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Abstract We developed a predictive relationship to
determine the grazing rate of Brachionus plicatilis at
given temperatures and food concentrations; this func-
tion could be applied to experimental culturing and
aquaculture practices. Grazing experiments were con-
ducted at temperatures between 5°C and 40°C and at
food concentrations, of the flagellate Isochrysis galbana,
ranging between ~0 and 10° mI™". In total, 136 grazing
rates were determined, using the prey depletion method,
for rotifers acclimated to treatments for 0.5 or 4 h. The
response of grazing rate to temperature and food con-
centration was described using a model that combined a
rectangular hyperbolic function for food concentration
and a sigmoidal function for temperature. Using non-
linear curve-fitting methods an equation was obtained:
G = (45 x F) /(159000 + F) x0.94/(1 4 219000 x 7~+3%)
,where Gis the grazing rate (flagellates rotifer ' min '), Fis
the food concentration (flagellates ml'), and 7T is tem-
perature (°C). The equation indicates a maximum grazing
rate of ~35 prey rotifer ' min~', above ~4x10° prey ml '
and 25°C.

Introduction

Rotifers are an excellent food source for many fish lar-
vae (Lubzens 1987); they may also be major grazers of
primary producers (e.g. Hernroth 1983). Specifically, the
rotifer Brachionus plicatilis has contributed to the suc-

Communicated by J.P. Thorpe, Port Erin

D.J.S. Montagnes (X)) - S.A. Kimmance - G. Tsounis
J.C. Gumbs

Port Erin Marine Laboratory, University of Liverpool,
School of Biological Sciences, Port Erin,

Isle of Man IM9 6JA

E-mail: dmontag@liv.ac.uk
Tel.: +44-1624-831008
Fax: +44-1624-831001

cessful hatchery production of more than 60 marine
finfish and 18 crustacean species (Dhert 1996), and in
many countries the success of mass production of ma-
rine fish larvae is largely dependent on the availability of
B. plicatilis (Pillay 1990). The genus Brachionus has a
cosmopolitan distribution, in fresh and saline waters,
and it is easy to culture; thus Brachionus provides a
model experimental organism for practical and theo-
retical studies of a trophic or ecophysiological nature
(Starkweather 1980; Rothhaupt 1990a, b).

Considerable data exist for the genus Brachionus (e.g.
Starkweather 1980; Lubzens 1987), and much of this
work has examined the grazing rate of B. plicatilis (e.g.
Rothhaupt 1990a, b; B. Hansen et al. 1997, Navarro
1999). Like that of many planktonic organisms, the
grazing of B. plicatilis is influenced by food concentra-
tion (B. Hansen et al. 1997) and temperature (Hirayama
and Ogawa 1972; Scott and Baynes 1978; Dhert 1996).
Both food concentration and temperature vary under
natural conditions and can be controlled when main-
taining rotifer cultures. Thus, knowledge of the com-
bined impact of these two factors is needed, for example,
for researchers growing experimental organisms, for ef-
ficient aquaculture practices, and ideally for ecosystem
modelling. However, data are lacking on the combined
effect of temperature and food concentration on the
grazing rate of B. plicatilis.

Independently, temperature and food concentration
are two of the main factors affecting the grazing rate of
rotifers (Hirayama and Ogawa 1972; Galkovskaja 1987;
Dhert 1996; Navarro 1999). Temperature affects bio-
logical rates directly by altering the rate of chemical
reactions, and indirectly by altering viscosity and diffu-
sion (Cossins and Bowler 1987). Food concentration
affects feeding by determining the rate at which a grazer
encounters food items (Begon et al. 1986). This study
examined the combined effects of ambient temperature
and concentration of the prey species Isochrysis galbana,
which is a good food source for B. plicatilis (Scott and
Baynes 1978; Hoff and Snell 1987). Our objective was to
develop a predictive relationship that will allow the
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grazing rate of B. plicatilis to be determined at any given
temperature and food concentration. Such a relationship
could be applied to culturing practices. However, this
study is also one aspect of our ongoing work to deter-
mine general relationships between temperature and
other abiotic and biotic factors on rate processes and
composition of plankton (e.g. Weisse and Montagnes
1998; Montagnes and Franklin, submitted; Montagnes
et al., submitted); such information will ultimately be
applicable to ecosystem modelling.

