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Abstract

Of the rotifers inhabiting the shallow eutrophic Barther Bodden, the pelagic species feeding
on fresh detritus comprising dead diatoms and green algae are of particular importance in terms of
biological production. The submodel presented here refers only to this functional group (Filinia
longiseta, Brachionus quadridentatus and Keratella cochlearis). The biological situation, the working
hypotheses, the equation system, the measured values and coefficients used and the wiring dia-
gram are given. The curves obtained with the model are shown in detail and tested against various
criteria. Agreement between the model curves and the measured data is good.
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1. Introduction

The zooplankton of the Barther Bodden (ScuNEsE 1975, 1980) consists of two
functionally distinct groups: the copepods and the rotifers. The formerly important
cladoceran population started to decline in 1972 and did not become significant again
in production terms until 1980.

The chain of shallow waters south of the Darss-Zingst Peninsula consists of four
interconnected eutrophic brackish estuarine lakes {Boddens). Their hydrography
is governed by nutrient-rich run-off (the Rivers Recknitz and Barthe), water exchange
with the Baltic Sea and the wind field of the region. The hydrographic situation
results in a constantly varying salinity gradient that decreases from east to west
(Fig. 1). The compartments playing Lh‘:’ greatest role in the matter and energy flux
of the ecosystem “‘Barther Boddsn™ are the phytoplankton (diatoms, green algae
and, in particular, blue-green algas), the benthic bacteria and the benthic ciliates
(VieringHOFF 19822, b).

The significance of the rotifers for the matter and energy flux in this ecosystem
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Figure 1. Map of the western part of the Bodden chain showing the sampling stations and salinities,

is shown by a comparison of the phytoplankton primary production and the uptake
of particulate matter by the planktonic rotifers (absolute feeding rate): in June/July,
when the rotifers reach their climax, the ratio is 4 : 1.

During the work leading to our model of the Barther Bodden (VIETINGHOFF,
Huserr and Scunese 1980, VierineHorr, BArLLiN, Jost, HUBERT and SCHNESE
1981, BrRINCKMANN, VIETINGHOFF and ScHNESE 1981) the rotifers and copepods
were dealt with separately (VieTixeuorr, HeErkLoss, HUBERT and ScunNese 1981)
because they differ fundamentally in several important respects (feeding biology,
population dynamics, energy balance) and, despite the need for generalization and
omisgion of trivial details, hasic biological phenomena and causal chains must be
incorporated correctly into the mathematical model in view of its intended use for
forecasting.

In the past no articles dealing in depth with the modelling of rotifer populations
in natural waters have been published although there can be no doubt regarding their
importance for the matter and energy cyele in natural ecosystems (Scavia and Ro-
BERTSON 1979). On the other hand, a wealth of experimental results which, together
with the data of the ecosystem that has been investigated, provide a good basis for
modelling has been published in recent years, especielly at the two international
gymposiumg on the Rotatoria (King 1977, DumonT and GREEN 1980).

2. Description of Technique, Data

The most important of the findings and considerations leading to our model approach
are shown in Figs. 2 to 4. The essential matter and energy fluxes in the ecosystem
are described exclusively onthe basis of the amictic females with the high rate of egg
production, beginning with the hatching of the resting eggs. For this we use a com-
mon first order differential equation, the solution to which is an exponential function.
It is evident from the graphical model proposed by EpmoNpson (EpmMonpsoN 1968,
Harsacu 1974) and numerous experimental publications that the use of a conti-
nuous exponential approach represents a further permissible degree of abstraction.
The sequence of events from hatching, development to mature females, laying of
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Figure 2.

Clasgsification of rotifers in the western part of the Bodden cham into functional groups

on the basis of their food (2.1) and the biomasses of these functional groups (2.2).
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Jjuvenile rotifers
LemMEROTH 1980

A:100 9,
P: 587870,
R: 422204

A Assimilation
P Production

Figure 3.

adult rotifers
Doomax 1973

A 100 9,

P (egg produc-
tion): 57 0/,

R: 400

Q2: 790 - 1076 cal
egg: 500 - 1076 cal

in model (juv. and
ad. rotifers)

A 100 9

P (egg produc-
tion): 43 0/,

R: 330,

M: 24 0/,

M Mortality
R Respiration

Estimation of the energy balance of one generation of rotifers.
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Figure 4. Dependence of growth of Brachionus
rubens on external conditions (ScELUTER 1980).
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eggs and death in a single generation is required only for estimation of the energetic
balance (ratios between assimilation, respiration, egg production and mortality)
of the whole population (see below).

