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1. Introduction

The influence of food supply on the biology of 
cladocerans was widely studied as the most important 
environmental factor. The results of these studies 
showed that food quality and quantity influences 
body size, eggs size and amount, protective patterns 
development, life and development duration (Zhukova, 
1953; Manuylova, 1964; Vijverberg, 1976; Gilyarov, 
1987; Burns, 1995; Boersma and Vijverberg, 1996; 
Czeczuga et al., 2003; Freese and Martin-Creuzburg, 
2013; Garbutt and Little, 2014). Food supply conditions 
strongly depend on temperature, illuminance, water 
currents velocity (Jacobs, 1987; Dodson, 1988; Manca 
et al., 2008; Gall et al., 2017). High water temperatures 
cause an increase in crustacean growth rate, requiring 
more food and, thus, this phenomenon occurs at high 
food concentrations (Zhukova, 1953; Vijverberg, 1976; 
Manca et al., 2008; Masclaux, 2009; Gorbi et al., 2011; 
Sarpe et al., 2014; Sicora et al., 2014). Body length is one 
of the most important features in the determination of 
daphnids weight and potential productivity. Moreover, 
it is one of the cyclomorphic traits. Hutchinson showed 
its role in adaptive reactions to environmental changes 
(Hutchinson, 1967). In our studies of influence of 
contrast feeding conditions, we showed that the 
majority of D. pulex clones manifests the same reaction 
at high food concentration (Pitul’ko et al., 2009). This 
is an increase in body size and of tail spine length, 
acceleration of development until maturation as well 
as a rise of reproduction and abundance of survived 
crustaceans.

The impact of invertebrate predators on the 
variability of morphological features of daphnids is 

well known; as a rule, it concerns premature and small 
adult crustaceans, and there is no direct impact on 
juvenile and mature crustaceans of elder age groups 
(Lagergren et al., 2007; Manca et al., 2008; Zuykova and 
Bochkarev, 2010). Under favorable feeding conditions, 
the predators do not impact the daphnids body size, 
but helmets and tail spines are well developed (Brooks, 
1946; Dodson, 1988; 1989; Laforsh and Tollrian, 2004; 
Hülsmann et al., 2011).

The influence of concentration of available 
food and invertebrate predators on morphological 
characteristics of daphnids has not been studied for 
Lake Baikal. Daphnia galeata (Sars, 1863) is a widely 
distributed species of the genus Daphnia in the lake 
(Sheveleva, 1996; 2001). These cladocerans inhabit 
bays, sors and near-shore shallow waters. They play a 
considerable role in the formation of food resources for 
the organisms of the next level of the food chain during 
several summer and autumn months. Phytoplankton, 
detritus, bacteria, and protozoa are the main food of 
planktonic crustaceans. They consume cells within the 
size range of 3-30 μm (Monakov, 1998). The daphnids 
prefer small protococci with a diameter of 3.5 μm, then, 
Scenedesmus (15 μm) and Chlorococcum (20-30 μm), 
as well as species of the genus Chroomonas: Ch. acuta 
μm and Ch. sp. (7-11 μm long and 3-7 μm wide) and 
Stephanodiscus binderanus (diameter of 7.5-12.3 μm) 
found in Lake Baikal phytoplankton (Bondarenko et al., 
1991; 1995). Algae of the genus Chroomonas dominate 
phytoplankton. In Baikal, maximum phytoplankton 
abundance is in Chivyrkuy and Barguzin Bays, the 
minimum abundance is in Southern and Northern 
Baikal (Antipova, 1963; Bondarenko et al., 1991;1995).
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The aim of this study is to assess the influence of 
accessible food concentration on some morphological 
traits of Daphnia galeata and to analyze adaptive 
responses of these crustaceans by the studied features 
in the presence or absence of the predator Leptodora 
kindtii.

