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Abstract In thermally stratified lakes with a deep chlo-
rophyll maximum (DCM), Daphnia face a trade-off
between food availability and optimum development
temperatures. We hypothesize that Daphnia optimize
their fitness by allocating the time spent in the different
vertical habitats depending on the distribution of algal
resources and the temperature gradient. We used the
plankton towers (large indoor mesocosms) to study the
vertical distribution of a population of Daphnia hyalinax
galeata in three different temperature gradients with a
DCM. Additionally, we determined the fitness of Daphnia
in the epilimnion and hypolimnion by transferring water
from these layers into flow-through systems where we
raised Daphnia and assessed their juvenile growth rate as a
measure of fitness. The fitness distribution was correlated
with the vertical distribution. The vertical distribution
most likely reflected the proportions of time Daphnia
allocated to dwelling in the two vertical habitats.

Keywords Deep-water chlorophyll maximum - Habitat
choice - Migration - Time allocation - Vertical distribution

Introduction

In thermally stratified lakes, Daphnia experience a variety
of vertical gradients, e.g., gradients in abiotic factors like
temperature (Watanabe 1992; Haney 1993; Winder et al.
2003a), oxygen (Hanazato and Ooi 1992; Lass et al. 2000;
Winder et al. 2003a), and light (Watanabe 1992), including
UV-radiation (e.g. Leech and Williamson 2001; Rhode et
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al. 2001). Additionally, Daphnia are affected by biotic
gradients in predation risk (Gliwicz and Pijanowska 1988;
De Meester et al. 1995), competitors (Leibold 1991;
Winder et al. 2003b), and food. Food can vary in both
quantity (Gliwicz and Pijanowska 1988; Adrian and
Schipolowski 2003) and quality (Kasprzak et al. 2000;
Cole et al. 2002). In nature, all of these gradients act on
Daphnia jointly, which means that Daphnia have to
optimize their fitness under various trade-offs, for
example, trade-offs between light-dependent mortality
caused by UV-radiation or fish predation, and foraging.

During summer, lakes in temperate regions are
thermally stratified into a warm, mixed surface layer, the
epilimnion, and a cold, deep layer, the hypolimnion. These
two layers are separated by an intermediate layer, the
metalimnion. Although algal biomass is usually highest in
the epilimnion, many stratified lakes exhibit an algal
maximum in the deep strata (meta- or hypolimnion). Such
a vertical distribution of phytoplankton is called deep-
water chlorophyll maximum (DCM) (Fee 1976; William-
son et al. 1996; Padisak et al. 1997). In thermally stratified
lakes with a DCM (and without the interference of light-
dependent mortality), Daphnia are exposed to a trade-off
between food availability and temperature. In the epilim-
nion, the water temperature is high, which allows for fast
growth and egg development (Kerfoot 1985; Dawidowicz
and Loose 1992), but food is scarce, which reduces growth
and fecundity (Gliwicz 1990; Kilham et al. 1997). In
contrast, food is abundant in the hypolimnion, but the
water temperature is low.

In recent years, the vertical distribution of Daphnia in
lakes with a DCM has received increasing attention.
Several studies combined observations of the vertical
distributions of Daphnia populations in lakes containing a
DCM with bioassays on the food quality of the algae in the
different layers (Williamson et al. 1996; Cole et al. 2002;
Winder et al. 2003a). Williamson et al. (1996) and Winder
et al. (2003a) showed that reproductive and growth rates of
Daphnia were higher when they were raised with water
from the DCM than with water taken from the surface
layers. However, as they did not raise Daphnia at the same
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temperature as in the respective layer, they did not
empirically investigate the trade-off between food and
temperature as such. In contrast, Cole et al. (2002)
measured Daphnia growth and survival in water taken
from the surface and from the DCM at corresponding and
reciprocal temperatures, but as Daphnia growth was
higher in the epilimnion, the daphniids in this lake were
not exposed to a trade-off between food and temperature.
Lampert et al. (2003) performed a laboratory experiment
in large indoor mesocosms, the Plon plankton towers
(Lampert and Loose 1992), where they measured the
vertical distribution of Daphnia in a water column with a
DCM and different temperature gradients. They calculated
the fitness distribution of Daphnia in the different food
and temperature gradients by incorporating the empirical
food and temperature measurements into a physiological
model. They found a quite good agreement between the
vertical distribution and the modelled fitness distribution,
but the fitness estimates in the epilimnion were too high
compared to the proportion of Daphnia found in this layer.
The most likely reason for this discrepancy was that
Lampert et al. (2003) based their calculations of fitness on
food-particle concentrations in the plankton towers, and
did not take food quality into account. Consequently, they
overestimated the fitness in the epilimnion where food was
of poorer quality than in the hypolimnion.

