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ABSTRACT
The response of Daphnia populations to invertebrate predators involves morphological changes and  can lead to a trade-off be-

tween growth- and reproduction-related traits. The effects of Chaoborus flavicans larvae on the Daphnia hyalina population in Lake
Candia were investigated by comparing the morphometric characteristics and life history traits of the preys during one year with low
predator density and one year with a ten fold higher predator density. The increase in Chaoborus density seems to have induced
morphological changes in Daphnia hyalina which enabled the modified morph to coexist with the predator. The predator impact did
not result in any apparent shift in body size pattern of the prey population, while an increase in average clutch size and a tendency
towards a decrease in size at first reproduction suggests the possibility of a predator-mediated shift in life history traits.
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1. INTRODUCTION

Invertebrate predators, such as Chaoborus larvae,
play a major role in structuring zooplankton communi-
ties in lakes both in directly limiting prey populations
(e.g. Dodson 1972; Fedorenko 1975; Neill 1984;
Hanazato 1990) and in altering, through size selective
removal of individuals, the size and age structure as
well as the dynamics of prey populations (e.g. Neill
1981; Mumm 1997). Prey populations can react to
predator pressure by developing morphological or be-
havioural defenses, as well as by adjusting their life-
history strategies to become less susceptible to the
predator. Morphological responses of some Daphnia
species to Chaoborus chemical cues include the produc-
tion of neck spines, enlarged helmet crests or elongated
tail spines (e.g. Krueger & Dodson 1981; Havel 1987;
Repka et al. 1995), which seem to reduce prey vulner-
ability by lowering predator’s perception and strike effi-
ciency and/or by increasing prey's escape ability (e.g.
Mort 1986; Swift 1992). Variations in life-history
strategies to maximise fitness in the presence of preda-
tors can result from a change in energy allocation pat-
terns for growth and reproduction to compensate the
cost for producing morphological defenses. A reduction
of fecundity, mainly due to delayed juvenile develop-
ment and thus a later age at maturity, is frequently ob-
served in Daphnia exposed to Chaoborus predation
(e.g. Black & Dodson 1990; Riessen & Sprules 1990;
Stibor & Lüning 1994).

During the last fifteen years the zooplankton of Lake
Candia experienced several environmental changes re-
sulting from biomanipulation and aquatic plants man-
agement (Giussani et al. 1990; Galanti et al. 1990;
Giussani & Galanti, 1995). In the frame of the long term
limnological survey of this lake, zooplankton popula-
tions have been studied since 1986 (Giussani et al., un-
published data). The density of Chaoborus larvae in
Lake Candia increased since 1997 attaining in summer
1998 values about a ten fold higher than those observed
in previous years (1986-1996) when their density in
summer averaged 0.15 ind l-1. From June to September
1998 the abundance of larvae in the water column
ranged from 0.6 to 2.6 ind l-1. A strong decrease of
Daphnia hyalina population was concurrently observed
which suggested an increase of mortality by predation.
This study aimed to assess whether the increased preda-
tion pressure has induced morphological and/or
physiological reactions in the prey population as well as
some changes in its size structure. To this end we
analyzed the size structure, morphology and life history
traits of Daphnia hyalina during one year with a low
Chaoborus density (1996) and one year with a high
Chaoborus density (1998).