Materials and methods

Algae and rotifers

The flagellate Isochrysis galbana (~5-10 um, 7-20 pg C cell !, 1-
3 pg N cell !, Montagnes et al. 1994; Montagnes and Franklin,
submitted) was grown in batch cultures, in {f/2 medium (Guillard
1975). Flagellates were maintained in exponential growth phase in
semi-continuous cultures, at 15-18°C, at an irradiance of ~50—
100 pmol photons m2 s !, on a 14:10 light:dark cycle. Amictic
female rotifers, Brachionus plicatilis (200-300 pm), were obtained
from the Larval Rearing Centre at Port Erin Marine Laboratory,
where they were maintained at 20-23°C at saturating food levels, on
a mixed diet of Nannochloropsis occulata and yeast (Fermipan,
Gist-Brocades, The Netherlands).

Experiments

Prior to the experiment, rotifers were collected onto a 45-pm mesh
and rinsed with filtered seawater (Whatman GF/C) to remove floc-
culent material and ciliates that occasionally contaminate cultures,
to remove prey from the stock cultures, and to concentrate rotifers.
The rotifers were then resuspended in filtered seawater (32 ppt), and
their abundance was determined by replicate counts using a 1-ml
counting chamber, after fixation with 2% Lugol’s iodine.

All experiments were conducted in filtered seawater (32 ppt). To
initiate experiments, rotifers were added to 250-ml conical flasks
containing 100-200 ml of filtered seawater with I. galbana at var-
ious prey concentrations. These flasks were suspended in controlled
water baths at experimental temperatures. Final rotifer concen-
tration in the experimental flasks was 50-100 ml™'. Prior to ex-
periments, rotifers were acclimated to experimental conditions for
0.5 or 4 h (see Figs. 1, 2). A total of 136 such incubations were
prepared at various food concentrations and temperatures (see
Figs. 1, 2); no replication was conducted at any one temperature—
food-concentration combination.

After the acclimation period, samples were taken approximately
every 10 min for 0.5-1 h. At each interval flasks were gently
shaken, and 1 ml was removed. Prey concentrations were deter-
mined using a Coulter Counter (Multisizer II, Fla., USA), fitted
with a 70-um aperture.

To determine if flagellate growth or mortality occurred during
the experiments, controls containing only /. galbana were estab-
lished. These flasks experienced the same experimental conditions
as the ones containing /. galbana and rotifers. These incubations
indicated that /. ga/lbana numbers did not significantly change over
the experimental period when rotifers were not present (regression
analysis o= 0.05).

Grazing rate calculations

Grazing rates were determined by estimating the reduction in food
concentration within an experimental flask over time, using least
squares linear regression. Grazing per rotifer was calculated by
dividing the slope of the resulting regression by the rotifer
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Fig. 1 Brachionus plicatilis. Response of grazing to prey concen-
tration (Isochrysis galbana); experiments conducted in 3-6°C
ranges (blocks) are collectively presented to indicate temperature-
independent functional responses. Points are individual grazing
rates; solid and open points represent experiments where rotifers
were acclimated to treatment conditions for 4 h and ~0.5 h,
respectively. The /ines are the best fit to the data described by the
functional response (for details see Results)

concentration used in the individual flask. The corresponding food
concentration for each grazing rate experiment was calculated as
the geometric mean over the incubation time.

Modelling grazing rates

A multiple regression and an associated response plane were es-
tablished from the data. Initially, several different models were
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Fig. 2 Brachionus plicatilis. Response of grazing to prey concen-
tration (Isochrysis galbana) and ambient temperature. Points are
individual grazing rates; solid and open points represent experiments
where rotifers were acclimated to treatment conditions for 4 h and
~0.5 h, respectively. The grid is the best fit to the data described by
Eq. 2 (for details see Materials and methods and Results)

examined. The data were finally fit to Eq. 1, consisting of a Holling
type 2 curve (functional response) and a sigmoidal function (Spain
1982). The Holling type 2 curve described the response of grazing
rate to food concentration, and the sigmoidal function described
the response of grazing rate to temperature.