In the present study, we also aimed to compare the
fitness and the vertical distribution of Daphnia in a
thermally stratified water column with a DCM, but in
contrast to Lampert et al. (2003), we measured the fitness
achieved by Daphnia directly in the different vertical
habitats. We raised them in a flow-through system in water
taken from the towers at the ambient temperature in each
vertical habitat. Thus, we assessed the joint influence of
temperature, food quantity and food quality on the fitness
distribution, which was only partially considered in the
model of Lampert et al. (2003). Simultaneously, we
monitored the vertical distribution of a Daphnia popula-
tion in the water column. The aim of the study was to
demonstrate the trade-oft between food and temperature
and to test the hypothesis that the vertical distribution of
Daphnia reflects the fitness distribution, i.e., that the
vertical distribution of the Daphnia population is corre-
lated with their fitness distribution.

Materials and methods
Organisms

The experiments were performed with the same single clone of
Daphnia hyalinaxgaleata used by Lampert et al. (2003). The green
alga Scenedesmus obliquus was used as unialgal food. Mass cultures
of D. hyalinaxgaleata and S. obliquus were established as in
Lampert et al. (2003). Inoculum populations of Daphnia were raised
in 100-1 containers and then transferred into the mesocosms. S.
obliqguus were kept in batch cultures of dilute (1:4) Z4 medium
(Zehnder and Gorham 1960). S. obliquus grown under these
conditions are known to provide good growth of Daphnia(Boersma
2000; Becker and Boersma 2003).

Plankton towers

The vertical distribution of Daphnia was monitored in large indoor
mesocosms, the plankton towers (Lampert and Loose 1992; Lampert
et al. 2003). We applied a design similar to Lampert et al. (2003).
The plankton towers were thermally stratified into three different
layers: the surface layer (0-2.5 m), hereafter called epilimnion, the
layer underneath (2.5-5 m), referred to as hypolimnion, and the
deepest layer (5-11 m). The temperature in the epilimnion was
always adjusted to 20°C, while the temperature in the hypolimnion
was adjusted to 10, 15, or 18°C, respectively. This resulted in three
different temperature gradients, which are named according to the
temperature difference between the epilimnion and the hypolimnion,
ie, 10, 5 and 2°C temperature gradient. After the temperature
stratification was established, the appropriate amount of algal
suspension was injected into the hypolimnion to reach a final
concentration of 0.5 mg C/l. The temperature in the deepest layer
was always adjusted to 8°C in order to avoid mixing of the algae
into the depth. The epilimnion and hypolimnion were sampled most
intensively, but food and Daphnia abundances were also checked in
the deepest layer in order to verify that the food concentration was
low and, at best, very few Daphnia individuals dwelled there. The
diel photoperiod was set to 12:12 h light and dark. In order to
determine the algal concentration in the hypolimnion, we sampled
hypolimnetic phytoplankton every morning (at 3, 3.5, 4, and 4.5 m
depth) and measured the particle volume of these samples in a cell
counter and analyzer system (CASY 1, model TCC, Schirfe System,
Reutlingen, Germany). By using a previously established calibration
curve between particle volume and carbon concentration of
Scenedesmus, we calculated the particulate carbon concentration
in the hypolimnion. In case the carbon concentration in the
hypolimnion was lower than 0.5 mg C/I, the missing amount of
Scenedesmus was injected through a hose with openings at 3 and
4 m depth. Algae in the hypolimnion were allowed to mix for 4 h.
Thereafter, phytoplankton was sampled in the entire water column at
12 different depths (0.1, 0.6, 1.2, 1.6, 2.1, 2.5, 3, 3.5, 4, 4.6, 5.5, and
6.5 m).

