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Abstract: We used Daphnia as a model to study the effect of predators on clonal and
taxon coexistence within the same habitat. Different Daphnia species and their hybrids
coexist in many lakes worldwide. We studied the potential influence of planktivorous
fish on the maintenance of these species assemblages using 20 Daphnia clones,
belonging to five hybrid and parental taxa of the Daphnia galeata-hyalina-cucullata
complex originating from the Plußsee (Northern Germany). With these clones, two
competition experiments were conducted in two large-scale indoor mesocosms, the
Plankton Towers in Plön, Germany. We varied the presence of fish and kairomones.
Using allozyme electrophoresis we observed Diel Vertical Migration (DVM) of individual clones. Without fish, two clones belonging to the largest taxa (D. galeata and D.
galeata × hyalina) became numerically dominant after three weeks. The mere presence
of fish kairomones led to a significant decrease in the niche overlap between the five
taxa. With fish present in the towers relative densities of smaller D. cucullata × galeata clones were highest. We observed that under different predation intensities different taxa showed the highest instantaneous rate of increase. Without fish and fish kairomones this rate was the highest for D. galeata, when fish kairomones were present D.
galeata × hyalina had the highest relative r. With increasing fish predation D. cucullata and D. cucullata × galeata had the highest relative r, respectively, showing that
changing predation pressure facilitates the co-occurrence of taxa in this species complex.
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1
Authors’ addresses: Eawag, Swiss Federal Institute of Aquatic Science and Technology, Postfach 611, 8600 Dübendorf, Switzerland.
2
Max-Planck-Institut für Limnologie, Postfach 165, 24302 Plön, Germany.
3
Alfred-Wegener-Institut für Polar- und Meeresforschung, Biologische Anstalt Helgoland, Postfach 180, 27483 Helgoland, Germany.
* Corresponding author; E-mail: spaak@eawag.ch

DOI: 10.1127/0003-9136/2006/0167-0055

0003-9136/06/0167-0055 $ 5.50

 2006 E. Schweizerbart’sche Verlagsbuchhandlung, D-70176 Stuttgart

56

Piet Spaak and Maarten Boersma

Introduction
The question why different species hybridize in nature and why these hybrids
persist in populations has been a long-standing topic among ecologists and
evolutionary biologists (e. g. Darwin 1859, Anderson 1953, Arnold 1997).
The biological species concept (Mayr 1942) and the phylogenetic species
concept (Cracraft 1989) denied the existence of hybrid forms, simply by defining a species as a group of organisms that interbreed. From this perspective,
hybridization was considered insignificant because individual species are reproductively isolated (Mayr 1963) or because new species cannot be polyphyletic in origin (Hennig 1966, Cracraft 1989). We, however, prefer the definition of hybridization from Arnold (1997) which does not depend on a specific species concept. It defines natural hybridization as the process in which
successful mating occurs in nature between individuals from two or more populations, which are distinguishable on the basis of one or more heritable characters.
Compared to other evolutionary processes such as natural selection and
drift, hybridization is a very fast process in which individuals with a completely new combination of genes are formed within one generation. The evolutionary significance of hybridization might be either in transferring genes
from one taxon to another through introgression (Anderson & Stebbins
1954, Lehman et al. 1991, Grant 1993), or as a first step in the formation of a
new species. In fact, many plant (e. g. Stace 1987, Whitham et al. 1991) and
animal (Bullini 1985, Seehausen 2004) species are known to have a hybrid
origin.
Although hybrids are widely distributed in nature, hybridization events
seem to be relatively rare. Two factors determine the incidence of hybrids between taxa, first, the frequency of their production, and secondly the ecological success (e. g. fitness) of the hybrids, once they are produced. The production of hybrids occurs in hybrid zones, regions where two species co-occur
and mate. Two groups of models address the maintenance of these zones. The
tensions zone models (Barton & Hewitt 1985), which are based on a lower
fitness of the hybrids compared to the parental forms, and the bounded hybrid
superiority models (Moore 1977, Moore & Koenig 1986), which are based
on a higher fitness of the hybrids in specific habitats. Although most hybrid
work is based on the tension zone principle (for review see Arnold 1997),
several recent studies have shown that in specific cases, hybrid taxa can be as
fit as their parental taxa (Scribner 1993, Bert & Arnold 1995, Spaak &
Hoekstra 1995, Grant & Grant 2002).
In aquatic habitats, especially lakes, the concept of hybrid zones is difficult
to apply, because the spatial separation between taxa is limited and in open
water no clear zones exist were fitness differences can be expressed. There-
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fore, in these habitats research has focused mainly on the comparison of different lakes and the co-occurrence of hybrids and parental species over a range
of lakes. Species of the waterflea Daphnia (Crustacea, Anomopoda) have been
studied extensively in this context (Schwenk & Spaak 1995). Within the D.
galeata complex (D. galeata Sars, D. cucullata Sars and D. hyalina Leydig),
hybrids are very common and are found in many European lakes. In these
lakes, they are often the dominant taxa and co-occur with one or both parental
species (for review see: Schwenk & Spaak 1997). Hybridization has also
been described for other genera of cladocerans, including Bosmina (Lieder
1987), Simocephalus (Hann & Hebert 1982), and Pleuroxus (Shan & Frey
1983). Most Daphnia species are cyclic parthenogens, and reproduce sexually
only when growing conditions deteriorate. Their sexual eggs are diapausing
stages, which mostly sink to the bottom of the lake, but a certain fraction
floats and can be transported by waterfowl (Crease et al. 1997) to other habitats. Although hybrids are able to reproduce sexually, and evidence for introgression exists (Spaak 1996, Schwenk & Spaak 1997) it is still unclear how
successful sexual offspring of these hybrids really are, especially since the parental taxa are still very distinct, and do not consist of a hybrid swarm with all
possibilities of intermediate phenotypes (Schwenk & Spaak 1997). The fact
that some Daphnia lineages of hybrid origin produce diapausing eggs only
parthenogenetically, although an indication of limited hybrid sexual success
(Weider et al. 1996), may in fact represent a first step in the speciation process. However, hybrid daphnids produce subitaneous eggs just as well as their
parental species, enabling them to establish high population densities within a
growing season (e. g. Spaak & Hoekstra 1997). Moreover, in many larger
and deeper lakes, a fraction of the hybrid population is also known to survive
the winter as parthenogenetic individuals (Weider & Stich 1992, Spaak
1996). The main explanation for the high abundance of Daphnia hybrids in
many lakes is, therefore, most likely not the frequent production of hybrids but
their competitive abilities. As a result of the blend of parental traits, hybrids
may possess a competitive advantage, in comparison with parental species,
under some environmental conditions (Boersma & Vijverberg 1994, Spaak
& Hoekstra 1995, 1997). One of the most important factors mediating coexistence of several Daphnia taxa is probably size selective predation by fish
(Spaak & Hoekstra 1995, 1997).
Ever since the development of the Size Efficiency Hypothesis (Brooks &
Dodson 1965), it has been generally accepted that larger planktonic species
are better competitors (Vanni 1986, Gliwicz & Lampert 1990), dominating
communities when vertebrate predators are absent. However, the larger species are more vulnerable to fish predation. Fish not only directly influence
Daphnia populations through predation, they also produce chemicals, kairomones, which induce changes in life-history traits, behaviour, and morphology