1.1. Study site

Lake Candia is a small (1.49 km2), shallow (maxi-
mum depth = 7.7 m; mean depth = 3.8 m) eutrophic
water body located in the subalpine area near Torino
(Piedmont, Northern Italy). It has a relatively small
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drainage area (9.9 km2) mainly devoted to agriculture
and its most important water sources are represented by
internal springs, precipitation and runoff. Following the
manifestation of eutrophication effects, such as mass
mortality of fish and massive blue-green algae blooms,
which reduced lake fruition for recreational aims, the
lake was made object of studies to elaborate a plan for
its recovery. The diversion of the municipal sewage of
the small town of Candia was not sufficient to improve
significatively lake conditions within a reasonable time
mainly because of the high internal nutrient load. Bio-
manipulation was, therefore, considered as an alterna-
tive to other direct interventions on the water body to
accelerate its recovery. In 1986 and 1987 most of the
rudd (Scardinius erythrophthalmus) biomass was re-
moved to reduce fish predation on zooplankton, thus fa-
vouring the increase of zooplankton control on phyto-
plankton. A detailed description of the biomanipulation
practices applied to the lake is reported in Giussani et
al. (1990) and Giussani & Galanti (1995). In addition,
the annual harvesting of floating macrophytes (water
chestnut) to reduce internal nutrient supply and to en-
hance the accessibility of the littoral area for ichthyo-
phagous fish spawning has been employed since 1986
(Galanti et al. 1990).

2. MATERIAL AND METHODS
Since 1986 zooplankton samples have been col-

lected monthly or forthnightly from March to December
by vertical tows from the bottom to the surface with an
open net of 126 µm mesh. Each sample was obtained by
pooling nine replicate hauls (corresponding to 1475 li-
ters of filtered water) collected in three stations located
along the major axis of the lake according to the direc-
tion of the prevailing winds. The animals were filtered
on a 50 µm nylon net and killed by immersion in 95%
ethanol before preservation in a 5% neutralized (CaCO3)
formaldehyde solution. The use of alcohol prevents
carapace ballooning and the loss of eggs/embryos from
the brood pouch.

Water samples for total chlorophyll and phyto-
plankton analysis have been collected on the same dates
of zooplankton sampling. A detailed description of the
methods is reported in previous publications (Giussani
et al. 1990; Giussani & Galanti 1995; Morabito & Og-
gioni 2001).

For the aim of the present study the zooplankton
samples collected between March and October 1996 (8
samples) and 1998 (11 samples) were reanalyzed as
follows.

The number of Chaoborus larvae and the relative
abundance of each development stage were estimated
by microscopical analysis of the whole sample. The
head capsule length of 50 larvae for each instar was
measured by an eyepiece micrometer (100 subdivisions)
at a magnification of 40× and the mouth width esti-

mated as approximately a half of the head capsule
length (Mumm & Sell 1995).

The abundance of Daphnia, the number of females
carrying eggs and the number of eggs or embryos in the
brood pouch of these latter were estimated on subsam-
ples corresponding to at least 25% of the total sample
volume. Measurements of total length (TL, from the
anterior end of the carapace to the base of the tailspine),
helmet length (HL, from the anterior end of the carapace
to the ideal line drawn from the upper side of the eye
perpendicularly to the major body axis) and tailspine
length (TSL) were performed on 100 Daphnia per sam-
ple by a PC, connected to the microscope, provided with
an image analysis software. Body length (BL) was cal-
culated by difference between total length and helmet
length. Since the most important measure affecting the
susceptibility of the prey is the maximum width of the
body (Swift 1992) the carapace width of 50 daphnids
per sample was also measured.

The smallest adult size class (primipara) was deter-
mined as the size class in which at least 5% of the total
number of egg bearing females was observed. The
minimum amount of 5% ensured that the smallest adult
size class would not be set by a single precociously re-
producing female (Caramujo et al. 1997). The propor-
tion of juveniles (JUV), adults with eggs (AD+) and
adults without eggs (AD-) in each 0.1 mm size class
was estimated from size measurements.

Fecundity (F) was calculated as the average number
of eggs per adult female. Egg development time, needed
to estimate birth rate, was calculated according to
Bottrell et al. (1976) using the water temperature
(weighted mean on the water column) at each sampling
date. Birth rate was calculated by Paloheimo's (1974)
equation.

