3 goon. Herring early juveniles emigrated from the Polish part

C5 500 ind. nr3 of the Vistula Lagoon; the juveniles of the first cohort mi-

adults 300 ind. ”’i grated in June, the second cohort in July, and the third co-

. Zmezo 4.2 mgC M hort in August to the southern Baltic Sea. An early juvenile

Acartia Egg 0 ind. m .

NLNG O ind. -3 (ca. 40 mm) appears in the Gulf Guk after two weeks,

c1 1100 ind. n3 assuming that its velocity was ca. 4 critsafter Miller et

c2 1000 ind. 3 al. (1988). Therefore, in these calculations it was assumed

c3 900 ind. n73 that, during the first half of the year, the predator biomass is

C4 700 ind. n3 B=0.

C5 400 ind. n73

adults 300 ind. m?3

Zmezo 2 mgC nm ® 4 Results
Clupea harengu§3 cohorts) B 30 mgC nr3

gz ?5 mgg 2,2 The 1-D biological upper layer model described in

Dzierzbicka-Gtowacka (2005b), with the population dynam-
ics submodel for copepods, was used in the numerical simu-
lations of the seasonal dynamicsRéeudocalanus minutus

. . elongatusandAcartia spp. in the southern Baltic Sea. How-
(i) the mean weight for specific development stages Ofever, the experimental data relating to copepods were given

species investigated were assumed after standard HELB Maritime Branch Materials (IMGW 2000) and Mudrak
COM (Hernroth, 1985) for Gdansk Deep. (2)/004) ( )

We assume that the available food concentration for aII4.1 Numerical simulations
the stages of the population of copepods investigated is the
value of the food concentration (phytoplankton and other re-the flow field and water temperature used as the inputs of
sourc_es), as _WeII as the notion that copepods feed continyy,e biological submodel were reproduced by the physical
ously if there is food present. The products of mesozooplanky,pmodel. However, wind stress, global radiation and the
ton metabolism, which enter the nutrient model (i.e. excre-peat palance at the sea surface are determined from stan-
tion, remineralized fecal pellets and dead bodies), are evenlyj5,q meteorological components for the location®@N,
distributed throughout the upper layer (Table 4). The remain-j o1y E) in Gdaisk Gulf for 1999. In Dzierzbicka-
ing fecal pellets and dead bodies fall immediately to the ben-gowacka (2005a) the spring phytoplankton aRgeudo-
thic detritus. calanus elongatuglynamic in the southern Baltic Sea at the

Predator is represented by early juvenile of her@lg-  two stations were simulated. Here we present the results
pea harengug4-10cm). The Vistula Lagoon is an impor- of the biological parts of the model for 1999 at the Gsla
tant spawning area for southern Baltic spring-spawning herpeep, as well as the simulation made with a dynamic popu-

ring Clupea harengUSAt the turn Of Winter and Spring (Il’l |ati0n Of P. m. e|0ngatuandAcartiaspp_

March), adults which migrate from the southern Baltic to the

spawning are in the shallow and brackish water of the Vis-4.1.1 Simulations of annual plankton cycle

tula Lagoon (Fey, 2001). Herring in the Vistula Lagoon have

three cohorts each year (Maftgki, 2000). Larvae abun- Modeled temperature fields resulting from the physical
dance in Vistula Lagoon in 1999 was observed in 495-128model (as the output) (Fig. 2a) were used for the primary
individuals in 100 . When young herring are about 40 to production, phytoplankton respiration and physiological pro-
50 mm, they undergo a metamorphosis, developing the moreesses of copepods calculation. The simulated tempera-
phological characteristics of adults; they are then identifiedture began to increase during the second half of March and

