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ABSTRACT. The influence of various factors onto the reproductive characteristics of the cladoceran
Daphnia galeata Sars, 1863 Lake Baikal was studied. With an increase in the concentration of available
feed, the size of the body, average fertility, the size of the brood and the proportion of egg-bearing
females increase. At high temperatures, significantly greater fecundity and the proportion of egg-bearing
females were noted; other features did not change significantly with temperature increase. Under the
conditions of strong turbulence, the fertility and the proportion of egg-bearing females are lower than
under the conditions of low turbulence. The presence of a predator with an increase in the concentration
of feed and temperature results in the decrease in the size of crustaceans and in the increase of the

proportion of egg-bearing females.
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1. Introduction

Daphnia are widely distributed in water bodies
of various types; they serve as food for the higher
links of the trophic chain. The biology, morphology
and reproductive characteristics of these organisms
are greatly influenced by various factors, such as the
amount of available food, temperature, turbulence
and among biotic factors - the influence of predators
(nocturnal and invertebrates) (Zhukova, 1953; Jacobs,
1961; 1987; Gilyarov, 1987; Achenbach and Lampert,
1997; Laforsh and Tollrian, 2004; Dodson, 1988;
Polishchuk and Vijverberg, 2006).

Among the above listed factors determining the
animals’ life activity, food is the most important one,
in influences greatly onto the rate of reproduction,
postnatal development, body size, eggs size and number,
development of protective structures, life expectancy
and development (Zhukova, 1953; Vijverberg, 1976;
Gilyarov, 1987; Jacobs, 1987; Semenchenko, 1990;
Burns, 1995; Boersma and Vijverberg, 1996; Czeczuga
et al.,, 2003; Jeyasingh and Weider, 2005; Dodson,
1988; Polishchuk and Vijverberg, 2006; Manca et al.,
2008). Under the laboratory conditions, major part of
D. pulex clones cultivated at high food concentration
manifest the increase of fertility and of crustaceans
amount (Pitul’ko et al., 2009; Feniova et al., 2013).

The main food of planktonic crustaceans
includes phytoplankton, detritus, bacteria, as well
as protozoa. The size rank of objects is 3-30 microns
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(Monakov, 1998). Basically, for daphnia, these are
small protococcal algae with a diameter of 3.5 microns,
then Scenedesmus (15 microns) and Chlorococcum (20-
30 pum), as well as species of the genus Chroomonas:
Ch. acuta and Ch. sp. (7-11 um long and 3-7 wide) and
Stephanodiscus binderanus (7.5-12.3 pm in diameter),
represented among the phytoplankton of Baikal.
Algae of the genus Chroomonas dominate among lake
phytoplankton (Bondarenko et al., 1991).

Temperature has a great influence onto the
duration of embryogenesis, but influences less onto
the growth after birth (Venkataraman and Job, 1980;
Gilyarov, 1987). With an increase of temperature,
metabolism and individual development of animals
accelerate, respectively, egg maturation and
reproduction accelerate (Deng, Xiea, 2003). More
energy is required for the functioning of the organism
and reproduction, hence the relative decrease in
definitive sizes during accelerated puberty and
reproduction, when the temperature in a water body
increases (Achenbach and Lampert, 1997).

Turbulence is formed by the movement (flow) of
water due to various reasons (wind, runoff, interaction
of water layers with different temperatures or densities,
moving organisms) (Jacobs, 1987; Laforsh and Tollrian,
2004; Tollrian and Laforsh, 2006). In summer, at
optimal temperatures, increased turbulence results
in the development of swimming-related problems
(swimming antennas) and motion control: tail spine,
helmet, carinea (Jacobs, 1961; 1962; 1987; Havel and
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Dodson, 1985; Laforsh and Tollrian, 2004). Strong
turbulence can hinder the food flow to food consumers,
it weakens the distant detection of prey by a predator,
increases the consumption of metabolic energy for
movement and results in the decrease of fertility
(Visser and Stips, 2002; Visser et al., 2008; Baranyai et
al., 2011).