58

Piet Spaak and Maarten Boersma

of their prey in such a way that the predation risk decreases (e. g. Lass &
Spaak 2003). Hence, when exposed to these kairomones, larger taxa should
react more than smaller ones, as they face the highest risk from vertebrate
predators. Typical reactions include remaining smaller (Spaak et al. 2000, Pijanowska et al. 2006) or migrating into the deeper layers of a lake, where
predation risks are lower (De Meester et al. 1995, Vijverberg et al. 2006).
The implication of this is that the mere presence of fish influences different
taxa differently (see also Boersma et al. 1998), thus possibly changing the
competitive abilities of these prey taxa, and as such mediating coexistence of
different prey taxa.
In this study, we set out to test the hypothesis that the presence of predators
(i. e. by inducing anti-predator defences) can slow-down the process of competitive exclusion among parentals and hybrids, when compared to predatorfree conditions. This could be realized either by attenuating differences in
competitive ability among taxa or by decreasing niche overlap among taxa.
We focused on one system, Lake Plußsee in Northern Germany (Overbeck &
Chróst 1994), where three species of the D. galeata complex co-occur with
all three possible hybrids. The lake has a maximal depth of 29.2 m, which allows the daphnids to escape from fish predation during the day by Diel Vertical Migration (DVM, Stich & Lampert 1981). In the Plöner Plankton Towers (Lampert & Loose 1992), we mimicked the conditions of the lake,
changing food and predation levels only. In this system, we studied the composition of the Daphnia population consisting of 20 clones from five parental
and hybrid taxa. These clones had been previously investigated in life-history
experiments (Spaak et al. 2000), which demonstrated that there is a significant
positive correlation between size at maturity (SAM) and intrinsic rate of increase, r. Based on these data, we expect the larger taxa D. galeata and D. galeata × hyalina to have the highest r, and hence dominate the Daphnia population numerically under conditions without fish kairomones. The differences
with the other taxa are expected to become smaller when kairomones are
added to the water, because of different migration strategies and changes in
life histories. In the actual presence of planktivorous fish, larger taxa are expected to disappear completely because of size-selective predation. Verification of these expectations would confirm our hypothesis that fish enhance the
coexistence of hybrid and parental taxa.