Biogeosciences, 3, 635-650, 2006 www.hiogeosciences.net/3/635/2006/
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Fig. 2. Annual simulation. Simulated profiles of temperat(ag Fi
primary production(b), nutrients — total inorganic nitrogeie) and
phosphatdd), phytoplankton(e), microzooplanktor(f), small de-
tritus (g), mesozooplankton Pseudocalanus minutus elongatus
andAcartia spp.(h) and early juvenile of herring) at the Gdansk  depleting spring bloom. The phytoplankton biomass reached
Deep in 1999. the mean maximum values ca. 400 mgCin the upper
10-m layer in the spring bloom. The highest value occurred
in the second half of April and equaled ca. 530 mgC3m
reached ca. 2L in August. The destruction of the thermo- on the surface sea (Fig. 2e). This situation is caused by the
cline starts in the late fall. Probably, the spring bloom in this high nutrient concentrations and daily global radiation in the
year was triggered in the first half of March. The bloom is last decade, focusing on March and April. The phytoplank-
initiated by the heating event and the extremely low winds.ton biomass was low in summer, from June till August, most
The end of permanent overturning of the water column inlikely as a result of a faster depletion of nutrients and the phy-
mid-March in the main event allows the phytoplankton to toplankton grazing by micro- and mesozooplankton. The de-
start growing (Fig. 2b). The depths of the upper layer, whichvelopment of microzooplankton was exactly correlated with
are determined by the mixing intensity in the water column,the development of phytoplankton (Fig. 2f). Generally, the
show that strong gradients in the nutrient concentration degreatest amounts of microzooplankton occurred in the up-
velop (Figs. 2c and d). The phytoplankton biomass (Fig. 2e)per layer, in the periods of large biomass of algae. Biomass
reflects the nutrient availability, showing a strong nutrient — of microzooplankton was characterized by the occurrence of

g. 2. Continued.
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Fig. 3. Pseudocalanus minutus elongatWeights,Ww; (a), num-

Fig. 2. Continued. bers,Z; (b), and biomassy_ W; Z; (c), of six cohorts.

two biomass peaks in a year; at the turn of summer and augertain increase in phytoplankton biomass took pla@eyt
tumn. A considerable increase #imicro took place in April,  yremained stable, at a level slightly higher than in summer.
shortly after the beginning of the spring bloom. The micro- |t might have been related to the considerable reduction in
zooplankton biomass was ca. 30 mgCHin the springtime;  the amount of micro- and mesozooplankton, as well as an in-
however, in the summertime, it fell below 10mgCfawith  crease in the concentration of nutrients resulting from deeper
simultaneous decreasing phytoplankton biomass, and reapnixing of water. The vegetation season ended in December,
peared in early autumn with higher biomass. Small pelagicyhen the biomass of phytoplankton dropped to a level from
detritus (Fig. 2g) was abundant mainly when the phytoplank-january—February. The early juvenile of herring biomass in-
ton concentration exceeded 200 mgC3inand its maximum creased to ca. 60 mgC T at the end of July, and 90 mgC
concentration was deeper than the 20 m layer. m~3 at the end of August (Fig. 2i). The increase in predator

The biomass of mesozooplankton, represenPbgudo-  biomass in July and August is additionally caused by the mi-
calanus andAcartia, increased in the first half of the year, gration of second and third cohorts from the Vistula Lagoon.
reaching maximum values from ca. 8 mgC #rat the turn ~ The highest biomass of early juvenile of herring occurred
of June and July (Fig. 2h). This increase was mainly fromlast summer (ca. 140 mgC 1), when prey concentration
growth in successive stages and egg production. In autumn eeached the second small maximum.
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4.1.2 Pseudocalanus minutus elongatus 1

5

The distributions shown in Fig. 3 present the changesinval- _ ?f -
ues of weight$¥; (Fig. 3a) and number; (Fig. 3b), andthe e =
biomasses of six cohor#&; Z; (Fig. 3c) ofPseudocalanus

One complete distinct generation (6th cohort of 2nd gen-
eration) developed throughout the seven mouths, beginning
in mid-April and ending in mid-November.