The rotifers were split into four functional groups (Fig. 2) on the basis of the species
(Monogonata) that are biologically important in the Barther Bodden in terms of their
production, their measured biomasses (SCHNESE 1980) and their feed requirements
as determined in culture experiments and in the field (PourrioT 1977, NAUWERCK
1963, SrrrTLER 1969). The presentation of the biomasses of these four functional
groups in Fig. 2.2 shows that only the second group comprising the species Filinia
longiseta (EHRENBERG), Brachionus quadridentatus (HERMANN) and Keratella cochlearis
(GossE) need be modelled, whereas the others can be omitted. This dominant group
of rotifers feeds mainly on detritus (POURRIOT 1977, SPITTLER 1969, STARKWEATHER
and BogpAN 1980) or, more specifically, fresh detritus (NAUWERCK 1963, STARK-
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weATHER and Boepax 1980, Rurrner-KoLrisko 1980). Unfortunately it is scarcely
possible to measure the quantities of “fresh detritus™ or “detritus of diatoms and
green algae” experimentally. We estimated this portion of the detritus with the aid
of the phytoplankton submodel (VIETINGHOFF e al. 1980) that was computed digi-
tally by B. WIEDEMANN (inpubl.) and fitted to the measured primary production
values and, assuming that this portion of the detritus is decomposed and canverted
into ““old” detritus at a relatively high rate (k=0.841 month~1), used it as a forcing
function for the rotifer model. (Fig. 5.2).

The food quality was taken into account by using a simple assumption: the three
species taken into account by the model feed on fresh detritus from dead diatoms and
green algae. Thus, as long as diatoms and green algae are dominant among the phyto-
plankton, and therefore also among the fresh detritus, the food basis for this group
will be very good. When blue-green algae predominate among the phytoplankton
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Figure 5. Input curves for the submodel “Rotifers”.
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and detritus, however, the food quality will rapidly deteriorate. Mathematically this
is formulated in the model by the expression
Dhi+G . _
(}?:W—B‘ y 0<q9§1 (Flg. 0.4).
The possibility of the rotifers being affected by the blue-greens in other ways (cf.
Part 4) than directly via ingestion cannot be excluded at present.

No experimental results were available from the Barther Bodden to permit esti-
mation of the energetic balance of the three species taken into account in the model
on account of their production biological importance. Our rough estimate is based
mainly on the results published by DooHAN and Rarnsow (1971), DooHAN (1973)
and LemMEROTH (1980) (Fig. 3), consideration simultaneously being given to the fact
that the energy content of a mature female is only about 1—1.5 times that of a single
egg and that 1-2 eggs are laid daily for a few days of the life cycle. This implies that
during their short life the rotifers assimilate primarily in order to produce eggs!
When estimating the energetic balance for the whole population it is necessary to take
into account not only the factors mentioned by LEIMEROTH and DooHAN but also
the fact that during the decline in rotifer development not only does egg production
decline but a larger proportion of eggs and juveniles with their relatively high energy
contents die. Although DooHAN and LEIMEROTH give no figures for mortality losses,
our caleulations make allowances for energy losses due to mortality by slightly redue-
ing the average annual portions of the energy involved in egg production and respi-
ration. These considerations lead to the assumption of the relationship

assimilation : egg production : respiration : mortality
=100 :43 : 33 : 24

used for the model.

The investigations undertaken by LUBZENS ef al. (1980) and POURRIOT et al. (1980)
show that the resting eggs obviously hatch after the water temperature and photo-
period have crossed certain thresholds. In agreement with this and with the curves
showing~the -absolute feeding rate and biomass derived from experimental data,
the model assumes that the rotifers start to hatch during the first 10 days in April.

Although provision has been made in the wiring diagram (Fig. 7) for the dependence
of rotifer growth on external factors (pH, NaCl, NO;3) as observed by SCHLUTER
(1980) (Fig. 4) it has not yet been taken into account in the model due to the lack
of appropriate data for the three rotifers used in the model.

Time-series for production, feeding rate and biomass are required in order to model
the biological components. In this respect we had the following time series at our
disposal for the submodel:

— the half monthly biomass means for the rotifer species shown in Fig. 2 for the period

19691979 (Scuxese 1980) (Fig. 9.6), and
— the monthly means for the absolute feeding rates of the rotifers altogether from 1977

to 1980 (HekrkLOss 1980) (Fig. 9.5).

Further input-data are given in Fig. 5.1 to Fig. 5.4.

3. Differential Equations and Analogous Circuit Diagram

The whole biological situation described in the preceding section is described
by one differential equation (energy flux) (Fig. 6). The corresponding analogous
cireuit diagram is shown in Fig. 7. This submodel, like those described in earlier reports
(VierizeuoFF, HoLM and Scunmse 1975, VierincEOFF, HUBERT and SCHNESE
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Figure 6. Differential equation deseribing the energy flux in the submodel “Rotifers”.