Zooplankton was sampled on the 1st, 2nd and 4th day of each
series. Every sampling day, zooplankton was sampled during
daytime and at night in 11 depths (0.1, 1.2, 1.6, 2.1, 2.5, 3, 3.5,
4,4.6,5.5, and 6.5 m) using glass traps and pumps that strained the
zooplankton from 50 I of water each (Lampert and Loose 1992). All
zooplankton samples were preserved with 4% sucrose formaline.
The samples were counted with the bench top version of an optical
plankton counter (OPC-1L, Focal Technologies, Dartmouth, Nova
Scotia, Canada) that counts and sizes particles in a light beam
(Kessler and Lampert 2003). Directly after the last sampling of one
series (i.e., after three sampling dates), the temperature in the
hypolimnion was altered to the temperature gradient of the next
series. In order to allow Daphnia to acclimate to the new
temperature conditions, no samples were taken for 2 days between
successive series. Each series, thus, consisted of three day and three
night profiles of zooplankton. The three profiles were combined and
considered one replicate. Although these replicates were in part
obtained with the same population of Daphnia, we considered them
to be independent as the daphniids experienced two complete light
cycles between the replicates, when they could redistribute.
Moreover, there was turnover within the population (growth and
mortality), i.e., not all the individuals were identical.

Six replicates each were obtained from the 2 and 10°C
temperature gradients while the 5°C gradient was repeated seven
times. Although the plankton towers cannot be kept sterile, S.
obliqguus was almost the only food source for Daphnia. However,
unintended “surface blooms” of algae other than S. obliquus
developed in some of these replicates (one in the 10°C, two in the
5°C and three in the 2°C temperature gradient), gradually increasing
the carbon concentration in the epilimnion. These replicates could
not be used for the analysis of the trade-off between temperature and
food. In three additional replicates, with 5°C temperature difference,
we deliberately created surface blooms by adding 0.5 mg C/1 S.
obliquus to the epilimnion. Hence, at the end we had 13 replicates
with a trade-off and 9 without.



Flow-through system

In parallel to the tower experiments, Daphnia were raised in flow-
through systems under food and temperature conditions identical to
the epilimnion and the hypolimnion in the plankton towers. Every
day, 3 h after the replenishment of the food concentration in the
plankton towers, 2.5 1 of water each were withdrawn from 0.5 and
1.5 m depth in the epilimnion and from 3 and 4 m depth in the
hypolimnion. The water from 0.5 and 1.5 m was pooled as was the
water from 3 and 4 m, strained through a 150-um gauze to eliminate
Daphnia, and then transferred into two reservoirs supplying two
separate parts of a flow-through system similar to Lampert et al.
(1988). Each reservoir supplied three 120-ml flow-through vessels
containing ten D. hyalinaxgaleata. The flow-through vessels were
kept in two water baths at the respective epilimnetic or the
hypolimnetic temperatures of the plankton towers. The flow rate per
vessel was adjusted to approximately 1.5 | day '. We determined the
epilimnetic and hypolimnetic juvenile growth rates (gj) of Daphnia
that are a good proxy for fitness (Lampert and Trubetskova 1996).
The juvenile growth rate was calculated as, gi=(In W,—In Wy)/(t,~t,),
where gj is the juvenile growth rate, W is the dry weight at the
beginning (0) and end (1) of the experiment, while #,—¢, is the
elapsed time between the beginning and the end of the experiment.
Synchronized offspring of the third and subsequent broods of
Daphnia were inserted into the flow-through system at the age of
2 days. To measure the initial dry weight, two or three times, ten
randomly selected juveniles were transferred into pre-weighed
aluminum containers, dried overnight at 60°C, cooled in an
desiccator and weighed on a Sartorius ultramicro balance (Sartorius,
Gottingen, Germany) to the nearest microgram. After 4 days, all
Daphnia from one flow-through vessel were pooled and their dry
mass was determined.

Statistical analysis

The statistical package NCSS 2001 (Statistical Solutions, Cork,
Ireland; Hintze 2001) was used for all statistical analyses. For all
vertical profiles, the proportions of the total Daphnia population
dwelling in the 11 different depths were calculated and subjected to
a principal component analysis (PCA), which was based on a
variance-covariance matrix (for details see Lampert et al. 2003).
PCA produces principal components (PC), which are linear
combinations of the original dependent variables, i.e., the percentage
of the population at the different depths. In order to establish linear
equations of the original dependent variables, each of these variables
is multiplied with a coefficient called factor loading. Sign and value
of each factor loading describe its relation to the PC, i.e., the
contrasts in abundance at different depths. The insertion of the
measured percentages into the linear equation of a PC yields so-
called factor scores. These factor scores of the PCA were subjected
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to a three-way ANOVA with the factors plankton tower (tower 1 and
tower 2), temperature gradient (2, 5, and 10°C), and sampling time
(day and night).