The peaks of the biomass (see Fig. 3c) were due to egg
production, in mid-April — of 6th cohort of the 1st generation, - .
at the turn of May and June — of 5th cohort, as well as t0 10 o v ar way Jon 00 A Sen od Nev D¢
a high degree of 6th cohort biomass, in mid-June — of 4th

|
|
XS AN

L 1stgeneration

Numbers Z[No. m

cohort, as well as to a high degree of 6th cohort biomassand “[aA =~ = =7 7 =7 7 7 7 7 77 6cohorts ofcartiaspp.

1 st generation 2 nd generation _
L/

to a lower degree of 5th, at the turn June and July — of 3rd
cohort, as well as to a high degree of 6th cohort biomass and
to a lower degree of 4th and 5th, in mid-July — of 2nd cohort,
as well as to a high degree of 6th cohort biomass and to a=
lower degree of 3rd, 4th and 5th cohorts biomass and at thee

2
3

- 4
—- 5
6

W [19C]

first half of August — of 1st cohort, as well as 2nd, 3rd, 4th, § s
5th and 6th cohorts biomass of the 1st generation. o

The phytoplankton peak in September permitted a new S R
growth period for the second generation copepodite stages  ——- R I QI
(visible mainly in the weight curves); and females of the 6th ‘ JulAug  Sep Oct Nov De
cohort produced a relatively small number of eggstoyielda 60—

. . . C 6 cohorts ofAcartiaspp.
third generation in November. wl —— 1

The total depth integrated biomass R$eudocalanuss s 3
characterized by one peak biomass. The maximum total<g 2o 8
biomass (ca. 330 mgC 1) was at the turn of June and July T elues
(see Fig. 3c). Figure 3 clearly illustrates the overlap be- 8o}
tween the first and second generations. The second generg ¢!
ation, present the first spawning, seemed to develop slowly @
and with a higher mortality.

During winter, the total biomass &seudocalanuslightly A A :
decrease, invisible at Fig. 3c, because of a weights decrease  ° o wvar A ey S ‘Au'g P
of individuals subject to lack of food (see Fig. 3a), as well
as of a numbers decrease, because the weights and numbetig. 4. Acartia spp. Weights,W; (a), numbers,Z; (b), and
of individuals decreased slightly owing to the lack of food biomass)_ W; Z; (c), of six cohorts.
and the low mortality. The biomass then increased as a result
of a considerable increase in the individuals weight for the
copepodite stages. In spring, the individuals became activén summer in the upper layer as a result of high temperature
and they grew by feeding on the phytoplankton bloom, andand low food concentration; however, in springtime, the rate
the adult females produced eggs. By combining the informawas the lowest as a result of high food concentration and low
tion on growth with the dynamics of individuals, we can af- temperature. Predation was the largest in October, when the
firm that most individuals had a lower growth rate during the predator biomass had a maximum value.
naupliar and copepodite phases, with a low phytoplankton
biomass in summer; subsequently, the copepodite stages réd-1.3 Acartiaspp.
sumed exponential growth with the rise of phytoplankton in
September (Fig. 3a). Individuals of the 3rd generation wereT he distributions shown in Fig. 4 present the changes in val-
produced in November by the females of the 6th cohort of theues of weight3; (Fig. 4a) and number3; (Fig. 4b) and the
2nd generation, but they developed no farther than stage N:Ijegth integrated biomasses of six cohorts and total biomass
due to a lack of food and the severe decrease in temperature.;_; W; Z; (Fig. 4c) ofAcartia spp.