Size-selective predation, as well as substances
secreted by the predator — kairomones, have a special
effect onto cladoceran crustaceans. The presence
of a predator results in morphological variability
(cyclomorphosis) and various changes in fertility
(Gilyarov, 1987; Jacobs, 1987; Burns, 1995; Jeyasingh
and Weider, 2005; Dodson, 1988; Polishchuk and
Vijverberg, 2006; Zuykova and Bochkarev, 2010).

The aim of the work is to analyze the effect of
feed concentration, water temperature, turbulence on
the reproductive characteristics of Daphnia galeata Sars,
1863 in Lake Baikal.

2. Materials and methods

D. galeata crustaceans were collected by a Djedi
net (the area of the inlet is 0.1 m2, the mesh of the
filter cone is 90 microns) in pelagic area and lake bays
of Lake Baikal in August-September, 1993, 1995 and
1997 at 36 stations. The samples were fixed with 40%
formalin. The main data were obtained for two large
bays (Barguzin and Chivyrkuy — st. 18-33) and for the
pelagic area of Central Baikal (st. 10-17). Data on the
open coastal area and the Ushkany Islands area (st,
27), Selenginsk area (st. 8-9), the coastal zone of South
Baikal (1-9), and coastal areas of North Baikal (st. 34-
36) were used.

The obtained samples of daphnia were divided
into mature, pre-mature and juvenile females. A total
of 25 individuals of D. galeata were studied. The total
number of mature females, the number of egg-bearing
females and the number of eggs in the brood chamber
were calculated, the average fertility (the ratio of
the sum of all eggs and embryos in brood bags to the
number of mature females) and the average brood size
obtained by dividing the total number of eggs and
embryos to the number of egg-bearing females (Schultz
and Sterner, 1999) were calculated.

To characterize the level of feed supply
of daphnia, we will use the daily production of
phytoplankton expressed in mg of carbon per m?®
(mg C/m?®). This is an integrated indicator reflecting
the amount of food in the habitats of daphnia. The
materials available in the papers allow us to present
the distribution of the number of bacterioplankton and
phytoplankton included in the diet of lower crustaceans
in Lake Baikal water area. Based on the data given in
the work (Bondarenko et al., 1991), we identified six
gradations for this indicator. Its lowest value (19 mg
C/m?®) was registered in South Baikal. Stations 1-7 are
assigned to this gradation. Further we studied the outlet
parts of Barguzin and Chivyrkuy Bays, where feed
concentrations for this indicator are very close to 35.0
and 30.0 mg C/m3, therefore we combined samples
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Fig.1. Stations of zooplankton sampling in Lake Baikal in
1993-1997. 1-7 - the coastal zone of South Baikal; 8-9 — the
Selenginsk area; 10-17 - the pelagic area of Central Baikal,
18-26 - Barguzin bay; 27-33 - Chivyrkuy bay; 34-36 — the
coastal areas of North Baikal.

from these areas into one gradation of 33 mg C/m?® (st.
19, 25, 26, 30, 33). In Central and North Baikal, the
daily production of phytoplankton according to this
indicator is equal to 38 mg C/m?® (st. 11-17, 27, 34-36).
In the fourth gradation (the Selenginsk shallow water
area), this indicator is 160 mg C/m? (st. 8-10). In the
inner part of the Barguzin Bay it is 190 mg C/m? (st. 18,
20, 22-24). The inner part of the Chivyrkuy Bay is 250
mg C/m? (st. 28-29, 21-32). As follows from the
above data, the selected gradations are divided into
two qualitatively different groups. The values of the
daily phytoplankton production index in the first three
gradations are less than in the last three ones almost by
one order of magnitude.

On the base of on the materials of long—term
studies of seasonal changes in the temperature of the
surface water layer, the following temperature levels
were determined: North Baikal - 2.9 ° C, Central Baikal
- 3.2 °C, South Baikal - 3.3 °C, South Baikal, Barguzin
strait, Chivyrkuy strait — 3.3 ° C, Selenginsk shallow
water area — 3.5 °C, Barguzin inner area — 5.7 °C,
Chivyrkuy inner area — 7.1 °C (Bondarenko et al., 1991;
Troitskaya et al., 2003).