Material and methods
Field site and sampling
The Plußsee is a small (14.3 ha) funnel-shaped forest lake (Overbeck & Chróst 1994)
in Northern Germany. It is stratified for a large part of the year with an anoxic zone
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that starts between 6 and 8 m depth. Mean depth of this eutrophic lake is 9.4 m, and the
maximum depth is 29.2 m. The fish fauna of the Plußsee consists of 13 species; roach
(Rutilus rutilus) and perch (Perca fluviatilis) comprise about 70 % of the standing stock
(Krambeck et al. 1994). The Daphnia community consists of D. galeata, D. cucullata,
D. hyalina, and the hybrids D. cucullata × galeata, D. cucullata × hyalina and D. galeata × hyalina (Wolf & Mort 1986, Spaak 1995).
From September 1995 until May 1996 and during 1997, we sampled the lake regularly to determine the taxon composition and the genetic diversity of Daphnia. On 30
May 1996 and 11 June 1996 around noon and midnight, we collected plankton at 1 m
depth intervals using a 23 L Schindler water sampler. If present, 60 adult individual
Daphnia from each sample were randomly selected. Body length, defined as the distance between the top of the eye and the base of the tailspine was measured, and individual daphnids were frozen at – 80 ˚C in microtiter plates for later electrophoretic
analysis. The rest of each sample was preserved in 4 % formaldehyde and counted later
to determine densities.
To collect our experimental animals, samples were taken by vertical hauls on 5 and
20 September 1995, and were transported to the laboratory. Adult females with parthenogenetic eggs were randomly selected from the lake sample and reared individually
in the laboratory. All animals were assayed at four allozyme loci. The enzymes and
their EC (Enzyme Commission) codes were: aldehyde oxidase (Ao, EC 1.2.3.1), aspartate aminotransferase (Aat, EC 2.6.1.1), phosphoglucomutase (Pgm, EC 5.4.2.2) and
phosphoglucose isomerase (Pgi, EC 5.3.1.9). All electrophoresis was carried out on Titan III cellulose acetate plates (Helena Scientific, Beaumont, TX, USA) using standard methods (Hebert & Beaton 1989). In this way, we obtained 170 isolates with
known genotypes. Aat was used to identify the taxa (Wolf & Mort 1986). For each
taxon, we chose, if possible, four multi-locus genotypes randomly from the list of genotypes, and from each of those genotypes we used one clone in our experiments. At the
time of sampling we found no D. hyalina and no variation in the hybrid D. cucullata ×
hyalina in Plußsee. For the hybrid D. galeata × hyalina very limited variation was
found, therefore three out of the four clones we used had the same multi-locus genotype (MLG). This resulted in a set of 20 clones, with 15 different multi-locus genotypes (Table 1 in Spaak et al. 2000).

Experimental set-up
Two large-scale competition experiments were conducted in the Plankton Towers
(Lampert & Loose 1992) using the 20 clones (4 clones of each taxon) from the Plußsee. The Plankton Towers are dual stainless steel containers of 11.5 m height and a diameter of 86 cm. The temperature can be adjusted on a 0.5 m scale. Sampling ports at
every 0.5 m enable precise sampling of the water column. In order to ensure replication, and hence the possibility for statistical analysis, both towers received the same
treatment and the effect of different treatments was tested sequentially. The towers
were filled with filtered (10 µm) water from nearby Lake Schöhsee. We changed food
levels during the first experiment from 0.8 mg C L –1 (high) to 0.3 mg C L –1 (low). After the first experiment the towers were emptied and cleaned before the second experi-
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ment started. Food levels during the second experiment were 0.8 mg C L –1. Food levels
were established once a day during the high food treatment and twice a day during the
low food treatment. Two algal species (Scenedesmus obliquus and Rhodomonas minuta) were used as food in a 9 : 1 mixture. Both towers had a thermocline (20 ˚C/8 ˚C)
at a depth of 8 meters. Below the thermocline, an anoxic zone was created to mimic
Plußsee conditions. Both experiments were carried out under long day light conditions
(16 h light, 8 h dark).
Each tower was stocked with 300 adult daphnids per clone in the first experiment
and 200 per clone in the second. The clones were grown in 12 L containers and acclimated to the experimental temperature, light and food conditions. Samples were
usually taken at night, but additional day samples were taken to examine DVM. Sampling was carried out at 10 depths (0.6, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 meters) in both
towers simultaneously using pumps and flow through traps (Lampert & Loose 1992).
In total, we took 27 night replicated profiles (15 in the first experiment, 12 in the second experiment) and an additional 12 (8 and 4, respectively) day replicated profiles.
From each sampling port, 60 randomly chosen adult individuals (if available) were
measured and individually frozen at – 80 ˚C in microtiter plates for later electrophoretic
analysis. We measured body length, and counted the number of eggs in the brood
pouch. The rest of each sample was preserved in 4 % formaldehyde and counted to determine total densities. When counting these samples, we distinguished between adults
and juveniles. Finally the taxon and clone distribution per sampling date and depth was
combined with the formalin counts to calculate the absolute densities for each taxon
and clone.
In the first experiment, a fish-factor treatment was established after 37 days in both
towers. A 60 L tank, containing 50 individuals of Leuciscus idus (mean length 6 cm),
was placed next to each tower. The fish were fed with frozen chironomid larvae. Water
was pumped from the towers at a depth of 6 m into the fish tanks, and then returned to
the towers. After 56 days, the first experiment was terminated. During the second experiment water from the fish tanks was added continuously as described above. On day
25 we introduced two fish into each tower, two more fish per tower were added on
each of days 32 and 36. The second experiment was terminated on day 50.