Growth curves stopped because of the death of individuals Two complete distinct generations, from eggs to adults,
and which of the weights and numbers decreased. Any defor the first time — 6 cohorts of the 2nd generation, the
crease in numbers was caused by mortality and at the secorskcond time — 5 cohorts of the 3rd generation, developed
half of year, also by predation. The rate of mortality was highthroughout the year, one beginning in April and the other

100 -

ss[mgC

401
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from mid-June to mid-July (see Figs. 4a and b). The totaldeeper layer, below 30m, it became dominant, and below
biomass ofAcartiais characterized by two biomass peaks, in the isohaline layer — almost the only representative of meso-
July — main, and small, in September. The peak of biomaszooplankton. In 1999 at the Gisk Deep, the predominant

in July (ca. 140 mgC ?, see Fig. 4c) was mainly due to species wer@®seudocalanus minutus elongatrsd Acartia

the high egg production by adults of the 2nd generation (1stJongiremis(see Maritime Branch Materials, IMGW 2000).
2nd, 3rd and 4th cohorts), as a result of the very high num-The results of the numerical simulations described here are
bers of adults (Fig. 4b). Figures 4a and b clearly illustratescompared to the mean observed values, assuming an organic
the overlap between generations. The 3rd generation, presenarbon content of copepods’/g.,..,,=0.064 (Vinogradov
from the first spawning in mid-June by the 6th cohort to the and Shushkina, 1987). The mean biomass of all copepods
adults at the turn of August and September, as well as th€8 species) in the whole column water in the @Gsla Deep

first spawning at the turn June and July by the 5th, 4th, 3rdjn 1999, was obtained Maritime Branch Materials, IMGW
and 2nd cohorts to the adults in September, seemed to deve?000, i.e. in March — ca. 20, April — ca. 45, June — ca. 80 and
oped slowly (Fig. 4a) and had a high predation rate (Fig. 4b),August — ca. 100 mg,, m~3 and it corresponds to 1.3, 2.9,
i.e. the total development time of the 6th cohort was 75 days5.1 and 6.4 mgC m?. However, the mean biomass of inves-
and of the 2nd cohort — 90 days. The second peak of biomastigated species calculated here was ca. two times lower than
in September (ca. 70 mgCTh, see Fig. 4c) was mainly due observed values, except in March; i.e. in March — ca. 0.1,
to the high egg production of adults of the 6th cohort of the April — ca. 1.2, June — ca. 2.8 and August — ca. 3.8 mgC.m

3rd generation (Fig. 4b), as a result of high temperature. The The plankton material was also collected during 20-25
phytoplankton peak in September permitted a new growthMay 1999 in diurnal cycles from the water column, which
period for the 3rd generation copepodite stages, and femalesas divided into several layers. The hauls were made us-
of the 5th, 4th, 3rd, and 2nd cohorts of the 3rd generationing a Copenhagen net (1@@n). Every single sample was
produced relatively small eggs to give a 4th generation inprepared and analysed according to standard methods (HEL-
October. COM). Numbers oP. m. elongatuandAcartia spp. for spe-

In the spring bloom, a substantial growth of phytoplank- cific development stages were given by Mudrak (2004). Dur-
ton biomass was observed which fell at the next stage as &g this period, the vertical distributions of observed biomass
result of an increase first in microzooplankton, and next inin diurnal cycles were different, i.e. in the 0.07—-0.8 mgC®m
mesozooplankton biomass. This growth in biomass of suctange in the upper-euphotic layer and 0.1-0.9 mg€ in
cessive cohorts of copepods is caused by an increase in bodiie lower one forPseudocalanusind 0.02—1 mgGn 3 in
weight and egg production by each of the adults. This sit-the upper layer and 0.03-0.55 mgC #rin the lower one for
uation leads to the substantial growth in the total biomassAcartia. The average value of the biomass in the whole col-
Z,le Z?:l W; Z;, which is the algebraic sum of the prod- umn water in these days was 0.395 mgC3rfor Acartiaand
ucts of the weightsW;, and numbersZ;, of both species. 0.728 mgC 2 for Pseudocalanus

The biomass peak d¥seudocalanuappeared at the turn Figures 3c and 4c show the results of numerical simula-
of June and July; however, thicartia biomass was char- tions, as well as observed data for depth integrated biomass
acterized by two biomass peaks in a year; in July and inof investigated species. Depth integrated biomass was in the
September. 1.8-42 mgC m? range forAcartiaand in the 6-63 mgC n?