The flow velocities of the surface water layer in
the studied areas of the lake were taken from various
sources, distributed as follows: Chivyrkuy and Barguzin
inner areas - 1 m/s, South Baikal, North Baikal,
Barguzin strait, Chivyrkuy strait — 2 m/s, South Baikal
— 2.5 m/s, Central Baikal and Selenginsk shallow water
area — 3 m/s (Verbolov, 1977; Fialkov, 1983; Einbund,
1988; Shimaraev and Troitskaya, 2005). The studied
samples are grouped according to the prevailing flow
rates of the surface water layer. Each grouping, except
the third, included samples (2.5) with a predator/
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without a predator. In order to exclude the influence
of other factors, the studied samples were divided into
groups with maximum uniformity according to other
factors studied. The first group included all samples,
the second one only without a predator, the third one
with a predator.

According to the data obtained, the average
value of the attribute, the error of the average, was
calculated. The differences were assessed using the
Student’s criterion, the significance levels are indicated:
* - P<0.05; ** - P<0.01; *** — P<0.001. (Rokitsky,
1973).

3. Results

The effect of the amount of available feed
on the reproductive characteristics of populations
of D. galeata. One of the most important population
characteristics is the average fertility, or the number of
offspring per mature female. In D. galeata, according to
all available data, the average fertility is significantly
higher at high feed concentrations (P < 0.001) (Table).
The regression coefficient was 0.004 + 0.0007 (t =
5.42; P < 0.001). Under these conditions, the average
value of mature females is significantly higher at

high feed concentrations (P < 0.05). In predator-free
conditions, the length of mature females is significantly
longer at high feed concentrations (P < 0.01). In the
samples without a predator, the average fertility is
significantly higher at high feed concentrations (P <
0.05). The regression coefficient is 0.0003 * 0.0012
(t = 2.68; P < 0.05). Under the conditions with a
predator, the size of mature females is significantly
smaller at high feed concentrations (< 0.001), but
there are no differences in fertility at low and high feed
concentrations.

According to all available data, D. galeata (Table)
at high concentrations, the brood size is significantly
higher (P < 0.001). Under the conditions without a
predator at high feed concentrations, the size of the
brood does not differ. In the presence of a predator,
with an increase in feed concentrations, the brood size
decreases (P < 0.05). The regression coefficient is
-0.004 + 0.0010 (t = 3.49; P < 0.001).

The proportion of egg-bearing females in
all variants of our study is greater at high feed
concentrations (Table). Under the conditions without
a predator, at low feed concentrations, the smallest
number of egg-bearing females was obtained, and the
largest one was at high concentrations. In the presence

Table. The effect of feed quantity, temperature and turbulence onto the reproductive characteristics of Daphnia galeata