Data analysis
The number of individuals of a certain clone at a certain depth was calculated by adding the electrophoretically analysed animals to the formalin counts. These totals (juveniles and adults) were multiplied by the clonal fractions as determined with electrophoresis to calculate the number per litre per clone per depth. Mean night-time density
values for the whole tower (adults and juveniles) were used to calculate the instantaneous rate of increase r, using the formula for exponential growth:
r = [ln(N2) – ln(N1)]/(t2 – t1),
in which N1 and N2 are the numbers of individuals at sampling time t1 and t2. Nighttime densities were also used to calculate relative taxon and clonal abundances.
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As a quantitative determination of the overlap in depth distribution of the taxa in
the towers we calculated Schoener’s (1968) index
10

Dij = 1 – 0.5 Σ  Pjp – Pip 
p =1

in which Pip and Pjp are the proportions of taxon i and j, respectively, sampled in port
p. Dij varies between 0 and 1, where 1 is total overlap and 0 is total separation. For
each sampling time (in both experiments), we calculated D between all pairs of taxa,
and calculated the overall mean D value. Using one-way ANOVA we investigated if
treatment (Food-level – fish-factor combinations in experiment 1; the presence of fish
experiment 2) significantly affected D. For the calculation of D, both day and night
samples were used since the spatial distribution of clones might change due to DVM.
To calculate genetic diversity, Simpson’s index of concentration, (Simpson 1949)
λ = Σpi2, was used, where pi represents the frequency of the ith MLG in the sample.
Clonal diversity was calculated as D = – log λ, low values of D indicate that a single
clone is dominant, while high values indicate that many clones are abundant at approximately equal frequencies. D varies between 0 and 1.
The statistical significance of the introduction of fish on the relative frequencies of
the five taxa and the 15 clones was evaluated using Randomized Intervention Analysis
(RIA) (Stewart-Oaten et al. 1986, Carpenter et al. 1989). In RIA, the absolute
value of the average difference (D) between two data series before the fish introduction minus the average difference between the time series after the fish introduction
–
–
(|Dpre – Dpost |) is an indication of the strength of an experimental effect (observed). We
used RIA to compare the first experiment (no fish) with the second where after 25 days
fish was introduced. By randomizing the data within both experimental time series and
–
–
repeatedly re-calculating the absolute value of |Dpre – Dpost |, we created a frequency
–
distribution of expected values (Dpredicted). The percent area of this curve that falls
–
above Dobserved is used as a P-value to test the null hypothesis of no difference between
the first experiment without fish introduction and the second with fish. RIA does not
detect absolute changes, only relative changes (divergence or convergence) in the ex–
perimental time series. We re-calculated Dpredicted 10,000 times (using Visual Basic
macros in Microsoft Excel version 7.0), and used an α-value of 0.05 for statistical
tests.
The mean size at maturity of the different clones was calculated for both foodlevel and fish-factor treatments (combining data of experiment one and two). Using
three-way ANOVAs we tested for significant main effects and interactions. Since D.
cucullata × hyalina clones could not be distinguished we could not test for clone effect
in this taxon.

Results
Plußsee

During our study period, we found large variation in the taxon composition in
the Plußsee (Fig. 1). During the last months of 1995, all taxa, except for D.
hyalina, appeared in roughly equal quantities in the Plußsee. In spring 1996,
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Fig. 1. Relative abundances of the six Daphnia taxa from the D. galeata species complex based on AAT (aspartate aminotransferase) genotypes during the periods Sept.
1995 – May 1996 and March 1997– Feb. 1998 in the Plußsee. The latter data are taken
from Spaak et al. (2004). The arrow marks the collection date of the experimental clones.

this pattern was different. D. galeata was the dominant species, representing a
maximum of 87 % of the daphnid assemblage in May. Densities of D. cucullata increased during the spring of 1996 and accounted for a maximum of
35 % of the total assemblage at the end of this sampling period on 11 June
1996. D. cucullata × galeata and D. galeata × hyalina appeared only at low
densities. D. hyalina and D. cucullata × hyalina were absent in spring 1996.
The pattern was completely different in 1997. Before the clear water phase in
August, with almost no Daphnia in the lake, D. galeata × hyalina was the
dominant taxon constituting 66 – 91 % of the total daphnid assemblage. D. galeata and D. cucullata × galeata occurred at frequencies of ~ 10 %. However
after the midsummer decline, relative densities of D. hyalina increased up to
79 %, the other common taxon was D. galeata × hyalina. This latter taxon
constituted nearly 100 % of the assemblage on 16 February 1998 (Fig. 1).
Tower experiments

Temporal changes in the relative frequencies of the five Daphnia taxa were
similar in both towers. During the first experiment, both towers were dominated by the two largest taxa, D. galeata × hyalina and D. galeata. At the end
of experiment one, D. galeata made up 72 % of the population in tower 1 and
40 % in tower 2. The proportions of D. galeata × hyalina were 20 % and 40 %,
respectively (Fig. 2). From the other taxa, only D. cucullata × galeata could
maintain a population, which in tower 1 became constantly smaller. In tower
2, also some D. cucullata × hyalina could survive until the end of the first experiment. No effect was observed from the changes in treatments (lower food
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Fig. 2. A. Clonal diversity D, plotted per sampling date for both experiments, calculated as the negative logarithm of Simpson’s index of concentration (see text) Mean
values of both towers are plotted with standard errors. B. The relative density of the 15
Daphnia clones during the first and second (C) tower experiment (mean of both
towers). Because of low amounts of genetic variation in the lake, the D. galeata × hyalina clone 1 (GxH_1), actually consist of three clones, D. cucullata × hyalina clone 1
(CxH_1) is a combination of four clones (see text). The panels above graph B and C
indicate the experimental setup.