These small maxima occurring in the distributions of in- range for Pseudocalanust the end of May after exper-
vestigated species are the result mainly of a brood by sucimental data. However, the mean observed values were
cessive cohorts, causing their numbers to increase. The cak3mgC n1? for Acartia and 48 mgC m? for Pseudo-
culations demonstrate that the growth of the weight of eachcalanusand they are slightly higher (ca. 25%) fécartia
cohort is mainly caused by temperature and a substantial inand ca. 20% lower foPseudocalanushan mean obtained
crease in phytoplankton biomass. The body weight of copehere, i.e. the calculated mean biomass was ca. 10 mg€ m
pods strongly increases in the spring bloom, because in théor Acartiaand ca. 60 mgC m? for Pseudocalanus
time the growth rate is higher as a result of larger phyto-
plankton biomass. In this period, temperature has also sig-
nificant influence on the growth ¢fseudocalanyscausing 5 Discussion

the growth rate tends to maximum.
The simulated biological characteristics (i.e. the inorganic

4.2 Experimental data nitrogen and phosphate concentrations, the phytoplankton
biomass and depth integrated Bseudocalanus minutus
The most important species in the Gdansk Gulf Acartia elongatusandAcartiaspp. biomass) in the model were com-
spp. (i.e.A. bifilosg A. longiremisand A. tonsg andCen-  pared to the observations from the investigated water regions.
tropages hamatysfemora longicornisand Pseudocalanus Taking into consideration the fact that outputs of the meteo-
minutus elongatus In the Gdask Deep a fourth species, rological submodel were obtained using meteorological data
Pseudocalanysoccurred in great abundance, where in afor 1999, the comparison of numerical results will be made
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Fig. 5. Simulated and mean observed values of nutrient in the 15-

upper layer at the Gdesk Deep in 1999. mFig. 6. Simulated values of phytoplankton biomass and mean ob-

served values of chlorophydl-in the upper layer at the Gtak
Deep in 1999.

to the mean values of empirical data for 1999 on the basis of . . . . .
various authorities. nile herring. The high biomass Bseudocalanus May was

. . , due to initial numbers of adults which were too large and pro-
The outstanding problem concerns the quality of field dat g P

a K . ..

. _ ._duced too many eggs in April (the efficiency tedrwas too
used to test such simulations. The problems of data ar's?\igh) and the gior%gss dicr:)arti(ain May waz t00 low. due
from the fact that the variability in space and time of zoo- to initial numbers of adults which were too small a’nd pro-

plankton is usually so great that any model that has the righhuced too little eggs in April (the efficiency ter# was too

orders .Of magnitude n Its outputs W.'" fit the datg. Thus, low), and the mortality folPseudocalanus/as too low and
even with models treating herbivores in some detail, the test-

) L : a high number foAcartia in the springtime, as well as the
ing of these models may rest primarily upon the nutrient andIow threshold for ingestion of food causing an early increase
phytoplankion levels, which can be measured with greatey, weights. This situation could also be caused by migration,
accuracy. ) ) ) which, in our model, is of the same for copepodites of the
The results of the numerical simulations of phytoplankton investigated species.

biomass and nutrient concentration are in accordance with |4 our model. the development of copepods adjusts to the
the in-situ observations. Comparing the nutrient concentra—dynamiCS of its food supply. The threshold of food con-