2. Materials and methods

Crustaceans D. galeata and L. kindti were 
collected with Juday net (inlet area is 0.1 m2, filter 
cone mesh is 90 μm) in the Lake Baikal pelagic area 
and bays in August-September, 1993, 1995 and 1997 
at 36 stations. The samples were fixed with 4 % 
formalin. Main materials were obtained in two large 
bays (Barguzin and Chivyrkuy Bays – St. 18-33), as well 
as in the pelagic area of Central Baikal (St. 10-17). In 
addition, we used the data on the near-shore shallow-
water area near the Ushkany Islands (St. 27), Selenga 
area (St. 8-9), the near-shore area of Southern Baikal 
(St. 1-9), and Northern Baikal (St. 34-36) (Fig. 1). At 
stations located mainly in Central Baikal and bays (6, 
10, 18, 23-26, 28-31), L. kindti was recorded. At low 
food concentration, there were 5 such stations out of 
16 ones, and at high food concentration – 10 stations 
out of 12 ones.

The obtained and selected daphnids were 
classified as mature, premature and juvenile females. In 
total, 2525 specimens were studied. The morphological 
variation in D. galeata was measured by the following 
characteristics: body length, height of the helmet and 
tail spine length (Fig. 2), as well as the calculated 
relationship between these traits, the relative height 
of the helmet and the relative length of the tail spine 
(Manuylova, 1964; Havel, 1985; Ranta and Tjossem, 
1987; Dodson, 1988; 1989; Ranta et al., 1993; Riccardi 
et al., 2002). We determined body length, helmet height 
and tail spine length (Fig. 2) as well as calculated the 
ratio of helmet height and tail spine length to body 
length. Relative characteristics showed allometric 
growth of body parts under certain existence conditions 
and assessed the development of cyclomorphic features 
(Havel and Dodson, 1985).

To characterize the food supply level of daphnids, 
we used the daily production of phytoplankton in mg of 
carbon per m³ (mg С/m³). This is an integrated indicator 
showing total food concentrations in daphnids habitats. 
Previous reports imply distribution of bacterioplankton 
and phytoplankton abundance in the food of inferior 
crustaceans in the Lake Baikal water area. Based on the 
data shown in Bondarenko et al. (1991), we established 
seven grades of food concentration. Its minimum (19 
mg С/m³) was recorded in Southern Baikal (Stations 
1-7). In the range areas of Chivyrkuy and Barguzin 
Bays, food concentrations were 30.0 and 35.0 mg 
С/m³, respectively (St. 19, 25, 26, 30, and 33). In 
Central and Northern Baikal, values of phytoplankton 
daily production were 38 mg С/m³ (St. 11-17, 27 
and 34-36). In the Selenga shallow-water area, this 
value is 160 mg С/m³ (St. 8-10). Within Barguzin and 
Chivyrkuy Bays, food concentrations were 190 mg С/

Fig.1. Stations of zooplankton sampling in Lake Baikal in 
1993-1997. Numbers are stations

Fig.2. Scheme of morphological traits measurements:  
HH – helmet height, BL – body length, Tsl – tail spine length
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m³ (St. 18, 20 and 22-24) and 250 mg С/m³ (St. 28-29 
and 21-32), respectively. According to the above data, 
the established grades are two qualitatively different 
groups. In the first four ones, the concentrations were 
by one order of magnitude lower than in the other three 
ones. Due to this fact, we indicated food concentrations 
of 19-38 mg С/m³ as low, and those of 160-250 mg С/
m³ as high.

In order to distinguish the influence of predator 
and a certain concentration of accessible food on 
the variability of morphological features, we used 
the following approach. Firstly, we analyzed the 
morphological variability of daphnids at low and high 
food concentrations for the whole data set. Then, based 
on the same concentrations, we used two selected 
groups in the presence and absence of the invertebrate 
predator L. kindti in the samples.

The results were statistically processed using 
standard methods. According to the obtained data, the 
average value of the trait and the error of the average 
were calculated. Differences were estimated using 
Student’s test. (Rokitskii, 1973).