G=(mxF)/(k+F)xa/(1+bT) (1)

where G is the grazing rate (flagellates rotifer ' min"); Fis the food
concentration (flagellates ml™'); 7' is temperature (°C); and m, k, a,
b, and ¢ are constants. The equation was fit to the data using the
Marquardt-Levenberg algorithm (SigmaPlot 5.0, SPSS Inc., IIL,
USA), which determines the coefficients of independent variables
that give the best fit between the equation and the data.
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SigmaPlot 5.0) was obtained with Eq. 1. The data and
the predictive response plane (Fig. 2) indicate that
grazing rate increased with increasing temperature and
food concentration; the fit has a rectangular-hyperbolic
response to food concentration, regardless of tempera-
ture, and a sigmoidal relationship with temperature,
regardless of food concentration (Fig. 2). That is, in-
teractions between the effect of food concentration and
temperature on grazing rate were negligible; results from
models that included such terms did not provide an
improved fit.

For any one temperature, between ~0 and 2x10° cells
ml™', grazing rates rapidly increased and then gradually
increased to a maximum of between 2 and 4x10° cells
ml . Similarly, as temperature increased from 5 to 25°C,
grazing rate gradually increased from near zero to the
maximum for that food concentration. Thus, a maxi-
mum grazing rate of ~30-40 cells rotifer ' min™' oc-
curred above 4x10° cells mlI' and 25°C (Figs. 1, 2).
Some scatter occurred around the best fit to the data,
and maximum grazing rates in some cases reached 50
cells rotifer ' min~' (Figs. 1, 2).

Equation 1 provided a significant relationship
(P<0.0001) with a reasonable predictive ability (ad-
justed R*=0.56). The formula, with fitted parameters, is
presented in Eq. 2:

G = (45 x F) /(159000 + F) x 0.94/(1 + 219000 x 7~*%)
(2)

where G is the grazing rate (flagellates rotifer ' min™'), F
is the food concentration (flagellates mlY), and T is
temperature (°C).

Results

There was no apparent difference in response obtained
from rotifers acclimated for 0.5 and 4 h (Figs. 1, 2). All
data, available on request from the corresponding au-
thor, are presented in Fig. 1 in temperature blocks
(ranging from 3°C to 6°C); these panels provide “‘slices”
of the entire data set presented in Fig. 2. Grazing rate
increased with temperature and food concentration
(Figs. 1, 2). Grazing rates were more variable in blocks
at lower temperatures (Fig. 1), although this partially
reflects the response to temperature within blocks (cf.
Fig. 2). Holling type 2 functional responses
[G=mx F/(k+F); see Eq. 1 above for symbols] were
fit to the data within blocks to illustrate trends. How-
ever, the variability of data within blocks and the lack of
data at some low temperatures (e.g. block 15-18°C) re-
sulted in some poor fits. Rather than treating the data in
discrete sections, all data were combined (Fig. 2).

A number of predictive equations that were modifi-
cations of Eq. 1 were fit to all the data (not shown); the
best fit, determined by assessing the error terms pre-
sented by the statistical analysis (standard error of esti-
mates, adjusted R?, analysis of variance at o=0.05;