tion from the calculated and mean experimental data, th&antration where copepods can survive seems to be an es-
present results indicate that the differenc@lintris ca. 20%  ggnptial parameter at the beginning of the bloom and at the
in the wintertime, and ca. 5% in the summertime, in the onq of summer. The copepod biomass depends on physi-
upper layer (see Fig. 5); however, ca. 30% at the bottomg| and piological processes, such as phytoplankton growth,
(see Figs. 2c and d). The differences in the phytoplanktonyg el as mortality and predation. We established a low
biomass between the modelled and mean observed values j§reshold for naupliar and copepodite stages. The simula-
equal to 5-20% in the 10-m upper layer and to 30% at the SUrtions show that the zooplankton population clearly misses
face sea (see Fig. 6) and depend on both the month for whicge phytoplankton bloom, if it is brief. One complete gen-
the calculations were made, as well on the C/@hatio for  eration of Pseudocalanusievelops in spring, summer and
converting the simulated carbon contents to chlorophylR g4y autumn. Any increase in tiseudocalanugopulation
this paper, the calculations were made assuming the G/Chl-gia (s in the spring bloom time (Fig. 3c) but mainly formes
ratio as a mean value for the southern Baltic Sea in the UPPe4t the turn of spring and summer from individuals of the sec-
layer after Witek (1993) (see Fig. 7). ond generation. Two complete generationsAcfirtia de-
However, the obtained depth integrated biomass of copevelop in spring and summer. In the casefafartia, the ini-
pods is different in relation to the mean value of the observatial growth in population takes place in May after the phy-
tion data. The differences are in the 20-30% range at the engbplankton spring bloom (Fig. 4c). Total biomassAafartia

of May, after experimental data given by Mudrak (2004). In was characterized by the occurrence of two biomass peaks
our opinion, on the basis of data from IMGW (see Maritime in a year; one in July, mainly formed from individuals of

Branch Materials, 2000), the total biomas$skudocalanus  the second generation and another small peak in Septem-
andAcartia computed here amount to ca. 50-60% of all the per, from individuals of the third generation. The numerical
copepod biomasses in the Gd& Deep in 1999. simulations show that the investigated species could not be
The results obtained here are different than those giverihe main factor limiting the phytoplankton spring bloom in
by Mudrak (2004) and Maritime Branch Materials (2000), the southern Baltic Sea, because the initial development was
probably as a result of predation, which is proportional to slow for Acartia and faster folPseudocalanysut the main
the increase in predator biomass. During the first half of thedevelopment formed after the bloom. However, the simu-
year, predation was assumed to be zero because the predatated microzooplankton biomass was enough high (i.e. max-
biomass was equal to zero at this time; however, during thémum value ca. 30mgC n¥ in May) to conclude, in our
second half of the year, predation was considered, becausepinion, that, in this case, it was the major cause limiting the
in our model, the predator is only represented by early juve-spring bloom.

www.biogeosciences.net/3/635/2006/ Biogeosciences, 3, 635-650, 2006



646 L. Dzierzbicka-Gtowacka et al.: Seasonal dynamics of copepods in the southern Baltic Sea

% The population dynamics model f&tseudocalanusnd

” Acartia, coupled with a 1-D Coupled Ecosystem Model pre-
L ow sented in this work, can be utilized to study of the seasonal
= 50 variability of the above species in the southern Baltic Sea
5 © (Gulf of Gdahsk). This paper is a next step in understanding

ZZ how the population dynamics of a dominant species interact

10 with the environment.

0

Jan  Feb Mar Apr May Jun  Jul Aug  Sep Oct Nov  Dec
Appendix A

Fig. 7. Carbon-to-chlorophylk ratio in phytoplankton at a station

in the Gdask Gulf in the 0-15 m layer (Witek, 1993). . . )
Adaptation of the submodel to investigated copepods