Characteristics Analysis options
All data Without predators With predator
Low food High food Low food High food Low food High food
concentration concentration concentration concentration concentration concentration
(19-38 mg (160-250 mg (19-38 mg (160-250 mg (19-38 mg (160-250 mg
C/m?) C/m®) C/m®) C/m?) C/m?) C/m?)
Number of studied 818 405 595 78 223 327
individuals
Body length (um) 948.2 = 4.14 965.1 = 6.01* 927.2 + 4.82 976.4 = 15.91** | 1004.3 = 6.81 | 962.4 + 6.40***
Average fertility 1.91* 0.079 2.64 = 0.111%** 1.55 = 0.08 2.10 = 0.209* 2.86 = 0.177 2.75 = 0.127
Average brood size 3.25 = 0.096 3.42 = 0.110 2.80 = 0.106 2.73 = 0.212 4.14 = 0.178 3.59 = 0.124*
Proportion of egg-bearing 58.8 76.8 55.5 76.9 69.1 76.8
females
Temperature Low temperature High Low temperature High Low temperature| High temperature
(2.9-3.5 °C) temperature (2.9-3.5°C) temperature (2.9-3.5°C) (5.7-7.1 °C)
(5.7-7.1 °C) (5.7-7.1 °C)
Number of studied 944 279 624 49 320 228
individuals
Body length (um) 953.5 + 3.84 954.9 + 7.50 930.5 * 4.75 965.1 + 21.03 998.3 + 5.74 | 953.2 + 7.86%**
Average fertility 1.97 £ 0.075 | 2.76 = 0.132*** 1.55 + 0.80 2.41 = 0.257*** | 2.79 = 0.146 2.84 = 0.151
Average brood size 3.33 = 0.088 3.33 = 0.132 2.82 + 0.103 2.74 + 0.254 4.12 = 0.144 3.44 = 0.150**
Proportion of egg-bearing 59.3 83.8 55.1 87.8 67.5 82.9
females
Turbulence intensity Low turbulence High Low turbulence High Low turbulence High
(1-2m/s) turbulence (1-2m/s) turbulence (2.5-3 (1-2m/s) turbulence
(2.5-3 m/s) m/s) (2.5-3 m/s)
Number of studied 939 282 326 282 548 0
individuals
Body length (um) 958.4 + 3.86 938.5 + 7.28* 928.8 + 6.11 938.5 + 7.28 972.7 * 6.46 -
Average fertility 2.31 = 0.076 1.59 = 0.120%** 1.87 = 0.116 1.59 =0.120 2.80 = 0.104 -
Average brood size 3.41 = 0.082 2.87 = 0.153** 2.48 = 0.122 2.89 + 0.153 3.80 = 0.103 -
Proportion of egg-bearing 67.6 53.3 61.7 55.0 73.7 -
females

Note: * - P<0.05; ** - P<0.01; *** - P<0.001
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of a predator at all feed concentrations, the proportion
of egg-bearing females is higher than in samples without
a predator. Under the conditions with a predator, there
are more egg-bearing females at low feed concentrations
than under the conditions without a predator, slightly
more than at high feed concentrations. Consequently,
the number of egg-bearing females is influenced by two
factors, food and predator.

Thus, over the entire data set and under the
conditions without a predator, the fertility increases
with an increase of the concentration of available food.
At presence of a predator, there are no differences
between fertility at different feed concentrations. The
average brood size at all feed concentrations does not
differ across the entire data set and under the conditions
without a predator. Under the conditions with a
predator, the average size of the brood is larger at low
feed concentrations, and at high body length and the
size of the hatch become smaller, and the proportion of
egg-bearing females increases. Changes in the first two
features result from size-selective predation, an increase
in the proportion of egg-bearing females is a selective
response that allows maintaining the population size.

The influence of temperature onto the
reproductive characteristics of daphnia populations.
Over the entire data set, the average fertility was
significantly (P < 0.001) higher at high temperatures
(Table). The value of the regression coefficient was
2.94 + 0.644 (t = 4.56; P < 0.001). In the samples
without a predator, a significant stimulating effect of
temperature on fertility was also noted (P < 0.001).
The regression coefficient is 0.24 *+ 0.073 (t = 3.24;
P < 0.001). According to all available data, and
under the conditions without a predator, there are no
differences in body length under the conditions of low
and high temperatures. In the presence of a predator,
the size of adult females is significantly smaller at high
temperatures (P < 0.001), and there are no differences
in fertility in daphnia from low and high temperatures.
Nevertheless, in the presence of a predator at the
studied temperatures, fertility is higher than under the
conditions without a predator.

In the whole data set and under the conditions
without a predator at low and high feed concentrations,
the average brood size does not differ in values (Table).
At presence of a predator, on the contrary, there is a
significant decrease in the brood size (P < 0.001). The
regression coefficient was -0.19 = 0.06 (t = 3.56; P <
0.001).