The juvenile growth rates were tested with one-way ANOVA,
with the factor being the different combinations of food and
temperature. A post-hoc comparison of the juvenile growth rates
was performed with Tukey’s honest significant differences (HSD)
test.

We tested the hypothesis that the habitat preference of Daphnia is
correlated with the relative fitness in the different vertical strata.
After calculating the total abundance of Daphnia in a tower by
integrating over depth, we determined the proportion of the total
population dwelling in the hypolimnion (below 2.5 m). These
proportions were compared to the relative fitness in the hypolimnion
as measured in the flow-through experiments. Relative hypolimnetic
fitness Pgjyy is defined as fitness obtained in the hypolimnion in
relation to the average fitness in the plankton towers, Pgjy=
(gjnx100)/[(gjetgiu)/2], where gjr and gjy are the juvenile growth
rates in epilimnion and hypolimnion, respectively.

In order to avoid the use of proportions in the statistical test, we
calculated a linear regression of the untransformed abundances of
Daphnia in the hypolimnion versus the total abundances in the
towers. We then analysed the residuals and tested for a significant
correlation of the residuals with the relative hypolimnetic fitness.
The null hypothesis was that the residuals were not correlated with
the relative fitness, i.e., the daphniids chose their habitat randomly.

Results
Distribution of algae

Measurement of the food distribution showed that a stable
hypolimnetic algal maximum was successfully established
in 13 replicates. Above the thermocline, the food concen-
tration was on average 0.1 mg C/I, while it ranged from
0.3 mg C/1 just below the thermocline to 0.5 and 0.6 mg C/
| in the other depths of the hypolimnion. Epilimnetic food
concentrations were variable in the additional nine
replicates lacking a trade-off. These replicates were not
included in the PCA, but in the general analysis of fitness
and distribution.

Fig. 1 Vertical distribution of 0 1 . 1 . ’ .
the total Daphnia population Day Night || Day Night Day Night
given as average proportions of 11 1 7
the population dwelling at the
respective depths (+SE) at day 2 1 . .
(unfilled bars) and night (filled —_ — — —— —_ ] e
bars) in the three different tem- £ 3 . .
perature gradients. The temper- £
ature in the epilimnion was S 4 ] ]
always 20°C. The temperature o
differences between epilimnion 5 4 | 1
and hypolimnion are given in
the panels. The dashed line 6
indicates the thermocline i 10 °C | 5°C ] 2°C
7 4= T 1 T T T T 1 T T T T t T T
50 25 25 50 50 25 25 50 50 25 25 50

Proportion + SE (%)
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Vertical distribution of Daphnia

The temperature in the hypolimnion influenced the vertical
distribution of the total Daphnia population (Fig. 1). The
proportion of the population dwelling in the hypolimnion
increased with an increasing temperature in this layer, i.e.,
with a decreasing temperature gradient between epilimni-
on and hypolimnion. Moreover, with a decreasing tem-
perature gradient, fewer daphniids accumulated near the
thermocline.

These observations are confirmed by the PCA. The
PCA resulted in three PC explaining 95% of the total
variation (Table 1). The first PC (58.3% of total variation)
contrasted the vertical distribution of Daphnia in the
epilimnion, especially at port 6 (2.5 m) directly at the
thermocline, with the distribution in the hypolimnion.
Thus, the first PC indicated the shift of the population
between these two layers. The second PC (25.4% of total
variation) contrasted port 7, which is just below the
thermocline, with all other depths, especially port 10,
indicating the shift of the Daphniapopulation within the
hypolimnion. The third PC (11.3% of total variation)
contrasted port 6 with all other depths, especially the upper
epilimnion and port 10 in the hypolimnion. Thus, the third
PC represents the shift of the total population at the
thermocline.

The ANOVA on the factor scores of the first PC showed
that both temperature in the hypolimnion and light (day vs
night) had a significant influence on the vertical distribu-
tion of Daphnia, but there was no significant effect of the
plankton tower (Table 2). No significant effect of tower,
temperature gradient or light was detected for the factor
scores of the second PC. As the second PC indicated the
shift of the population within the hypolimnion, it is not
very important within the scope of this study. The factor
scores of the third PC were significantly influenced by
light and the interaction of temperature gradient and light
(Table 2), but this PC only accounted for 11.3% of the
total variation.