Discussion

The main aim of this study was to establish a predictive
equation for the grazing response of Brachionus plicatilis
experiencing various temperatures and offered various
food concentrations of the flagellate Isochrysis galbana.
Our data indicate a sigmoidal response of grazing rates
to increasing temperature (Fig. 2); this agrees with pre-
vious work (Hirayama and Ogawa 1972). Raising tem-
perature may influence grazing rate by increasing the
rate of chemical reactions, such as enzyme kinetics, and
by reducing membrane and water viscosity, thus in-
creasing diffusion (Cossins and Bowler 1987). The
combination of these effects may increase prey encoun-
ter rate and digestion. Enzyme kinetics are expected to
change exponentially with temperature. However, at
high temperatures, rate processes typically cease to
increase, and at extremely high temperatures there is
inhibition, often attributed to enzyme denaturation
(Cossins and Bowler 1987). We did not observe a strong
inhibitory effect at temperatures as high as 40°C, but the
combination of an exponential increase and some
inhibition probably produced the sigmoidal response
observed in this study.
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Typically, physiologists and many ecologists antici-
pate that, over a given temperature range, rate processes
such as grazing rate will increase exponentially, follow-
ing a Qo relationship (Cossins and Bowler 1987).
Although we observed, and modelled, a sigmoidal
function, the initial portion of this function can be used
to approximate a Q; function. When the temperature-
related portion of Eq. 2 was used to estimate rates be-
tween 5 and 10°C, the Qg calculated from these values is
2.5. This value is close to a Qg of 2.8, considered to be
an average for zooplankton rate processes (P.J. Hansen
et al. 1997) and is well within the range of 2-3 considered
to be typical for many biological rates (Cossins and
Bowler 1987).

Assuming grazing rate is a reasonable proxy for
growth and that some inhibition occurs at high tem-
peratures, our data seem to support the recommenda-
tion of Dhert (1996) that optimal growth would occur
between 28 and 35°C. However, Hirayama and Kunsa-
no (1972), analysing a variety of growth, survivorship,
and fecundity parameters, indicated that 25°C is an
optimum temperature for growth of B. plicatilis cultures.
The grazing response becomes asymptotic near 20-25°C
(Fig. 2), indirectly supporting the recommendations of
Hirayama and Kunsano (1972). Thus, we support the
recommendation that ~25°C is a suitable temperature
for culturing B. plicatilis.

The data also indicate that the grazing rate for
B. plicatilis follows a Holling type 2 (rectangular-
hyperbolic; Spain 1982) response with increasing food
concentration (Figs. 1, 2); this is consistent with other
work for B. plicatilis (B. Hansen et al. 1997) and for
other species of Brachionus fed optimal-sized prey
(Rothhaupt 1990b). However, others suggest that Hol-
ling type 1 (rectilinear; Korstad et al. 1989) or Holling
type 3 (sigmoidal; Navarro 1999) responses better fit the
functional response for B. plicatilis. In practice, it is
difficult to distinguish differences between these re-
sponses, and for most aquaculture purposes and eco-
system modelling there is little need to do so;
nevertheless Rothhaupt (1990b) has approached this
problem, recognising that prey size may alter the shape
of the response. To test this hypothesis adequately would
require substantially more rate measurements at low
food concentrations than were collected in this study.

The point where grazing becomes asymptotic with
increasing food concentration (also called the incipient
limiting level, Rothhaupt 1990b) can, however, be of
considerable practical and theoretical interest, as above
this point an increase in prey does not raise ingestion
rate. Observations from four studies on B. plicatilis, fed
various prey species, indicated that grazing rate increases
with increasing food concentration until a plateau is
reached (Korstad et al. 1989; B. Hansen et al. 1997;
Navarro 1999; this study). Only one of these studies can
be directly compared to our work: for B. plicatilis
feeding on 1. galbana at 20-22°C, and a salinity of
22 ppt, Korstad et al. g1989) observed a maximum of
10-45 prey grazed min ! above ~4x10° prey ml™! (prey

number converted from carbon values, assuming 7 pg C
cell ! for I. galbana; Montagnes et al. 1994); this gener-
ally agrees with our data. We suggest that feeding
B. plicatilis >4x10° I. galbana ml™" will not improve its
grazing rate. The point below which ingestion decreases
with decreasing food concentration also indicates that
under most natural conditions, where small flagellates
occur at levels <10% prey ml ', rotifers are likely to be
food limited. Thus, natural rotifer populations may
typically be food limited, that is, controlled by bottom-
up factors, rather than by predation by upper trophic
levels.