One of the important characteristics of the
population is the proportion of mature females
simultaneously participating in reproduction. The
proportion of mature females in the whole data set and
under the conditions without a predator is greater at
high temperatures. At the presence of a predator, the
proportion of egg-bearing females is slightly higher
at high temperatures, and at low temperatures, the
proportion of females at greater in the presence of a
predator than under the conditions without a predator.
Consequently, the reproductive potential of the
population is influenced by both studied factors.
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The average fertility under the conditions
without a predator is greater at high temperatures
than at low ones. At the presence of a predator, there
are no differences in fertility between high and low
temperatures, but the average fertility under these
conditions is greater than under the conditions without
a predator. Average fertility is associated with the
proportion of egg-bearing females, and the size of
the brood depends on the size of the body. Under the
conditions without a predator and at high temperatures,
there are more crustaceans than at low temperatures.
At absence of a predator, the size of the brood, on the
contrary, does not depend on the temperature under the
conditions without a predator. At presence of a predator
at high temperatures, crustaceans are smaller than at
low temperatures. Under these conditions, under the
conditions without a predator, the size of the brood, on
the contrary, does not depend on the temperature under
conditions without a predator. At low temperatures,
the proportion of egg-bearing females is higher than
under the conditions without a predator, but lower at
high temperatures.

Consequently, a temperature increase under the
conditions without a predator positively affects the size
of mature crustaceans, there is an increase in average
fertility and in the proportion of egg-bearing females.
The temperature does not have a pronounced effect on
the size of the brood. At the presence of a predator,
the size of the brood and the proportion of egg-bearing
females are greater at low temperatures.

The effect of turbulence onto reproductive
characteristics. Over the entire data set, D. galeata’s
average fertility is significantly lower with high
turbulence (P < 0.001). Under these conditions, the
size of mature females is much smaller with high
turbulence (P < 0.05). In the samples without a
predator, there is a slight decrease in fertility, and there
are no significant differences in the number of mature
females. In samples with a predator with a high level of
turbulence, fertility is significantly lower (P < 0.05).
The regression coefficient was -0.46 + 0.207 (t = 2.22;
P < 0.05). At presence of a predator, the size of mature
females is slightly larger with high turbulence.

The average brood size in the whole data set is
significantly higher at a low water flow rate of -0.18 *
0.166 (t = 1.08; P < 0.001) (Table). The regression
coefficient is -0.67 + 0.099 (t = 6.80; P < 0.001). In
the samples without a predator, there are no differences
in the average size of the brood. At the presence of
a predator, the average brood size does not differ at
different levels of turbulence.

The proportion of egg-bearing females in all
variants of the analysis (in the whole data set and
under the conditions without a predator and with a
predator) is greater at low water flow rates (Table). At
presence of a predator, regardless the flow rates, the
proportion of egg-bearing females is higher than under
the conditions without a predator.

As it can be seen from the results presented above,
the effect of water turbulence onto the productive
characteristics of D. galeata is negative. Average fertility
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is always lower at high water flow rates. At presence of
a predator, the average fertility is significantly higher
with low turbulence, compared to conditions without
a predator. The average brood size at presence of a
predator at all levels of turbulence is larger than under
the conditions without a predator. The proportion
of egg-bearing females is smaller at high water flow
rates, but is always higher under the conditions with a
predator than under the conditions without a predator.
Thus, of all the analyzed factors, predators availability
is the strongest one.

4. Discussion

The results obtained showed that fertility
increases in the whole data set and under the conditions
without a predator with an increase in the concentration
of available food. The average brood size at all food
concentrations does not differ in the whole the entire
data set and under the conditions without a predator.
At presence of a predator at high levels of turbulence,
the average fertility is significantly less, the proportion
of egg-bearing females increases. We have the right
to assume that this is results directly from selective
influence of the predator, which caused a significant
decrease in the body size of mature females at high food
concentrations, and this results in a decrease of fertility
and size of the brood. Invertebrate predators consume
small crustaceans, their pressure affects the number
of pre-mature and small adult crustaceans. Large-
sized adult crustaceans have a multiple advantage,
since on the one hand they can accumulate large food
reserves and produce large broods, on the other hand
they are inaccessible to a predator. Thus, the birth rate
increases, and some of the new crustaceans reach their
adulthood and have time to leave an offspring. As it
was shown in our work (Korzun and Pitul’ko, 2010),
under the conditions of low concentration of food, the
density of the predator is small and the temperature
and concentration of food play the greatest role. At high
food concentrations and a large number of predators,
intensive size-selective predation is observed; it results
in the fact that daphnia begin to multiply at smaller
sizes, and this results in to a decrease of the amount of
yield and average fertility. Such responses have been
shown previously for natural and laboratory populations
(Vijverberg, 1976; Czeczuga, et al., 2003; Boersma and
Vijverberg, 1996; Polishchuk and Vijverberg, 2006;
Heungens et al., 2006). With large quantities, food
ceases to be a limiting factor, and all resources are used
to increase the number of eggs and somatic growth,
large crustaceans have a greater number of descendants
(Polishchuk and Vijverberg, 2006).