Table 1 Factor loadings of the first three PC of the principal
components analysis. Major contrasts in bold. Additionally, the
variation explained by the respective PC is given

Port Depth (m) PC1 PC2 PC3

1 0.1 0.101 —0.105 —0.015
3 1.2 0.164 —0.203 —0.363
4 1.6 0.179 —0.230 —0.362
5 2.1 0.257 —0.194 —0.253
6 2.5 0.588 0.107 0.705
7 3.0 —0.101 0.849 —0.210
8 3.5 —0.261 0.148 0.021
9 4.0 —0.359 —0.062 0.190
10 4.6 —0.557 —0.314 0.308
12 5.5 —0.011 0.008 —0.010
14 6.5 —0.001 —0.004 —0.010
Variance (%) 583 25.4 11.3

Table 2 Results of three-way ANOVA on factor scores of the first
three PC. The factors tested were tower (left and right), temperature
gradient (2, 5, and 10°C difference between epilimnion and
hypolimnion), light (day and night) and the two-way interactions
between these factors

Factor df F p

PC 1

Tower 1, 14 0.01 0.920
Temperature 2,14 23.30 <0.001
Light 1, 14 15.64 0.001
TowerxTemperature 2,14 0.51 0.612
TowerxLight 1, 14 0.00 0.979
TemperaturexLight 2,14 0.51 0.613
PC2

Tower 1, 14 0.02 0.879
Temperature 2, 14 1.75 0.209
Light 1, 14 1.16 0.300
TowerxTemperature 2, 14 0.20 0.820
TowerxLight 1, 14 0.04 0.854
TemperaturexLight 2,14 0.03 0.972
PC3

Tower 1, 14 0.02 0.884
Temperature 2,14 0.72 0.502
Light 1, 14 7.10 0.019
TowerxTemperature 2, 14 0.40 0.679
TowerxLight 1, 14 0.67 0.427
TemperaturexLight 2,14 4.74 0.027
Fitness

The juvenile growth rate g; was significantly influenced by
the combination of temperature and food availability in the
different layers and temperature gradients (1-way
ANOVA,df=5, F=21.25, P<0.001, Fig. 2). The epilimnetic
gj was similar in all temperature gradients, while the
hypolimnetic g;j increased with temperature (Fig. 2). In the
10°C temperature gradient, g; was significantly lower in
the hypolimnion than in the epilimnion (Tukey’s HSD for
unequal sample sizes, P=0.004), but it was significantly
higher in the hypolimnion compared to the epilimnion in
the 5 and 2°C temperature gradients (Tukey’s HSD for
unequal sample sizes, P=0.010 and P<0.001, respec-
tively).

Distribution and fitness

As light had a significant effect on the vertical distribution
of Daphnia, we used only night profiles for the analysis of
the relationship between depth distribution and fitness.
The hypolimnetic (below 2.5 m) proportion of the
Daphnia population was positively related to the relative
fitness they could gain in the hypolimnion (Fig. 3),
regardless of the reason for the fitness differences
(temperature or food). To avoid running a test with
proportions, we based the statistical analysis on untrans-
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Fig. 2 Juvenile growth rates (gj) of Daphnia in epilimnetic water
(unfilled bars) at 20°C and in hypolimnetic water (filled bars) at 10,
15, and 18°C. Epilimnetic and hypolimnetic gjmeasured within the
same temperature gradient are plotted next to each other. Asterisks
indicate significant differences between gj in epilimnion and
hypolimnion within one temperature gradient (Tukey’s HSD post-
hoc test)

formed abundances. The relationship between the total
number of daphniids in the tower and the number dwelling
in the hypolimnion was highly significant. In order to
improve homoscedasticity, we excluded a single replicate
with an unusually high total abundance, but this did not
affect the parameters of the regression markedly. The
regression for the remaining 21 data points was 43;=0.825
Ar—6941 (df=20, r*=0.925, P<0.001), where Ay is the
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Fig. 3 Proportion of the total Daphnia population in the
hypolimnion measured in the towers, and the respective relative
fitness in the hypolimnion measured in the flow-through system.
Different symbols represent the temperature gradient in which the
data point was measured: circles represent a 2°C temperature
difference between epilimnion and hypolimnion, diamonds a 5°C
difference, and triangles a 10°C temperature difference. Filled
symbols represent replicates measured in a water column with a
deep-water algal maximum. Replicates with unintended algal
blooms in the epilimnion are depicted with unfilled symbols with
the shape of the corresponding temperature gradient. Unfilled
squares represent experiments at a 5°C temperature gradient with
addition of 0.5 mg C/1 Scenedesmus to the epilimnion
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abundance in the hypolimnion and At is the total
abundance.