3. Results

Table 1 shows variations of the studied features 
under different conditions (food concentration and 
presence or absence of predators). Notably, the studied 
age stages differ significantly by body size. The analysis 
of results for the whole data set has indicated that body 
length in juvenile, premature (t = 4.77, t = 6.99, P 
< 0.001) and adult crustaceans (t = 2.32, P < 0.05) 
is indeed larger at high levels of food supply than at 
low ones. However, mature and premature crustaceans 
without and with predators clearly demonstrate a 
different response to feeding conditions. In predator-
free sets, their body length is considerably larger 
at high concentrations, whereas in the sets with 
predators, mature daphnids are indeed larger at low 
food level (t = 4.48, P < 0.001) than at high one, 
and premature daphnids do not differ statistically (t = 
0.55). With predators, the body length at all daphnids 
age groups is larger under different feeding conditions, 
except for adult specimens at high food supply. Large 
sizes of crustaceans allow them to have large reserves 
of nutrients and avoid selective predation due to the 
size, since invertebrate predators consume mainly 
small crustaceans. In various elder age groups, juvenile 
crustaceans do not differ in body size regardless of food 
concentrations, as well as the presence or absence of 
predator.

According to all available data, the helmet 
height in juvenile, premature and mature crustaceans 
is obviously larger at high concentrations of accessible 
food. In predator-free set, all studied age stages 
have no valuable differences in the helmet height, 
both at low and at high food concentrations. In the 
presence of predators, juvenile, premature and mature 
crustaceans have considerably higher helmets at high 
food concentrations (P < 0.001). On the whole, in 
the presence of predator, both at low and at high food 

concentration, the helmet is higher than at the same 
food concentration but without predator. Typically, in 
predator-free sets, specimens of all age groups have low 
helmets, without any difference in daphnids sampled 
at different food concentrations, while in the sets with 
predators, all specimens of any age stage have high 
helmets at any food concentrations. This suggests 
that the presence of predators rather than by food 
concentration influences the helmet height. In samples 
with predators at all food concentrations, the helmet 
is higher than in the absence of predator (P < 0.001). 
In general, the reaction of organisms estimated by 
the height of the helmet to the studied conditions is 
obvious.

According to all available data, tail spines at 
high food concentrations are significantly longer at 
high concentrations of food than at low ones. At the 
same time, in predator-free sets, mature and premature 
crustaceans have no obvious differences in this feature 
both at high and low food levels. However, the tail 
spine length in juvenile crustaceans is considerably 
larger at high food concentrations (t = 5.83, P < 
0.001). In sets with predators, mature and premature 
crustaceans have obviously longer tail spines at high 
food concentrations (t = 5.09, P < 0.001 in mature 
specimens and t = 4.33, P < 0.001 in premature 
specimens). In juvenile crustaceans, the tail spine 
length does not differ significantly, both at low and at 
high food concentration. Under all trophic conditions, 
in the presence of predators, specimens of all age stages 
have considerably longer tail spines.

Relative helmet height in all analyses indicates 
the highest values in premature and juvenile crustaceans 
and the lowest ones in mature daphnids. According to 
all obtained data, relative helmet size in daphnids of 
all age stages is large at high food concentrations (P 
< 0.001). However, in predator-free sets, this value 
is obviously lower in mature and juvenile crustaceans 
at high food concentrations (t = 2.42, P < 0.05; t = 
2.51, P < 0.05, respectively), and does not differ in 
premature ones. In the presence of predators, all age 
groups have a considerably greater relative helmet 
height at high food concentrations (P < 0.001); 
moreover, this value is considerably higher at all food 
concentrations than under predator-free condition. 
It should be noted that in the presence of predators, 
at high food concentrations, values of this feature in 
mature crustaceans increase significantly compared to 
predator-free conditions.

