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Abstract The classic evolutionary theory of senes-
cence predicts that long lifespan evolves under low
risk of extrinsic mortality. As lakes present planktonic
animals with vertical gradients of mortality risk
associated with fish predation, we expected the
individual lifespan of Daphnia of the “hypolymnetic”
clones to be longer than that of “epilimnetic”
Daphnia. In order to test this prediction, we performed
a laboratory study on 14 clones from the D. longispina
species complex, taken during the daytime either from
epilimnion or hypolimnion of three mesotrophic lakes.
“Epilimnetic” Daphnia started reproduction earlier,
aged faster, and lived shorter than their “hypolimnet-
ic” conspecifics. Our results indirectly support the
predation-avoidance hypothesis as the ultimate expla-
nation for depth-selection behavior in Daphnia.
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Introduction

Depth-selection behavior in zooplankton, or the diel
patterns thereof, known as diel vertical migrations
(DVM), are considered a strategy to reduce light-
dependent mortality imposed by fish (Zaret and Suffern,
1976; Gliwicz, 1986). Surface-avoiding animals make a
trade off, whereby mortality due to predation is reduced
at the expense of a decrease in metabolic rates and
reproductive output brought about by the low temper-
ature and scarcity of food in deepwater habitats (e.g.,
Swift, 1976; Dawidowicz and Loose, 1992).
According to the evolutionary theory of senescence
(ETS), in populations exposed to high extrinsic mortal-
ity short lifespan and great investments in early-life
reproduction should evolve, as the contribution of later
ages to overall fitness in such populations is reduced. In
contrast, low extrinsic mortality selects for longer life-
span and delayed reproduction (Medawar, 1952;
Williams, 1957; Hamilton, 1966). Although these gen-
eral patterns do not hold for all species (e.g., Reznick
et al. 2004, and further discussion by Abrams, 2004),
life-table studies performed on Daphnia by Dudycha &
Tessier (1999) and Dudycha (2001) support the predic-
tions of classic ETS. They have analyzed senescence
patterns in populations of Daphnia pulex-pulicaria
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inhabiting enivironments dubbed “risky” (i.e., tempo-
rary ponds) or “safe” (deep lakes). When compared with
the clones from lakes, Daphnia isolated from ponds
indeed invested more in early-life fitness at the cost of
fast senescence and reduced lifespan.

However, deep-lake habitats cannot be treated as
uniform where the distribution of the mortality risk is
concerned. The well-lit surface waters offer a foraging
site for planktivorous fish that search less and less
efficiently for prey at ever greater depths with their
attenuated illumination (e.g., Vinyard and O’Brien,
1975). Consequently, a given lake should be charac-
terized by a gradient as regards the danger of
predation—from habitats that are risky (near the
surface) to those considered safe (in deep water). As
the genetic component to depth-selection behavior in
Daphnia is strong (e.g., Weider, 1984, Seda et al.,
2007), this risk-gradient should translate into diver-
gent longevity among Daphnia clones that differ in
their daytime depth preferences.

In consequence, the main goal of this study has
been to test the prediction that Daphnia from deep-
dwelling clones of the D. longispina species complex
live longer and start reproduction later than individ-
uals from the clones that prefer to stay in shallow
waters during the day. Considering the ETS argu-
ments, this would support the ultimate explanation of
surface-avoidance behavior in zooplankton in terms of
the avoidance of extrinsic mortality (predation).

Materials and methods

We used 14 clones from the Daphnia longispina
species complex, from mesotrophic lakes Garbas,
Babigty, and Hancza in north-eastern Poland. The
lakes are relatively large (surface area 140, 264, and
311 ha, respectively) and deep (48, 65, and 108 m,
respectively) and isolated from each other (the min-
imum distance between the lakes is 18 km). The lakes
host rich planktivorous fish communities, with roach
(Rutilus rutilus), bream (Abramis brama), perch
(Perca fluviatilis), smelt (Osmerus eperlanus), and
whitefish (Coregonus albula) being dominant species.
Among invertebrate predators the cyclopoid copepods
predominate, with cladoceran Leptodora kindtii and
Chaoborus larvae being very scarce or absent (M.
§lusarczyk, personal communication). The Daphnia
were collected at noon at the end of the summer
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stratification period (the thermocline between 8 and
18 m), with a closing plankton net (150 pm mesh size)
towed vertically through the hypolimnion (from 30 to
20 m depth) or epilimnion (from depth of 8 m to the
surface). Only the mature (egg carrying) females
longer than 1.5 mm were isolated from the samples to
establish laboratory clones. Six “epilimnetic” clones
and eight “hypolimnetic” clones were maintained in
laboratory batch cultures at room temperature
(20-24°C) for 3 months prior to the study. The
taxonomic position of each clone was diagnosed using
electrophoretic analysis of AAT, AO, PGN, and GPI
isoenzymes (Wolf and Mort, 1986; see Hebert and
Beaton, 1989, for the electrophoresis protocol).

Water for the culturing of Daphnia originated from
the small, eutrophic Lake Szczgsliwice in Warsaw. It
was prefiltered through a 1-um sieve and stored in a
large, aerated glass tank for 4 weeks before use. In
order to obtain the culture medium, the water was
filtered again through a 0.45 pm membrane and
enriched with laboratory-grown Scenedesmus obli-
quus to the desired concentration of 1 mg C L™".