level and addition of fish water). The relative densities of the Daphnia taxa
during the first half of the second experiment were very similar to the first experiment for both towers. During the second experiment, D. cucullata became
extinct in both towers after 23 days. P-values from RIA, comparing the first
and second experiment showed a significant effect of the addition of fish for
D. galeata and D. cucullata and a marginally significant value for D. cucullata
× galeata (Table 1). When fish were added to the towers, D. galeata densities
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Table 1. Design of RIA analysis: first part control, in the second part of the experiment
the effect of fish is tested on the relative distribution of the Daphnia taxa and clones in
the experiment. Bold indicates P values below. Italic P values remain significant after
sequential Bonferroni correction.

Taxon
D. gal
D. cuc. × gal.
D. cuc.
D. cuc. × hyl.
D. gal. × hyl.
Clone
GaL_1
GaL_2
GaL_3
GaL_4
CxG_1
CxG_2
CxG_3
CxG_4
Cuc_1
Cuc_2
Cuc_3
Cuc_4
CxH_1
GxH_1
GxH_2

2nd exp.
No fish
n
Avg. D

2nd exp. fish
n
Avg. D

first exp.
n
Avg. D

8
8
8
8
8

– 0.03
0.01
0.10
– 0.07
0.00

14
14
14
14
14

0.26
– 0.17
0.03
– 0.05
– 0.06

22
22
22
22
22

0.15
– 0.11
0.05
– 0.06
– 0.04

< 0.001
0.085
0.010
0.609
0.570

8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

0.00
– 0.02
0.02
– 0.04
– 0.01
– 0.01
0.01
0.00
0.05
0.01
0.03
0.01
– 0.07
0.00
0.00

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

0.01
0.26
0.00
0.00
0.00
– 0.02
– 0.06
– 0.08
0.01
0.01
0.01
0.00
– 0.05
– 0.07
0.00

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

0.00
0.16
0.00
– 0.01
– 0.01
– 0.02
– 0.04
– 0.05
0.02
0.01
0.01
0.01
– 0.06
– 0.04
0.00

0.540
< 0.001
0.407
0.032
0.153
0.905
0.194
0.048
0.003
0.429
0.018
0.144
0.714
0.525
0.868

P
Significance

were reduced first, but after day 36 also the relative density of D. galeata ×
hyalina was reduced in favour of D. cucullata × galeata. Finally, only D. cucullata × galeata (70 %) and D. galeata (25 %) were left in both towers
(Fig. 2).
At the end of the first experiment, two genotypes dominated both towers,
GxH_1 (a combination of three clones) with densities of 22 % and 40 % in tower 1 and 2, respectively, and Gal_2 with relative densities of 54 % and 30 %.
Three other clones had densities greater than 4 % in both towers (Gal_3,
Gal_4, and CxG_2), in tower 1 also clone CxG_3 and genotype CxH_1
had final densities above 4 % (Fig. 2). During the second experiment we observed not only a shift in taxa after the introduction of fish, but also a change
in clonal composition within taxa. Since only D. galeata and D. cucullata ×
galeata remained in both towers, we analyzed the clonal composition during
the fish period for these two taxa only. Clone Gal_2, which had been very
dominant during the first experiment (Fig. 2) disappeared almost completely
when fish were added to the towers. Clone Gal_3 however, with initial densi-

A

F

df

0.129 73.437**
1
0.001 0.156
1
0.048 7.466***
3
0.002 0.492
1
0.002 0.273
3
0.008 1.215
3
0.004 0.679
3
0.006
231

MS

F

df

0.300 106.021*** 1
0.003
0.918
1
0.021
3.246*
1
0.006
6.072
1
0.003
0.438
1
0.003
0.517
1
0.001
0.148
1
0.006
41

MS

D. cuc. × gal.A
N = 208
F

df

MS

F

D. cuc. × hyl.C
N = 37
df

0.053 16.229 1 0.357 30.805*** 1
0.004 0.505 1 0.043 3.710
1
0.002 0.347 –
1
0.004 1.590 1 0.005 0.457
1
0.003 0.564 –
1
0.008 1.357 –
1
0.003 0.436 –
1
0.006
47 0.002
66

MS

D. cucullataB
N = 49

4 clones in analysis; B 2 clones in analysis; C 1 clone; * P < 0.05; ** P < 0.01; *** P < 0.001.