Two-way ANOVA was applied to the average clutch
size, size at first reproduction, body length, helmet
length and tailspine length of Daphnia with year and
month as factors. To identify the differences due to the
different Chaoborus density in the two years only the
summer and autumn data have been included in the
analysis. In this case years have been assumed to
represent two different treatments.

The Kolmogorov-Smirnov two-sample test (Sokal &
Rohlf 1995) was used to test the differences between the
population size distribution in 1996 and 1998. To
identify the differences due to the predator impact and
to minimize the seasonal effect the test was applied to
the June-October pooled data of each year.

Spearman's coefficient of rank correlation was cal-
culated to measure the intensity of association observed
between Chaoborus density and helmet length/body
length and tailspine length/body length ratio of Daphnia
juveniles and adults. The degree of association between
average clutch size and chlorophyll concentration was
also measured by Spearman's correlation.
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3. RESULTS

The weighted mean of temperature over the water
column ranged from 5.2 to 25.8 °C in 1996 and from 9.0
to 25.8 °C in 1998, showing a similar pattern of varia-
tion over the two years.

Conversely, chlorophyll concentration was generally
higher in 1998 than in 1996 with mean annual values of
21 and 11 µg l-1 respectively. This difference reflected
both quali- and quantitative differences in the phyto-
plankton association, mainly due to the development of
large colonial algae during 1998 (Morabito & Oggioni
2001). The total phytoplankton abundance and biomass
were higher in 1998 than in 1996: phytoplankton den-
sity ranged from about 660 to 255.000 cell ml-1 with a
mean biomass of 4100 mm3 m-3 in 1998 and from 550 to
191.000 cell ml-1 with a mean biomass of 1870 mm3 m-3

in 1996 (Morabito & Oggioni 2001).
The density of Daphnia was similar in the two years

in March-April and from July to October (Fig. 1). In
1996 the decrease observed in March-April was fol-
lowed by an increase in May-June, while in 1998 the
population density continuously declined from March to
September when it was reduced to less than 0.5 ind l-1.
In 1996 the Daphnia population was mostly composed
by juveniles except in March and April. Conversely, in
1998 juveniles were relatively more abundant than
adults only in March-April and in October.
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Fig. 1. Seasonal variation in the density of Chaoborus
flavicans and Daphnia hyalina (adults and juveniles) from
March to October 1996 and 1998.

In both the years the larvae of Chaoborus first ap-
peared in the water column in June and were still pres-
ent in October. In summer 1998 their density sharply in-

creased to attain a value about ten fold higher than in
1996 (Fig. 1). From June to September 1998 the abun-
dance of larvae in the water column ranged from 0.6 to
2.6 ind l-1. The relative abundance of the later instars
(III and IV) increased from June to August while de-
creased in September probably due to emergence of the
adults (Fig. 2). The average mouth width varied from
about 100 µm in the 1st instar larvae to 550 µm in the
4th instar larvae (Tab. 1).
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Fig. 2. Changes in the percentage of the different instars (1, 2,
3, 4) of Chaoborus flavicans from June to September 1998.

Tab. 1. Mean and range of variation of mouth width
of Chaoborus flavicans.

Instar Mouth width (µm)
Mean Range

1 105 99-109
2 201 188-248
3 352 322-416
4 551 519-618

The carapace width of daphnids ranged from about
170 to 900 µm increasing with total length according to
the equation: width = 0.51 length – 77.41 (R2 = 0.88). It
can therefore be estimated that the individuals with a
total body length lower than about 1100 µm were sus-
ceptible to Chaoborus predation. Daphnia length ranged
from 440 to 1830 µm, but during summer months (June-
October) about 70% of the population was represented
by individuals smaller than 1100 µm.

No evidence of any possible effect of size selective
predation was found by comparing the Daphnia popu-
lation size structure in the summer periods (June – Oc-
tober) of 1996 and 1998 (Fig. 3), as testified by the not
significative Kolmogorov-Smirnov test (Tab. 2).