The results are significant changes in the distributions of! '€ parameters of the functidih— the dependence of the in-
phytoplankton and zooplankton biomass which have taker€Stion rate on the food concentration — gfg.{), the max-
place in an area of considerable increase in primary proimal ingestion rate, (Fog}, the minimal threshold food con-
duction. In the spring bloom time, a substantial growth centration which is the value of Foot at which GROWTH=0,
of phytoplankton biomass is observed which falls slightly @1d €Foot), the ingestion rate a8,/ kroot for Foot which is
at the next stage, as a result of an increase in the zoos!ightly greater than Fopi(Steele and Mullin, 1977).
plankton biomass, mainly the microzooplankton. The mi- The ingestion rate depends on the developmental stage,
crozooplankton biomass reflects the phytoplankton availabilfood supply, temperature and weight of the animals. We as-
ity, showing a strong increase with declining food concen-Sumed that the first two naupliar stagesRsfeudocalanus
tration. However, later an increase in mesozooplanktor@ndAcartia are unable to ingest particles; they are consid-
biomass is caused by the weight growth of successive co€ed 10 live on reserves provided by the egg after Berggreen
horts and also the egg production by each of the female®t al. (1988) forAcartia tonsa For the otr_lgr naupliar stages,
This situation leads to the substantial growth in the totalN3-N6, we have extrapolated the coefficigfy,,, consider-
biomass of the investigated species which is the algebrai¢"d @ similar increase as for C1. The valuesfpf, for C1
sum of the products of the weight#/;, and numbersz;, — adults were estimated after experimental data which were
(Zmesc= Z}le Z?:l We.i Zt.i). These small maxima occur- 9iven by Ciszewski and Witek (1977) fét m. e,Iongatuat
ring in the distributions oPseudocalanusind Acartia are ~ 9°C andAcartia bifilosaat 15C from the Gdask Depth.
the results mainly of a brood by successive cohorts, causind "€ parameters (Fagtand krooy are given in Table Al
their numbersz; to increase. Then, early juvenile of herring ~ The maximum ingestion rate in copepods has been shown
biomass growth tends to decrease in the micro- and mesd0 be temperature dependent, but the repo@tegivalues dif-
zooplankton biomass. Any increase in the predator biomaséer widely (see Table Al). We use an intermediate value of
depends not only on prey concentration but also on energy-6 for Acartia to estimate they coefficient; consequently,
dissipation, which, in the upper mixed layer, is defined by our parameter, has a value of 1.1. However, fétseu-
wind speed. At low prey levels, the rate of mortality is higher docalanusa Q1o of 1.9 was assumed after Fennel (2001);

than growth and a decrease in predator biomass is observedience, a» has a value of 1.066. Coefficientis calculated
so thatfte is equal to 1 at 18C for Acartiaand 1 at 5C

for Pseudocalanusind, thereforez; is equal to 0.239 and
6 Conclusions 0.726 forAcartia and Pseudocalanysespectively. Coeffi-

cientst; andr, are identical for all stages. The assimilation
The work presents the idea of a 1-D Coupled Ecosys-ate (1,) of 70% is generally considered as representative for
tem Model with a high-resolution zooplankton (herbivorous copepods (Steele, 1974); hence, the percentage of ingestion
copepods) module for two taxB¢eudocalanuandAcartia) egested as fecal materiad () is 30%. Supposing first that
as a top-down regulator which may play a significant role in 30% @) of the ingested matter is used for metabolism and
marine ecosystems. The zooplankton community is diverseis excreted, and second, that the ratio of the maximum in-
comprising large size differences and metabolic heterogenegestion rate to weight averages 20% (Sciandra, 1986), then
ity. It is therefore of importance to investigate and identify a daily excretion rate of 6% of the weight may be attributed
the critical factors. Such models are suitable as tools becaus®e the active metabolism. To adjust total metabolic losses
hypotheses can be tested, and our understanding of the prte an average value of 10% of the weight per day (Corkett
cesses and dynamics can be evaluated. The copepod modihd McLaren, 1978; Miller and Landry, 1984), we estimate
links trophic processes and population dynamics, and simthat excretory wastes, due to minimal metaboligm)( rep-
ulates individual growth within cohorts and the changes inresent 4% of the body weight (Carlotti and Sciandra, 1989).
biomass between cohorts. The growth rate for copepodite stagesRgeudocalanust
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Table Al. Parameters used in the copepod submodel and given after some authogsthifeshold food concentratio®1g: temperature
coefficient;Wegg weight of an egge: exponent of allometric relatiork’: the sex ratio.