Food
1
Fish-Factor
1
Clone
3
Food × FF
1
Food × Clone
3
FF × Clone
3
Food × FF × Clone
3
Error
157

df

D. galeataA
N = 176

F
0.020 1.722
0.000 0.158
0.087 9.297**
0.026 20.138
0.012 1.253
0.002 0.195
0.001 0.138
0.009

MS

D. gal. × hyl.B
N = 74

Table 2. Results of three-way ANOVA of size at maturity (log transformed) with food-level (Food) and the presence of fish-factor (FF) as
fixed factors, and clone as random factor. For D. cuc. × hyl. no clones could be distinguished (see text). Size at maturity was defined as the
smallest female with eggs in a sample. For this analysis night-time samples were used. Bold values: significant after sequential Bonferroni
correction (N = 7 simulataneous tests).

Fish influence on Daphnia hybridization

65

66

Piet Spaak and Maarten Boersma
D. galeata
1

2.2

2

D. cucullata
3

1

4

2

3

2.0
life history
high
low

length (mm)

1.8
1.6
1.4
1.2
1.0
0.8
0.6
no

yes

no

yes

no

yes

no

yes

D. cuc. x gal.
3

2

1

2.2

no

yes

no

D. cuc. x hyl.
1

4

yes

no

yes

D. gal. x hyl.
1

2

2.0

length (mm)

1.8
1.6
1.4
1.2
1.0
0.8
0.6
no

yes

no

yes

no

yes

no

yes

no

yes

no

yes

no

yes

fish factor

Fig. 3. Interaction plots of mean lengths at maturity (with standard errors) against the
presence of fish factor for two food levels in the towers. For each Daphnia taxon the
reaction of the clones that could be identified are plotted. Because of low densities no
data were available for D. cucullata clone 4 (Cuc_4). The grey triangles represent the
same clones cultured individually under standard conditions (data from Spaak et al.
2000). For D. cucullata × hyalina and three clones of D. galeata × hyalina, mean values of the electrophoretically identical clones were calculated. Horizontal lines indicate mean taxon length in the Plußsee on 30 May and 11 June 1996. 95 % confidence
limits are within the thickness of the line, except for D. cucullata × hyalina where they
are indicated with dotted lines.

ties around 5–10 % in both towers during both experiments took over the D.
galeata population almost completely (Fig. 2). Within the D. cucullata × galeata population, the changes were smaller, but clone CxG_4 doubled its relative density within this taxon. The effect of fish predation on the proportion of
Gal_2 and CxG_4 was significant using RIA (Table 1).
Size at maturity, defined as the smallest egg-bearing female present, differed significantly between the taxa (Fig. 3; F1,434 = 4.56; P = 0.033) and
within D. galeata, D. galeata × hyalina and D. cucullata × galeata between
clones (Table 2). The size of the taxa as determined in the Plußsee was in the
same range as in the towers, except for D. galeata, which were larger in the
towers. When all data were analyzed in a four-way ANOVA with taxon as one
of the factors, highly significant food-level and fish-factor effects were found,
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Fig. 4. Length frequency distributions of 9 clones in the towers during the period that
fish were present in the towers. Clones were identified using their electrophoretic
genotype.

with higher food levels resulting in smaller animals, while the fish-factor resulted in larger animals (data not shown). In addition, a significant tower effect was found; the animals in tower 1 were always a little larger. There were,
however, no significant interactions of other factors with the tower factor,
meaning that the animals reacted similarly to the experimental conditions in
both towers. We also analyzed the size at maturity of several taxa with threeway ANOVAs with clone as factor. For D. galeata and D. cucullata × galeata
significant clonal effects were found (Table 2), but these separate ANOVAs
did not show a significant fish factor effect.
Size at maturity in individual cultures under standardized conditions, as described by Spaak et al. (2000), were in the same range as the ones found in
the tower for all taxa, except for D. cucullata × galeata, which exhibited lower
values (Fig. 3). However, the same clones (of the three largest taxa) were significantly smaller under fish kairome conditions (Fig. 3). The mean size of all
Daphnia clones in the towers decreased quickly when fish were introduced.
Fish preferentially fed upon the larger animals from all clones (Fig. 4). After
seven days the size distributions had all shifted towards the left, but larger animals of some clones (e. g. Gal_3, GxH_1) survived the fish predation longer
(Fig. 4).
Based on the proportion of the population of a certain taxon at several
depths, we calculated Schoener’s index Dip and tested in a one way ANOVA
(one per experiment) the effect the different treatments (food-level and fish-
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Experiment 1

Experiment 2

0.65

Schoeners index D ij

0.60

0.55

0.50

0.45

F2,30 = 6.51
P < 0.02

F2,45 = 1.06; P = 0.35

HNN

LNN

LYN
HYN
Treatment:

HYY

Food: High-Low; Fishfactor: No-Yes; Fish: No-Yes

Fig. 5. Schoener’s index Dip, calculated as the mean of all possible taxon combinations, based on overlap in depth distributions of the taxa. The treatments during experiment 1 were: High food – No fishfactor – No fish (HNN), Low food and finally fish
factor. During the second experiment there was always high food and fish factor but
the presence of fish changed.