Relative tail spine length has high values in 
juvenile and mature specimens and low ones − in 
mature crustaceans. The analysis of the results for 
the whole data set on mature (t = 5.53, P < 0.001), 
premature (t = 2.21, P < 0.5) and juvenile (t = 4.15, 
P < 0.001) stages showed that relative tail spine length 
is considerably greater at high food concentrations. 
Under predator-free conditions, at high food 
concentrations, this value is obviously lower in adult 
and premature daphnids (t = 3.86, P < 0.001 and t = 
4.18, P < 0.001, respectively). In juvenile crustaceans, 
the relative tail spine length is considerably higher at 
high food concentrations (t = 2.40, P < 0.001) than 
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Table 1. Morphological features of Daphnia galeata of different age groups at low and high levels of food supply

Сharacters

Analysis options

Age
All data Without predators With predators

Low food 
concentration

High food 
concentration

Low food 
concentration

High food 
concentration

Low food 
concentration

High food 
concenration

Number 
of studed 

individuals 

Mature 818 405 595 78 223 327

Premature 274 108 174 20 100 88

Juvenile 590 330 432 90 158 240

Body length 
(µm)

Mature 948.2 ± 4.14 965.1 ± 6.01* 927.2 ± 4.82 976.4 ± 15.91** 1004.3 ± 6.81 962.4 ± 6.40***

Premature 790.0 ± 4.04 840.7 ± 6.03*** 757.0 ± 4.20 829.1 ± 10.16*** 847.5± 4.12 843.2 ± 6.91

Juvenile 615.4 ± 4.63 654.0 ± 6.65*** 590.6 ± 4.84 609.7 ± 11.62 682.9 ± 9.18 670.6 ± 7.78

Helmet 
height (µm) 

Mature 121.9 ± 0.98 160.1± 2.91*** 118.4 ± 0.94 112.9 ± 3.67 131.3 ± 2.46 171.3 ± 3.20***

Premature 114.8 ± 1.80 174.2 ± 6.25*** 105.3 ± 1.76 111.3± 4.04 131.3 ± 3.29 189.0 ± 7.10***

Juvenile 98.8 ± 1.26 129.2 ± 2.89*** 90.9 ± 1.19 87.9 ± 2.32 120.4 ± 2.77 144.7 ± 3.37***

Tail spine 
length (µm)

Mature 459.9 ± 2.67 496.3 ± 4.29*** 454.2 ± 3.10 441.3 ± 9.46 474.7 ± 5.10 509.4 ± 4.52***

Premature 422.4 ± 3.14 469.1 ± 7.80*** 411.8 ± 3.29 407.8 ± 8.34 440.9 ± 6.01 482.6 ± 8.73***

Juvenile 348.9 ± 3.46 397.7 ± 3.86 *** 330.5 ± 3.96 369.3 ± 5.36*** 399.2 ± 5.34 408.3 ± 4.73

Relative 
helmet 
height

Mature 0.130 ± 0.0028 0.169± 0.0033*** 0.129 ± 0.0010 0.118 ± 0.0044* 0.132 ± 0.0025 0.181 ± 0.0036***

Premature 0.145 ± 0.0021 0.206 ± 0.0074*** 0.140 ± 0.0023 0.135 ± 0.0050 0.155 ± 0.0039 0.223 ± 0.0079***

Juvenile 0.162 ± 0.0018 0.198 ± 0.0039*** 0,156 ± 0,0020 0.146 ± 0.0036* 0.177 ± 0.0035 0.217 ± 0.0046***

Tail spine 
relative 
length

Mature 0.489 ± 0.0028 0.519± 0.0048*** 0.493 ± 0.0032 0.458 ± 0.0101*** 0.476 ± 0.0056 0.534 ± 0.0051***

Premature 0.537 ± 0.0041 0.558 ± 0.0086* 0.546 ± 0.0049 0.493 ± 0.0116*** 0.521 ± 0.0070 0.573 ± 0.0096***

Juvenile 0.587 ± 0.0506 0.615 ± 0.0046*** 0.584 ± 0.0061 0.614 ± 0.0093* 0.583 ± 0.0089 0.615 ± 0.0054**

Note: * – P<0.05; ** – P<0.01; *** – P<0.001

at lower ones. In the presence of predators, specimens 
of all age stages have considerably longer tail spines at 
high concentrations (t = 5.09, P < 0.001) than at lower 
ones. We indicate that in the presence of predators 
at high food concentrations, this ratio has maximum 
values in all age groups.