Most of the Daphnia collected in 1998 during the
period of Chaoborus presence in the water column
showed a higher helmet than those collected in 1996.
Based on the body shape, two distinct morphotypes of
Daphnia hyalina can be distinguished: a "normal" mor-
photype with a round shaped head and a toothed mor-
photype with a spined helmet. In 1996 helmet length
was similar in the two morphotypes.
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Fig. 3. Daphnia population size structure in 1996 and 1998.

Tab. 2. Percent difference in the relative frequency of
individuals in the five size classes in 1996 compared
to 1998. The Kolmogorov-Smirnov two-sample test
results as follows: D0.05 = 0.079 (n.s.).

µm June-October

<500 3.9
500 - 800 -3.2
800 -1100 -1.6
1100 -1300 8.7

>1300 -9.5

Conversely, in 1998 a sharp increase in helmet
length occurred since June in the toothed morphotype
and the difference between the two morphotypes be-
came more and more evident from July to October, re-
sulting in a correspondent increase in the ratio of helmet
length to body length (HL/BL) (Fig. 4). The toothed
morphotype was characterized by a longer tailspine
length than the normal morphotype resulting in a higher
tailspine length to body length ratio (TSL/BL) (Fig. 4).
Both the morphotypes showed a tendency towards an
increase in tailspine length in June-October 1998. The
difference in the HL/BL and TSL/BL ratios between
1996 and 1998 summer and autumn months was re-
markable in juveniles, smaller but still evident in adults.
Body length was generally shorter in the toothed mor-
photype and decreased in summer in both the morpho-
types (Fig. 5). This decrease was more evident in 1998
than in 1996 both for juveniles and adults. The contem-
porary increase of helmet length in the same period of

1998 compensated for the decrease in body length re-
sulting in a total length similar between the two years
(Tab. 3). The incidence of the toothed morphotype on
the total population increased from spring to autumn in
both years but was particularly remarkable in 1998 (Fig.
6). Indeed, after June more than 50% of the population
was represented by toothed individuals and the propor-
tion was always higher than 70% for juveniles. In par-
ticular, in 1998 the smaller size classes (<550 µm width,
corresponding to <1100 µm length) were almost com-
pletely composed by toothed individuals between June
and October.

A significative difference between the morphometric
characteristics (BL, HL and TSL) of the population in
the two years (Tab. 3) resulted from the increased pro-
portion of toothed individuals in 1998. Both HL/BL and
TSL/BL ratios were positively correlated with Chao-
borus density (r = 0.762, df = 19; p = 0.0002; and r =
0.664, df = 19; p = 0.0019).

The percentage of adult females was higher in 1998
than in 1996 (Tab. 4) while no clear difference between
the two years was observed in the proportion of egg car-
rying females. However, in 1998 the average clutch size
was significantly higher than in 1996 (Tabs 3 and 4) re-
sulting in proportionally higher fecundity and birth rate
(Tab. 4). Average clutch size was positively correlated
with chlorophyll concentration (r = 0.588, df =19; p =
0.0081). A significant reduction in size at first repro-
duction was also observed in 1998 (Tabs 3 and 4).

4. DISCUSSION AND CONCLUSIONS

The density of Chaoborus larvae in Lake Candia in-
creased since 1997 attaining in summer 1998 values
about a ten fold higher than in previous years (1986-
1996; unpublished data). The abundance of larvae in
1998 can be considered low to intermediate when com-
pared to literature data (e.g. Goldspink & Scott 1971;
Hillbricht-Ilkowska et al. 1975; Iwakuma et al. 1989;
Mumm 1997). However, several studies have shown
that even at moderate density Chaoborus can have a
significant impact on zooplankton populations (e.g.
Dodson 1972; Luecke & Litt 1987; Vanni 1988;
Hanazato & Yasuno 1989) and a theoretical model de-
veloped by Riessen (1992) predicts that Chaoborus den-
sities >0.5 ind l-1 are sufficient to cause a reduction in
Daphnia population density. Therefore, the stronger de-
crease in Daphnia abundance during summer 1998, if
compared to 1996, is likely due to an increased mortal-
ity by predation. This hypothesis seems to be matched
by the lower proportion of juveniles in the 1998 popu-
lation: in particular the maximum peak of egg produc-
tion observed in May (about 20 eggs l-1) seems not to
have resulted in a corresponding increase in the number
of juveniles. Since the successive sampling occurred
about a month later, that is a long time compared to the
egg development time at the mean temperature of that
period (3-5 days), the newborn cohort may have been
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missed. However, an increase of total population den-
sity should have been observed, even after one month,
in absence of a high mortality rate.