0.3

0.2

rtaxon - mean r

CxG
0.1

Cuc

Gal

0.0

-0.1

D. galeata
D. cuc. x gal.
D. cucullata
D. cuc. x hyl.
D. gal. x hyl.

CxH
GxH

-0.2

-0.3
no fish fish factor

2 fish

4 fish

6 fish

fish predation pressure

Fig. 6. Deviations relative to the mean of the instantaneous rate of increase r, smoothed
by a three-point running mean, plotted against the fish predation pressure in the
towers. Only high food conditions were used. We used the following predation pressure values to fit exponential curves through these data: no fish = –1, fish factor = 0,
two fish = 2, four fish = 4, and 6 fish = 6. (Gal r2 = 0.34; CxG r2 = 0.42; Cuc r2 = 0.10;
CxH r2 = 0.08; GxH r2 = 0.40).
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factor in the first experiment; presence of fish in the second). Only the presence of fish in the second experiment showed a significant effect (F2,30 = 6.51,
P < 0.02), with higher Dip values under fish conditions (Fig. 5), indicating that
in the presence of fish the niche overlap is lower compared to the situation
with only fish kairomones in the towers.
As a measure of the success of a given taxon in the towers under different
conditions, we used rr (Spaak & Hoekstra 1997), the deviation of the instantaneous rate of increase of one taxon relative to the grand mean of all taxa.
(rr = r – –r, –r = average r for the five taxa on a sampling date), calculated for
both towers for the high food period only, since we wanted to concentrate on
the direct predation effect. These values were plotted against a measure for
fish predation (Fig. 6). When fish were present in the tower, the number of fish
was used on the x-axis (2, 4, and 6, respectively). No fish in the towers was assigned the value –1, only fish smell was assigned the value 0. Through these
values exponential curves were fitted giving a relationship between fish predation and the relative success of the Daphnia taxa in the towers. In the beginning (under no fish and fish smell conditions) rr of D. galeata was the highest,
then D. galeata × hyalina had the highest rr. With a predation pressure of “4”
the fitted curve for D. cucullata was the highest, whereas for the highest predation density, the rr of D. cucullata × galeata was the highest. The fitted
curve for D. cucullata × hyalina was always below zero, meaning that this
taxon was always doing worse than the mean of the others.