We then plotted the residuals against the relative fitness
in the hypolimnion. The residuals (RES) were positively
correlated with the relative fitness (Pgip):

RES = 74 Pgu—7352 (df=20, r"=0.238, P=0.025).
Consequently, with increasing relative fitness in the
hypolimnion, the number of daphniids dwelling there
increases significantly more than the total population, i.e.,
the relationship depicted in Fig. 3 is significant.

Discussion

The results of this study support our hypothesis: In the
trade-off between low food availability and high temper-
ature on the one hand and high food availability and low
temperature on the other, the vertical distribution of
Daphnia is correlated with the fitness distribution. In
contrast to earlier studies, we were able to demonstrate this
with direct fitness measurements that confirmed the trade-
off between food and temperature. This trade-off was
reflected by the gj in the respective layers and in the
different temperature gradients. In the epilimnion, the g;
was low due to the low food concentration. As no S.
obliguuswas added to this layer, the epilimnetic food
consisted of detritus particles (Lampert et al. 2003) of low
food quality to Daphnia (Lampert 1987; Hessen et al.
2003), bacteria, and possibly small amounts of Scenedes-
mus transported across the thermocline by eddies and
migrating Daphnia. Thus, most likely the fitness in the
epilimnion was reduced by the low quantity and quality of
the food. This effect might have been intensified by the
higher temperature in the epilimnion which increases
respiration (Cole et al. 2002). However, the juvenile
growth rates were still positive, which means that, despite
the poor food conditions, growth of the daphniids dwelling
in the epilimnion was still possible.

In contrast, due to the daily addition of S. obliquus, the
food availability in the hypolimnion was much higher than
in the epilimnion. Not only was the quantity higher, the
fresh Scenedesmus also provided a high-quality food
(Lampert 1987). Nevertheless, g;j in the hypolimnion was
significantly reduced by the low temperatures. Reduced
growth of Daphnia at low temperatures has been reported
in many studies (Kerfoot 1985; Dawidowicz and Loose
1992; Loose and Dawidowicz 1994).

Despite the low temperatures, the hypolimnetic g; was
significantly higher than the epilimnetic g; in the two
shallow temperature gradients, which resulted in a deep-
water fitness maximum. In these temperature gradients,
the high food concentration more than compensated the
effects of the small temperature difference, although it was
not sufficient to compensate a 10°C difference. A deep-
water fitness maximum was found in several water
columns with a deep algal maximum, both in field studies
(Williamson et al. 1996; Winder et al. 2003a) and in
laboratory experiments (Lampert et al. 2003). When the
epilimnion contained more food, during surficial algal
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blooms, there was no trade-off and the fitness was always
highest in the epilimnion. However, the relative fitness
varied as the epilimnetic food concentration and quality
were not always the same. In these cases, most daphniids
avoided the cold hypolimnion, but they were still
distributed according to the relative fitness (cf. Fig. 3).
Avoidance of low hypolimnetic temperatures in water
bodies with a surface algal maximum and without fish
predation has also been observed in other studies (Calaban
and Makarewicz 1982; Haney 1993).

In general, the vertical distribution of Daphnia coin-
cided well with the fitness distribution, regardless of the
reasons for differences in fitness (temperature or food) in
the different layers. The good match between the
measured fitness distribution and the vertical distribution
of the Daphnia population is somewhat surprising as one
would expect all Daphnia, not only a proportion of the
population, to dwell in the layer providing the highest g;.
For example, if the fitness in the epilimnion is higher than
in the hypolimnion, Daphnia should all stay there,
regardless of the absolute difference in fitness. However,
this was not observed as, depending on the costs, part of
the Daphniapopulation was always found in the less
favourable layers.