The high predation pressure in 1998 resulted in the
development of morphological changes in the Daphnia
hyalina population which seem to be anti-predator de-
vices, as have been described in various Daphnia spe-

cies exposed to Chaoborus cues (e.g. Krueger &
Dodson 1981; Hebert & Greve 1985; Hanazato &
Yasuno 1989).

Since Chaoborus is an ambush predator, its selective
impact on different prey items is mainly related to dif-
ferential prey vulnerability which is an optimum func-
tion resulting from the encounter probability between
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Fig. 4. Changes in the helmet length/body length ratio and in the tailspine length/body length ratio of the normal and toothed
morphotypes during 1996 and 1998.
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predator and prey (increasing with prey size) and the
strike efficiency (decreasing with prey size) (Pastorok
1981). As a result of the interaction of these two factors,
medium sized preys are predicted to experience the
highest predation mortality (Pastorok 1981; Riessen
1992). Morphological changes (e.g. Havel 1987) and
life history shifts (e.g. Black & Dodson 1990; Stibor
1992) developed by preys are expected to be favoured if
they reduce prey vulnerability by providing a direct
protection (e.g. interfere mechanically with handling or
reduce predator perception of the prey) or an escape in
size. Daphnia hyalina of Lake Candia developed a
morph characterized by a longer helmet, provided with
one or two spines, and a longer tailspine, while total
body length did not increased because of a reduction of
the distance between the eye and the base of the tail-
spine. Helmet and tailspine elongation probably pro-
vided a defense by changing the body shape. This may

have caused an interference with predator’s handling
and/or perception and/or enabled prey to swim faster to
better escape the predator (e.g. Mort 1986; Swift 1992).
The progressive increase in the percentage of the
toothed morph between June and October 1998 suggests
a strong negative predator selection against the modified
morphotype. A differential survival between the two
morphotypes is also supported by the fact that the high-
est frequency of toothed individuals was found in the
smaller size classes, falling within the preferred size
range of Chaoborus.

An evolution towards larger body size is expected to
occur in Daphnia populations exposed to Chaoborus
predation (e.g. Havel & Dodson 1987; Spitze 1991;
Riessen 1994). In the case of D. hyalina in Lake Candia
nor an increase in body size at maturity neither a change
in the population size structure clearly related to size
selective predation were observed. According to Ries-

Tab. 3. Results of the two-way ANOVA with year and months (from June to October) as factors. Traits: average clutch size (CLS),
size at first reproduction (SFR), body length (BL), helmet length (HL), tailspine length (TSL) and total length (TL). *: p <0.05, **: p
<0.01, ***: p <0.001.

CLS SFR BL HL TSL TL
df MS F MS F MS F MS F MS F MS F

year 1 70.29 46.83*** 28390 7.679** 664200 9.829** 649800 340.800*** 293100 48.690*** 78.20 0.00098 n.s.
month 4 10.51 7.003*** 1203000 32.530*** 1060000 15.690*** 11780 6.180*** 298600 49.610*** 1239000 15.67***

interaction 4 7.190 4.791 14380 3.888 738100 10.92 14370 7.537 32460 5.393 563700 7.127
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Fig. 6. Variation in the percentage of toothed morphotype on the total number of Daphnia juveniles and adults in 1996 and 1998.