Longevity was tested within cohorts of 30 Daphnia
from each clone, with an initial age of 12 £ 6 h, these
being individually located in 100 ml glass beakers
filled with the culture medium. The beakers were kept
in a laboratory at constant temperature (23 + 1°C)
and summer photoperiod (16:8 L:D). The setup was
inspected daily and live individuals were counted and
transferred into new beakers with fresh medium. The
offspring (if present) were removed from the culture.
The experiment lasted 62 days. Median longevity and
median age at the first reproduction (i.e., time of
release of first neonates from the brood chamber) were
determined. The number of offspring released within
first 10 days of life of the Daphnia served as an
arbitrary measure of their early reproductive effort. In
order to determine patterns of age-specific fitness in
each investigated clone, we calculated the so-called
intrinsic value i,, which describes a contribution of
each age class (x) to the total lifetime reproduction,
according to Dudycha and Tessier (1999):

. 9] 9
= hmi /Y lm,

where /;is cumulative survivorship and m; is per capita
fecundity. The median age at the 50% value of age-
specific fitness was determined. The significance of
differences between the above parameters determined
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for “epilimnetic” and “hypolimnetic” clones was
tested with the non-parametric Mann—Whitney
statistics.

Results

The median lifespan of Daphnia longispina individuals
of the “epilimnetic” clones was 54% that of the
“hypolimnetic” ones (Fig. 1; Table 1). Age-specific
fitness, as expressed by the intrinsic value (i,), decreased
significantly faster in Daphnia collected at the surface,
than in clones isolated from the hypolimnion (Fig. 2;
Table 1). These patterns were accompanied by earlier
maturation and larger number of offspring released
within the first 10 days of their life by “epilimnetic”
clones than by “hypolimnetic” ones (Table 1).

Discussion

Despite the considerable phenotypic plasticity of
habitat choice patterns in Daphnia (Pijanowska,
1993), genetic polymorphism in depth preferences is
tangible, producing interclonal differences in vertical
distribution and migration patterns (Weider, 1984; De
Meester et al., 1994). We found that clones (geno-
types) of Daphnia that stayed deep in the water
column started reproduction later, aged relatively
slowly, and lived longer than Daphnia of surface-
dwelling clones. The Daphnia were collected at the
end of summer stratification period, in October, i.e., at

Fig. 1 Survival curves for
the “epilimnetic” (thin line,
open symbols) and
“hypolimnetic” (thick line,
filled symbols) Daphnia
longispina clones

Cumulative Survivalship

least 6 months after hatching of the overwintering
ephippia. Thus, even if the studied populations were
panmictic (during sexual reproduction period a year
earlier) there was long time for clonal selection to
eliminate the genotypes mismatching behavioral
(habitat choice) and life-history (size at first repro-
duction, longevity) traits. Although co-adaptation
between depth-selection behavior and certain life-
history traits, such as size at birth or size/age at the first
reproduction, has been reported (Tessier and Leibold,
1997; Sakwinska and Dawidowicz, 2005), the associ-
ation between surface avoidance and longevity in
Daphnia has not been demonstrated before.

It seems unlikely that the positive association
between the residence depth and lifespan of particular
clones could be driven by a genotype—habitat interac-
tion. The temperature conditions of the survival test
(23°C) were closer to those of the near-surface
habitats, yet individuals of the “hypolimnetic” clones,
most likely adapted to deep and cold waters, lived
longer than those of the “epilimnetic” clones. All the
clones in this study were tested for longevity at the
same, fixed temperature. Thus the observed variation
in lifespan among clones was not an effect of different
ambient temperatures at the depths they would prefer
and, consequently, different metabolic rates of the
animals.

The evolution of links between the depth prefer-
ences of planktonic animals and traits that affect their
vulnerability to predation (such as size at maturation)
was likely compelled by vertical gradients in predation
risk. The existence of such genetic correlations
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Table 1 Life-history traits of D. longispina of “hypolimnetic” and “epilimnetic” clones

Epilimnetic

Hypolimnetic clones P (Mann—Whitney)

clones (n = 6) (n=28)

Median longevity (days) 23.0 42.5 0.001
Median age of 50% age-specific fitness (days) 15.0 23.5 0.001
Median age at first reproduction (days) 7.0 9.0 0.021
Mean no. of offspring in first 10 days (£1 SD) 3.07 £ 1.12 1.46 = 1.47 0.029
Fig. 2 Age-specific fitness 1 | EEEEKE KD
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provides a commonly invoked argument in favor of
predator avoidance as the ultimate explanation of
DVM (Lampert, 1989). The positive association
between the “physiological” lifespan in our Daphnia
clones and their daytime residence depth is in
accordance with the predator-avoidance hypothesis
as well as with the classic evolutionary theory of
senescence. Fish predation is the major source of
mortality in large-bodied cladoceran zooplankton in
lakes, prevailing over starvation, parasitism, or aging
(Gliwicz and Pijanowska, 1989). Consequently, suc-
cessful avoidance of fish favors low adult mortality,
something that should in turn select for slow senes-
cence (Williams, 1957; Hamilton, 1966). Deep-dwell-
ing Daphnia clones are often exposed to predation by
invertebrates, which themselves are forced to migrate
extensively in the presence of fish (Ohman, 1990).
These gape-limited predators prey upon small-sized
zooplankton, including juvenile Daphnia (Zaret,
1980). Poor juvenile survival leads to a relative
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increase in the contribution of late age classes to
lifetime fitness and, consequently, should further
enhance selection for slower aging (Abrams, 1993).

A diversity of depth-selection behaviors could be
the underlying cause of the polymorphism in body size
in cladoceran populations. The Daphnia that reside in
deep water attain large size, not only because the
current selection by planktivorous fish is weak in their
habitats, but also because they are physiologically
capable of living longer and growing larger.
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