4. Discussion

The obtained results show that both food 
concentration and predators affect morphological 
variability of D. galeata in Lake Baikal. Moreover, 
daphniids are likely to be affected by temperature, 
since high food concentrations were recorded in the 
bays with higher water temperature (Bondarenko et 
al., 1991).

The body size of adult and premature daphniids 
is larger in the absence of predators and at high food 
concentrations than at low food concentrations. Under 
such conditions, Daphnia grow faster at all stages 
and their growth continues after reaching maturity 
(Vijverberg, 1976; Gilyarov, 1987; Romanovsky, 1989; 

Burns, 1995; Czeczuga et al., 2003; Rinke and Vijverberg, 
2005; Freese and Martin-Creuzburg, 2013; Sarpe et al., 
2014; Sicora et al., 2014; Gall et al., 2017). Juvenile 
daphniids have the smallest body size in the absence of 
predators and at high concentrations of food, since they 
have minimum sizes with birth and a limited supply 
of nutrients (Zhukova, 1953; Jacobs, 1987; Dodson, 
1989; Gorbi et al., 2011). Mature Daphnia have smaller 
body size in the presence of predators and at high food 
concentrations. This may be due to the selection in food 
for numerous predators (Dodson, 1988; 1989; Riccardi 
et al., 2002; Lagergren et al., 2007; Manca et al., 2008; 
Korzun and Pitul’ko, 2010; Hülsmann et al., 2011).

The largest crustaceans are recorded in the 
presence of predators and at low food concentrations. 
Their large body size prevents from capture by predators 
and ensures their efficient filtering of food (Havel, 1985; 
Havel and Dodson, 1985; Dodson, 1988). We have 
determined that the body size of juvenile and premature 
crustaceans do not differ in the presence of predators at 
low and high food concentrations. However, their body 
size is larger at all food concentrations compared to 
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Daphnia without predators. Thus, predators positively 
influence on the growth rate of immature crustaceans. 
A helmet, tail spine and their relative sizes are less 
developed in the absence of predators and vice versa. 
Previously it was shown that the portion of Daphnia 
morphotypes with a high helmet and long tail spine 
(spined morphotype) is increased under high densities 
of predators (Korzun and Pitul’ko, 2010; Tams et al., 
2018). Consequently, the studied structures have a 
protective function against predators.

5. Conclusion

Thus, the body size increases but the helmet size 
and tail spine length decrease at high concentrations 
of available food. The presence of a predator favours 
strong development of protective structures in mature 
and premature Daphnia. Juvenile crustaceans in the 
absence of predators have the smallest dimensions, 
whereas in their presence they are larger regardless of 
the food concentration. Therefore, D. galeata possess 
different adaptive responses to changes in food 
conditions in the presence or absence of predators. 
Without predators and at low food concentrations, 
crustaceans grow slower until maturity; then, the growth 
stops. These crustaceans have a smaller body size but 
a higher helmet and longer tail spine. In the bays with 
rich food, the body grows fast throughout life. Different 
adaptive responses are observed in crustaceans in the 
presence of predator depending on the conditions of 
the food supply. Large mature daphnids survive in a 
lack of food and under pressure of predators; however, 
they possess weak protective structures. At high food 
concentrations and strong pressure of predators, 
mature crustaceans have a smaller body size with 
more developed protective structures than those at low 
food concentrations. Therefore, food conditions play a 
crucial role in adaptive strategies. Different adaptive 
responses caused by changes in various environmental 
parameters favour sustainable conservation of Daphnia 
populations and the prevention of their death.
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