Although our data appear to agree reasonably well
with those in the literature, there are caveats that re-
quire recognising. First, although generalities can be
made, our data should ideally only be applied to
grazing rates for B. plicatilis feeding on I. galbana.
Feeding rate can vary with food quality (Doohan 1973)
and cell type and size (Starkweather 1980; Rothhaupt
1990b; B. Hansen et al. 1997; Navarro 1999). Second,
although we acclimated the rotifers to experimental
conditions for 0.5 or 4 h, this would not be sufficient to
alter their physiology substantially. Several generations
would be required to acclimate fully the rotifer popu-
lation to each treatment combination; in practice this is
exceedingly difficult. Our data, thus, represent the
grazing rate of a population that has entered an envi-
ronment with a new temperature and food concentra-
tion for a relatively short period. Such conditions may
occur in practice, for example, in cultures due to peri-
odic transfers and rapid experimental temperature
shifts, and they may occasionally occur in nature, for
example, due to blooms of phytoplankton. However,
our data may not relate to long-term shifts. Now that
we have recognised, and successfully modelled, the ex-
tent of the short-term response, we plan, in future
studies, to examine long-term effects. Third, grazing on
prey by B. plicatilis is size dependent (B. Hansen et al.
1997), and the size of I. galbana changes with long-term
exposure to temperature (Montagnes and Franklin,
submitted). Thus, our findings are based on the feeding
of rotifers on food grown at a single temperature, and
altering the prey growth temperature could alter the
grazing rate. Finally, rotifer strains may respond dif-
ferently (Hoff and Snell 1987; Serra and Miracle 1987),
and some caution must be applied to extending our
results to all strains of B. plicatilis.

Application of the model to the growth and culture
of rotifers

Several factors are necessary for optimal growth of the
rotifers, for example, a good food supply, high temper-
atures, and good water quality (Pillay 1990; Dhert 1996).
Our data imply that grazing rate can be predicted for
any combination of temperature and food concentra-
tion. This could be useful to ensure that rotifers cultured
at a certain temperature are well fed.



Rotifers that are starved have a low nutritional
value (Dhert 1996), fish larvae do not grow well on
them (Pillay 1990), and rotifers invest limited food re-
sources into body growth rather than egg production
(Navarro 1999). Equation 2 could be used to calculate
how fast a known density of rotifers will deplete a
known food concentration at any given temperature, so
that rotifers are not starved. However, in cultures, it is
also important not to overfeed rotifers, as overfeeding
leads to food particles being ingested but not digested
(Doohan 1973; Galkovskaja 1987), potentially resulting
in poor water quality (Dhert 1996). Good water quality
is needed to reduce ciliate and bacterial contaminants
and to prevent rotifers from reproducing sexually
(Pillay 1990; Dhert 1996). Similarly, under natural
conditions, when there is a surplus of food, rotifers
may become “‘sloppy feeders”, providing dissolved and
particulate material that may fuel the microbial food
web (Azam et al. 1983). Thus, a predictive equation
that can estimate how fast a grazer is likely to deplete
its food will be important to ensure that rotifers are not
overfed and may be useful in determining the role of
rotifers as links or sinks of material in the transfer of
small phytoplankton up the food chain.

Equation 2 also indicates that grazing rates become
asymptotic above 25°C (Fig. 2). Therefore, we recom-
mend that researchers who grow rotifers avoid culturing
rotifers at temperatures much above 25°C, as this would
only increase heating costs without improving the
grazing rate. These conclusions support recommenda-
tions to culture rotifers at an optimum temperature for
reproduction of ~25°C (Hirayama and Kunsano 1972;
Lubzens 1987; Dhert 1996). Finally, we suggest that
grazing rate studies, using B. plicatilis, should be per-
formed at temperatures between 25°C and 30°C; this
provides two advantages: experiments will be rapid and
temperature fluctuations of a few degrees should not
bias the experiment, as grazing is relatively invariant in
this range.
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