Discussion
Our study is among the first that investigated experimentally the fitness of individual Daphnia clones under semi-natural conditions (but see De Meester
et al. 1995). Daphnia has become an important model organism for the study
of differences in life-history strategies between taxa and clones within taxa.
Furthermore, numerous studies have investigated the role of predator-induced
defences in Daphnia, mostly by cultivating individual animals in small containers in media with predator exudates. Although most of these reactions are
expected to be adaptive, only predation experiments with Daphnia and the
phantom midge larvae Chaoborus have been carried out, showing that Chaoborus induced defences increased the survival rate of Daphnia (Lüning 1995,
Repka et al. 1995, Tollrian 1995). In the present study we used clones from
which the life-history reactions to fish kairomones are known (Spaak et al.
2000). Since most of the clones had a unique multi-locus (Aat-Pgi-Pgm) genotype, we could compare these life-history results with a clone’s migration patterns, body size, and reproductive success, in situations where they had to
compete for resources and where they were finally exposed to predation by
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planktivorous fish. Based on the size differences and differences in r between
the clones used in our study (Spaak et al. 2000), we expected that D. galeata
and D. galeata × hyalina would be the best competitors in the absence of fish.
This was what we found; in both experiments and in both towers, these two
taxa dominated (Fig. 2). In the first experiment, D. galeata (the largest taxon)
was most abundant, in the second part under high food and fish factor conditions; D. galeata × hyalina did better.
The present study showed that, under different predation levels, different
taxa showed the highest relative rate of population increase rr (Fig. 6), indicating that coexistence of these taxa is possible in an environment with changing
predation pressure like in Plußsee, the lake from which our clones originated.
All parental and hybrid taxa co-occur in this lake, however not permanently
but in a dynamical way (Fig. 1). Positive and negative size selective predators
(fish, Chaoborus flavicans) present in this lake (Mumm et al. 2000) could be
an explanation for this dynamic co-occurrence pattern. Further it is remarkable
that the clonal diversity, after an initial reduction, increases during the period
of fish predation (Fig. 2 A). Although the number of clones that remain during
predation tend to be lower, they were more equally distributed leading to a relatively high clonal diversity. The main question that needs to be answered is:
which traits played the dominant role in the determination of taxon success?
The study of Spaak et al. (2000) suggested that changes in life-history traits
under conditions with kairomones alone were enough to explain shifts in dominance of different taxa. They showed that, especially the larger taxa (D. galeata, D. galeata × hyalina, and D. cucullata × galeata) reduced their size at
maturity under the influence of fish kairomones, whereas the smaller taxa (D.
cucullata and D. cucullata × hyalina) did not show a significant reaction.
Based on these data, Spaak et al. (2000) modelled the influence of size-selective predation on the intrinsic rate of increase of the different taxa. They
showed that with changing predation regimes, the five taxa might co-occur.
We hypothesized that the reduction in size at maturity (SAM) in the presence of fish factor, as found under laboratory conditions (Spaak et al. 2000),
would also occur in the towers. In our study we could determine size at maturity of individual clones under different conditions. We defined size at maturity as the smallest animal of a given clone that was observed with eggs. This
method is of course less accurate compared to life-history experiments where
individual animals can be followed. Our method is considered to be an underestimation (Stibor & Lampert 1993). When the tower observations are compared with the individual life-history data (Fig. 3), one can see that size at maturity in the towers was similar to those determined in the life-history experiment. Only the D. cucullata × galeata clones tended to reproduce at a smaller
size than in the life-history experiment. However, in the towers, no decrease in
size at maturity could be observed under fish factor conditions (Fig. 3, Table
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2). A possible explanation for this discrepancy could be the variable food conditions in the towers. Although we established the food conditions every day
(or twice a day during the low food treatment), Daphnia densities were so
high that the food was consumed very rapidly, after which food was limiting
again. Therefore, our initial plan to investigate how food condition influences
the ability of the different taxa to react to fish could not be realized. The mean
size of the daphnids in the towers decreased during the period of fish predation
(data not shown), which demonstrates that the fish ate the larger daphnids first
(Fig. 4). It is interesting, however, that some taxa became relatively smaller
than others. D. galeata, for example, was no longer larger than D. galeata ×
hyalina at the end of the experiment, and D. cucullata × galeata became smaller than D. cucullata × hyalina. This stronger reduction in size might provide
an additional explanation as to why these two taxa became the most abundant
by the end of the experiment.
In the present study, D. cucullata × galeata became the dominant taxon in
both towers after 20 days of fish predation (Fig. 2). Specifically CxG_03 and
CxG_04 were doing well. In addition, one D. galeata clone was present at a
relatively high density at the end of the experiment (Fig. 2). Of interest is,
whether the individual life history characters of these clones could predict
their success. Gal_03 was the smallest D. galeata clone in the experiment,
but still larger than all D. galeata × hyalina clones, it also showed no significant reduction of SAM under fish factor conditions. CxG_03 and CxG_04
were not smaller then the other D. cucullata × galeata clones in this experiment and did not show a stronger reaction to fish factor in other life-history
traits (Spaak et al. 2000). Therefore, behavioural characters of these clones
might explain their competitive success. In fact, Gal_03 was the only D. galeata clone that migrated in the presence of fish, thus explaining its success
(data not shown). These results confirm the findings of De Meester et al.
(1995) who, in a competition experiment with three D. galeata × hyalina clones in the plankton towers, found that the clones from which the larger individuals migrated to larger depths during the night were the best competitors.
The success of the D. cucullata × galeata clones can be explained by their relative small size compared to the other taxa in combination with high growth
rates. The other larger clones were consumed first by the positive-size-selective fish predators; this resulted in an increase in the relative abundance of the
D. cucullata × galeata hybrids (Figs 2, 4).
Several studies have shown that predation is a major factor determining the
outcome of competition between different Daphnia species (Cooper & Smith
1982, Bengtsson 1986, Milbrink & Bengtsson 1991). As was shown before, predation by positively size selective fish seems also an important factor
for creating a variable environment where Daphnia hybrids can co-exist with
their parental species (Spaak & Hoekstra 1995, 1997). However, prior to this
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present study, little was known about how predator-induced life-history and
behavioural changes influence the competitive relationships between Daphnia
hybrids and their parental species, although De Meester et al. (1995) showed
that coexistence of hybrid clones of D. galeata × hyalina could be maintained
by alternative anti-predator mechanisms (i. e. vertical migration, shifts in lifehistories). The present study is one of the first to show experimentally that the
presence of a predator increases the possibilities for co-occurrence of taxa and
clones in a Daphnia hybrid species complex. The presence of fish smell significantly decreased Schoener’s index D, a measure of spatial niche overlap of
the different taxa (Fig. 5). This reduction was however only observed in the
second experiment. There can be several reasons for this reduction in niche
overlap. Most likely, the increased DVM behaviour of certain taxa can lead to
differential distributions of the animals throughout the water column. Because
of this increased spatial separation, the taxa should have a lower frequency of
interactions, and compete less for the resources available at the different
depths. The larger taxa showed an increase in vertical migration, with fish kairomones present. Normally, feeding conditions are worse deeper in the lake,
which implies that the relative fitness of the larger taxa will decline because of
the migration. Hence, the competitive exclusion process will be slower. The
fact that D increased again when fish was present seems not logic. It might
however be an artefact of the experimental conditions. The fish ate away several taxa completely and reduced densities dramatically in the towers. This
might have led to higher D values as theoretically expected.
Our data also show that body size was a very important trait for Daphnia
determining their survival rate in the presence of fish. The reduction in body
size, as observed in the study by Spaak et al. (2000), was not observed in the
current experiment in the towers (see also von Elert & Stibor 2006). In the
towers, the behavioural reaction to fish kairomones seemed to be more important than life-history changes. Does this mean that life-history reactions to fish
kairomones have no effect in the field? The predation pressure in our experiments was artificially high, probably ~ 8 to ~ 24 times higher than in the Plußsee, where typical fish densities are around 0.5 fish m – 2 (Kremser 1995).
These high predation pressures enabled us to demonstrate the advantage of
smaller taxa compared to larger taxa and the advantage of migration behaviour. Obviously, lower predation levels are needed to be able to assess the advantage of predator-induced changes in life-histories.
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