In Lake Baikal, temperature increase up to the
maximum observed values has a positive effect onto
reproductive characteristics. The greatest increase of
average fertility and the proportion of egg-bearing
females was observed under the conditions without a
predator. At high temperatures, the average fertility
and the proportion of egg-bearing females significantly
increase. The size of the body increases slightly, and
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the size of the brood remains unchanged. A similar
response is observed in terms of body size, with large
crustaceans present at high temperatures, especially
under the conditions without a predator. At presence
of a predator, the average fertility and the size of the
brood greatly increase. It should be noted that under
these conditions, a large brood size is observed at low
temperatures. The proportion of egg-bearing females
abruptly increased at low concentrations but not as
much as under the conditions without a predator at
high concentrations. Thus, the influence of the predator
in many cases is more significant than the influence of
temperature. The usual reaction of cladocerans to an
increase of temperature is an acceleration of growth and
development in the pre-mature stages and is maximally
recorded at high food concentrations (Deng and Xiea,
2003; Heungens et al., 2006). Thus, it is possible to
note the specifics observed in Lake Baikal, given that
the water temperature reaches optimal for D. galeata
only near the shores and in closed bays and coves.
At high temperatures, under the conditions without a
predator, an increase in body size was noted. It should
be noted that in Lake Baikal, the water temperature
rarely reaches optimal values for D. galeata. At presence
of a predator, the sizes of bodies and broods decrease,
while the proportion of egg-bearing females increases.

The results presented above clearly show
the negative effect of water turbulence onto the
reproductive characteristics of D. galeata. The average
fertility, the size of the brood and the proportion of
egg-bearing females are lower with high turbulence
than with low one. In the presence of a predator, the
average fertility is high at low turbulence and decreases
at high speeds, while remaining higher than under
the conditions without a predator. It should be noted
that the conditions of severe turbulence are presented
in areas with low values of other factors (food and
temperature), so the observed results may result from
their combined action. The average brood size at
presence of a predator does not depend on turbulence
and is greater than under the conditions without a
predator. The proportion of egg-bearing females is
always lower at high water flow rates, but under the
conditions with a predator, it is higher than under the
conditions without a predator. Under these conditions,
there is no sufficiently pronounced effect onto body
size. The decrease in the size of the body is presented
only with high turbulence over the entire data array.

Thus, it can be noted that the influence of the
predator is more important than the influence of
turbulence. In addition, other factors studied (the
amount of available food and water temperature), as
well as the predator, have a greater influence onto
population characteristics than turbulence.

5. Conclusions

An increase of amount of available food and
of temperature have a significant positive effect onto
all the studied reproductive characteristics (fertility,
brood size, the proportion of egg-bearing females) in
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D. galeata. The fertility and the size of the brood are
determined by food and temperature. At the same time,
the smallest response is in the size of the brood. At high
feed concentrations, an increase in body size, fertility
and the proportion of egg-bearing females was noted.

The influence of the predator stimulates the
reproduction of the population by increasing the
number of egg-bearing females. In addition, an
invertebrate predator results in a decrease in the size of
mature females and the size of the brood.

Turbulence in all cases has a negative effect,
sometimes reduced by the presence of a predator. In
the presence of a predator at low levels of turbulence,
the average fertility and the proportion of egg-bearing
females are higher, with a high level of turbulence,
the fertility and the proportion of egg-bearing females
decrease.
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