Parameter Species Value Source

Foot, Acartia hudsonica 30.5mgC n3 (at £C) Wilodarczyk et al. (1992)
(at the 4 temperatures) 11.6 mgC?h(at &C)
20.7 mgC m3 (at 12C)

16.4 mgC nt3 (at 16C)
Acartia tonsa 45 mgC nt3 Kigrboe et al. (1985)
0.2-22 mgC m3 Piontkovski and Petipa (1976)
5-10 mgC n3 Turner and Tester (1989)
Acartia spp. 10 mgC m3 (N3-N6, C1,C2) inthis paper
20 mgC nT3 (C3-C6)
Pseudocalanus in this paper after
minutus elongatus variable Dzierzbicka-Glowacka (2004a, b)
010 Centropages hamatus 3.8 Kigrboe et al. (1982)
Neonalanus plumchrus 5.4 Dagg and Wyman (1983)
Eudiaptomus graciliodes 4.1 Christofferson and Jespersen (1986)
Temora longicormis 2.4 Dam and Peterson (1988)
Acartia hudsonica 1.88 Wlodarczyk et al. (1992)
Acartia tonsa 1.4-3.9 Thompson et al. (1994)
Acartia clause 1.6-3.3 Kremer and Nixon (1978)
Acartiaspp. 2.6 in this paper
Pseudocalanus in this paper
minutus elongatus 1.9 after Fennel (2001)
kEoot Acartia 28 mgC nr3 (N3-N6)
70 mgC 3 (C1-C6) in this paper
o Acartia 0.7 Paffenifer (1971)
Pseudocalanus 0.7 Paffenbfer (1971)
Wegg Acartia 0.0305u9C Ambler (1985)
Pseudocalanus 0.14ugC Frost (1989)
X Acartia 20% in this paper
Pseudocalanus 80% in this paper

5°C andAcartiaat 15°C is shown at Fig. Al as a function of Schmidt et al. (1998) found the mortality Atartia tonsa
food concentration. in the southern Baltic Sea, ca. 7% in winter, 5% in autumn,
i and negligible in summer and spring (ca. 1%). We use the
Here we obtained the number of eggs produced per feyqe value foricartia. However, forPseudocalanughe

male per day as a function of growth rate, i.e. multiplying o tajity rate ¢1,), as a function of temperature and food
exp GROWTH-1 by Wremale/ Wegg @Ssuming a maximum - cqncentration, is used after Klein Breteler et al. (1995).
growth rate ofPseudocalanufor C5 and ofAcartia for C1

(after McLaren and Leonard, 1995; Dzierzbicka-Glowacka, | N€ parameters of migration MIG are the relative am-
2005c). The number of juveniles is defined on the assumPlitude of zooplankton concentration changeg)(and the
tion that eggs are released by the adult female throughtouf™e In which the maximum zooplankton concentration oc-
some time spad. For females from the southern Baltic Sea CUS €»). The values of 0.6 and 3.25a.m. fey andz, were
this value forAcartia bifilosachanged with temperature from €Stimated by Renk et al. (1983) on the basis of experimen-
20°C to 7°C — from 2 weeks up to about 30 days: Rseudo- tal data for the §ou_thern_ Baltic Sea. 'I_'he vertical distribution
calanus minutus elongatusspecies living in cooler waters of_zooplankton |n_t|meo in the vegetation seasonzwas deter-
thanAcartia— was about 40 days at a temperature@ and ~ Mined as a function of depthf(z)=-0.0003775°+0.62)
after about 2 months at a temperature o€ 3after Ciszewski ~ (DZierzbicka-Glowacka, 1994). Figure A2 shows the diel
and Witek (1977). The wet weight adult of females is ob- migration as a function of depth at the following four times:
tained after standard HELCOM (Hernroth, 1985), assumingO:'}:OO a.m., 08:00a.m., 03:00 p.m. and 08:00 p.m.

the organic carbon content of copepods to be gG/g0.064 We use a value of 5/3 fg# in predation PRED; this means
(Vinogradov and Shushkina, 1987). that 60% of the ingested food contributes to predator growth
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and 40% is voided as fecal pellets and excreted material. The
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