Tab. 4. Mean values and range (in brackets) of the percentage of adult and egg
carrying females on the total number of individuals, average clutch size, fecundity
(egg ratio), birth rate and primipara mean size in 1996 and 1998.

1996 1998

% adult females 35.0 (23.0 – 46.0) 44.2 (18.0 – 88.7)
% egg carrying females 21.9 (10.6 – 35.3) 22.5 (5.0 – 34.3)
Average clutch size 2.00 (1.13 – 2.61) 3.09 (1.08 – 4.25)
Fecundity (eggs adult female-1) 1.49 (0.46 – 1.88) 2.18 (0.25 – 3.67)
Birth rate (days-1) 0.13 (0.04 – 0.23) 0.19 (0.03 – 0.28)
Size at first reproduction (µm) 1244 (1052 - 1377) 1155 (986 - 1322)
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sen (1994) an increase in body size is advantageous
only beyond a threshold body size pattern, above which
increases in body size are highly advantageous in the
presence of Chaoborus predation, but below which such
increases in body size provide little or no advantage.
Obviously, the threshold for gaining an advantage in in-
creasing body size is related to both predator mouth
width and prey size, both of which depend on the spe-
cies. It seems possible that for the relatively “small” D.
hyalina of Lake Candia there was no advantage in in-
creasing body size because this would result in a rela-
tively small percentage of adult individuals which could
escape Chaoborus predation. Indeed, switching from
positive to negative preference is expected to occur
around 1.1 mm of prey length, a value below which fell
more than 70% of the individuals during summer
months. This threshold value fall in the range (0.96-1.24
mm) measured by Krylov (1992) for fourth instar larvae
of C. flavicans.

Several studies have shown that the development of
antipredator morphological changes often impose a cost
in terms of reduced fecundity (e.g. Havel & Dodson
1987; Black & Dodson 1990; Riessen & Sprules 1990;
Caramujo & Boavida 2000). On the contrary, in D. hya-
lina of Lake Candia an increase in fecundity and birth
rate occurred in 1998. The removal of juveniles by pre-
dation resulted in a higher proportion of adult individu-
als with a consequent increase of the egg ratio. Since
birth rate linearly depends on egg ratio, a reduction in
the relative proportion of juveniles leads to a corre-
sponding increase in birth rate. A similar effect was ob-
served in Daphnia longispina exposed to strong Chao-
borus predation in enclosure experiments in Pluβsee
(Mumm 1997).

However, in 1998 we also observed an increase in
average clutch size, which is independent from the rela-
tive proportion of juveniles and adults. This increase in
average clutch size could be explained with increased
food availability in 1998. Daphnids could have taken
advantage of the better food conditions to compensate
the cost for morphological defenses induction with an
increased energy intake. The increased energy intake
was not completely allocated to the development of de-
fensive spines but also allowed an increased reproduc-
tive effort. In addition, a trend towards a reduction in
the primipara size was observed, suggesting the hy-
pothesis of a predator-induced shift in the energy allo-
cation pattern. Invertebrate predation is generally ex-
pected to induce a delayed maturity and an increase in
size at first reproduction while an opposite shift seems
to be favoured under fish predation (e.g. Taylor &
Gabriel 1992; Lampert 1994; Riessen 1999). However,
several factors influence growth patterns and life histo-
ries resulting in a wide variation of responses (Taylor &
Gabriel 1992; Spitze 1991).

In conclusion, Chaoborus density increase in Lake
Candia induced morphological changes in D. hyalina

which enabled the modified morph to coexist with the
predator. The predator impact did not result in any ap-
parent shift in body size pattern of the prey population
while an increase in average clutch size and a tendency
towards a decrease in size at first reproduction suggests
the possibility of a predator-mediated shift in life history
traits.
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