The explanation for this discrepancy is probably that
Daphnia can find the optimum fitness in the vertical
gradient, but not the maximum fitness they potentially
could achieve. Even if they dwell in the optimum layer,
there may still be a better place to be. Thus, they may
leave the patch to search for a more profitable one, but the
time spent outside the optimum patch must depend on the
costs associated with the search. The lower the fitness gain
in a certain layer is, the higher are the costs for the overall
fitness, i.e., the lower is the tendency to stay there.
Consequently, the time allocated to search in a certain
habitat will depend on the local fitness gain, and the result
will be a correlation between the Daphnia distribution in
the gradient and the distribution of relative fitness.

Lampert et al. (2003) pointed out that such a distribu-
tion resembles an ideal free distribution with costs (Tyler
and Gilliam 1995). Besides the low temperatures, costs
may also be associated with the aggregation in a certain
layer as this will increase intra-specific competition. Our
fitness measurements do not take into account competition
effects as we used a fixed number of Daphnia per flow-
through vessel and excluded grazing losses. Hence, our
measurements may not mimic the conditions in the towers
perfectly. Most importantly, however, the explanation
requires a dynamic distribution of the daphniids, i.e., the
visible overall distribution of the population must be the
result of many different migration behaviours of the
individuals moving in the water column and spending
various amounts of time in different layers. Evidence for a
dynamic distribution in the towers was provided by
Lampert and Grey (2003) using '°N-enriched hypolim-
netic algae to show that all daphniids had been foraging in
the hypolimnion, regardless of the depths where they had
been sampled. More evidence comes from direct observa-
tions of the swimming behaviour of Daphnia in vertical

perspex tubes (K. Kessler, unpublished observation) and
other behavioural studies. For example, Daphnia can
quickly find food patches, even over long distances, in
laboratory experiments (Haney 1993; Plath 1998) and in
the field (Jensen et al. 2001), and they reduce their
swimming speed in patches with high food concentrations
(Cuddington and McCauley 1994; Larsson 1997).

There may also be a physiological advantage of
switching between layers. Daphnia may utilize the
available food more efficiently if they feed in the food-
rich hypolimnion and digest in the epilimnion where high
temperatures accelerate food assimilation (Lampert 1977).
Such a strategy would reduce the trade-off between food
and temperature and consequently increase the overall
fitness. This hypothesis predicts that daphniids should stay
close to the thermocline to avoid long swimming distances
for switching layers, in particular when the temperature
gradient is steep. In fact, we observed the aggregation of
Daphnia near the thermocline in the 10°C gradient
(Fig. 1), and the same was reported by Lampert et al.
(2003).

Individual migrations leading to a dynamic distribution
must be distinguished from a synchronized diel vertical
migration of a Daphnia population. Possible metabolic
gains are independent of light and they should conse-
quently not be synchronized within the population.
Therefore, diel vertical migration triggered by changes in
light intensity cannot be a strategy to optimize the fitness
gain in a trade-off between food and temperature.
Nevertheless, we observed slight but significant differ-
ences in the vertical distribution of the Daphnia popula-
tion between day and night, although not of the same order
as diel vertical migration induced by the presence of fish.
The slight upward shift at night is probably a consequence
of a genetically fixed residual response of large females to
light even in the absence of fish (Kessler and Lampert
2004). We excluded this effect when we analysed only the
night distributions. The advantage of our system is that the
presence of fish kairomones (indicating predation threat)
can be excluded, which is almost impossible in field
studies. Fish predation is a powerful selection factor,
forcing large daphniids into dark hypolimnetic refuges.
Although the presence of a DCM can compensate the
negative effect on the fitness of Daphnia caused by low
temperature during diel vertical migration, synchronized
migrations indicate that avoidance of light-related mortal-
ity (fish or UV-radiation) is an important factor. Hence, the
combined effects of temperature-food trade-off and mor-
tality avoidance cannot be separated in lakes with a DCM
(Williamson et al. 1996; Winder et al. 2003a).

The optimal habitat choice of Daphnia is the result of
many trade-offs. If the food is distributed in the epilim-
nion, the risk of light-dependent mortality must be
balanced during the day, which will result in diel vertical
migration. In the absence of light-dependent mortality, we
can expect a dynamic distribution correlated with the
vertical distribution of fitness. We have analysed the costs
of low temperatures, but further studies should include



gradients of other environmental factors, e.g. oxygen and
invertebrate predators.
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