1980), requires several control circuits (cf. quality criteria, Part 4). The purpose of
these is to match the curves for the absolute feeding rate and biomass o the differ-
ential equations, taking the specified proportions into account, by curve fitting on
an analogue computer (2 Meda 81 T) by iteration. The water temperature, detritus
biomass and food quality factor curves are put in by means of newly developed func-
tion generators (VieTINGHOFF, LODE and EBERT 1978). After the model has been estab-
lished on the analogue computer in thiz way it is reprogrammed for the ES 1040
digital computer. Further technical details are given in VieriNeHOFF, HUBERT
and ScaNmse 1981, BRINCKMANN, WiepeEMANK and Tivmn 1981).

4. Results and Discussion

The results of the model calculations are shown in Figs. 8 and 9. The list of coeffi-
cients is given in Table 1. Other important parameters and criteria in addition to the
biomass model curve and its agreement with the measured biomass curve should
be used when assessing these model curves, such as

1. the biomass values,

2, the absolute feeding rates,

3. the relative proportions of the shares in the balance equation (i. e. assimilation :
respiration : egg production : mortality =100 : 33 : 43 : 24,

4. the estimation of the error caused by simplification,

5. the agreement of important values yielded by the model with those given in the
literature, and

6. the degree to which the hypotheses are supported by experimental data.

The agreement between the curves yielded by the measured values and the model
for biomass and absolute feeding rate can be considered good. This assessment fakes
into account the fact that the confidence intervals about the means of ecological
parameters are generally rather large. The biomass curve based on measurements
contains only the biomasses of the three rotifer species used in the model; the model
curve is shifted slightly in time, but the area beneath it is the same as that beneath
the curve based on measured values. The curve yielded by the measurements of the
absolute feeding rate is based not only on the feeding rates of the three rotifer species
used in the model but also the feeding rates of the other three functional groups.
Although the curve yielded by the model for the absolute feeding rate is rather smaller,
12 Iﬁt. Revue ges. Hydrobiol. Vol. 69, No. 2 ‘ ) '
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some 30 9/, (Figs. 2 and 9.6), and our approach therefore needs some explanation:
errors of this order are within the error limits associated with numerous ecological
parameters, and it is far from unusual to omit, without atfecting accuracy but greatly
increasing the efficiency, rare species from the calculation and to compensate for this
by increasing the values (displacement volume, biomass, etc.) caleulated for the prin-
cipal species by an estimated percentage (van HeuspEN 1972, HoBro and WILLEiN
1974, and others). This could also have been done in our submodel. But it ig more
important to consider the contribution of the three groups not included in the model
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Table 1. List of coefficients used in the submodel “Rotifers™

Symbol Parameter Valuel
k2o maximum feeding rate 25.0
ERot assimilation efficiency 0.2031
kng_Ot respiration rate 2.4854

Rot#*
kB mortality rate 4.1978
KE% egg production rate 2.0
Rot (£=0) initial value 0.0778
Rot* assumed maximum rotifer biomass 2.0
Dz assumed maximum detritus biomass 400.0

I Dimension as in Fig. 6

in relation to the matter and energy f{lux in the ecosystem as a whole, and this
accounts for only a few percent. Moreover, the simplifications and their consequent
errors also seem justified in view of the foreseen optimization calculations, for which
it was necessary to keep the size of the model within certain limits.

With regard to the fifth criterion, the agreement between the parameters yielded
by the model with those given in the literature, we would like to discuss in particular
the temperature dependence, the assimilation efficiency and the maximuin feeding
rate. Not only the different species used in the model but also their parameters
(food intake, growth, development, ete.) can exhibit varying dependence upon tem-
perature (BAKER 1979, EDMONDSON 1965, Navwrrck 1963, RuTTNER-KOLISKO
1980, PrEISSER and Serrrieg 1977, Hareacu 1970). The different temperature func-
tions were weighted and averaged for use in the model (the curves for the dependence
of the summary parameter ‘“growth” on temperature were taken more into account
than those for the feeding rate or development), although only the temperature range
from 10 to 20 °C is of importance. The temperature function used (Fig. 5.3) is thus
a compromise.

The values given in the literature for the assimilation efficiency, e, range from 0.19
to 0.78 (GaLKOVSEAYA 1963, 1971, cited in Doorax 1973, LuimerorH 1980). LEIME-
ROTH (1980) reported values between 0.49 and 0.20 for Brachionus calyciflorus,
stating that the value declines as the food concentration increases. H. ARNDT (unpubl.)

found a value of 0.2 for the same species. The value used in the model was ¢=0.203.
kcal

, o . o - .
The maximum specific feeding rate of fua,=22.82 [k_ﬁcal-month} used in the

model is alse within the range of experimental data: according to STARKWEATHER
et al. (1979) the specific feeding rate of B. calyciflorus varies between (.864 and

keal .
31.68 | At food concentrations similar to those in the Barther Bodden
keal - month —_
values between 20 and 30 [mm] can probably be expected.

As to the sixth criterion, the degree to which the hypotheses used are supported
by experimental data, we shall explain how we formulated our food quality index
and the mortality rate.

According to Pourrior (1980) and other authors (Rapwan 1980, SprrTLER 1969,
SrarkwrEATHER and Boepan 1980, NAUWERCK 1963), Keralello cochlearis, Filinia

keal
1o el saitals
fiiap=25 [kca-l . month] for the digital submodel
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longiseta and Brachionus quadridentatus are ableto utilise detritus and bacteria very well.
Diatoms, green algae and blue-green algae are not ingested, although the rarer groups
of algae form a certain proportion of the food intake that is probably more qualitative
than quantitative. Dumont (1977), NAUWERCE (1963), RADWAN (1980) and other
authors report that mainly fresh detritus is ingested (better C/N ratio, lower Fe+**
and Ca** concentration, etc). But the rapid drop in the absolute feeding rate and the
sudden disappearance of the population at the end of July and beginning of August
(HEErRELOSS 1980, Scungsk 1980) cannot be explained alone by the curves showing
the measured temperature variations and the biomass of the “fresh detritus” from
all three of the main phytoplankton groups. A satisfactory explanation can only
be given by assuming a third factor, and this seems to be related to the mass appear-
ance of blue-green algae. As Tigs. 8.6 and 9.6 show, there is a striking correlation
between the collapse of the populations of the three rotifer species used in the model
and the mass development of blue-greens in July. In Lake Erken the mass develop-
ment of blue-green algae in July coincided with a minimum in the occurrence of Kera-
tella cochleqris during exactly the same period (NAUWERCK 1963). Other authors have
also desecribed the same phenomenon and have discussed possible causes (DumoNT
1977, for instance). According to PourrrtoT (1977) the rotifer species being considered
here fail to reproduce in cultures if blue-greens are present. We have attempted to take
this phenomenon into account mathematically by introducing the food quality index
@, which ig a fully legitimate way of including the various possible causes for the col-
laps of the rotifer population (reduction in the diversity of species or excretion of
toxic substances) in the model. As yet no experimental investigations regarding this
problem have been performed in the area under consideration, but they will be started
on account of this work.

The idea on which our formulation of the mortality rate is based was originally
published by LeaMAN, BoTKIN and LikENs (1975), and we have applied it in modified
form for almost all biological components (phytoplankton, microorganisms, copepods).
In the present case the mortality rate is proportional to the product of (1 — normalized
specific feeding rate) and the rotifer biomags (Fig. 8.6). This assumes that the mortality
rate is low when the feeding rate is high and, conversely, mortality increases when the
feeding rate declines. This is expressed in Fig. 8.2. and Fig. 8.6. The dependence be-
tween the mortality rate and the biomass is easy to formulate mathematically with a
fair degree of accuracy. It would, of course, be more accurate to make the mortality
rate proportional to the biomass some 6—14 days earlier (mean lifespan of the roti-
fers), but this would be impossible in the case of analogue computers and would entail
too great an effort in the case of digital computers (optimization). The chief purpose
of our formulation was to take into account both the mortality among the juveniles
when food conditions deteriorate and among the adults due to ageing.

A further conceivable criterion—checking of the model by means of an independent
data set—has not yet been applied. We have averaged all data at our disposal in
order to adapt our model to these long-terms means. This accentuates important as-
pects of rotifer development while suppressing trivial phenomena. This sixth criterion
will, however, be applied in future work.

In summary it can be stated that we have checked the submodel for rotifers against
several criteria and have found that it agrees satisfactorily with the natural situation.
We believe that it is absolutely necessary to check the different submodels against
the largest possible number of criteria even in the case of complex ecosystems.
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5. Summary

A submodel for the energy flux through the rotifer compartment of a shallow eutro-
phic brackish coastal inlet (the Barther Bodden) is described. The model takes only
the amictic females of the species responsible for the greater part of the production
(Keratella cochlearis, Filinia longiseta and Brachionus quadridentatus) into account.

The model is based on biomass values (samplings fortnightly to monthly) for 12
years (ScuNEsE 1980) and feeding rate measurements for four years (HEERKLOSS
1980). The accuracy of the submodel is assessed on the basis of the following criteria:
biomass, feeding rate, relative proportions of the shares in the balance equation, and
agreement between important data yielded by the model with data given in the litera-
ture.
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