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Abstract

Global climate change, natural disasters and anthropogenic modifications of waterways may
all lead to changing water temperature patterns in aquatic systems. We assessed the effects
of different water temperatures on the reproductive rates of Daphnia pulex, a common pri-
mary consumer in aquatic ecosystems. Life table experiments were conducted using animals
acclimatized to 10 jC and 20 jC water temperatures. Our findings at intermediate tempera-
tures support findings from previous studies: Daphnia tend to show high reproductive rates
at temperatures around 20 C. (Bottrell, 1975; Lennon et al., 2001). We also observed unex-
pectedly high reproductive rates for 10 jC acclimatized clones in 30 {C treatments. These
findings suggest the presence of a previously unrecognized coping mechanism present in
this species for dealing with rapid, large temperature fluctuations.

INTRODUCTION

Recent global climate change models pre-
dict an increase in the frequency and duration of
high temperature episodes (>35°C air tempera-
ture) as well as a decreased frequency but
increased severity of storms across much of the
northern temperate zone (Hansen et al., 1988;
Feddema & Mather, 1992, Moore et al., 1997).
Although the effects of these phenomena on
aquatic systems are still largely unpredicted, cer-
tain types of systems will be more affected than
others. For instance, shallow lake systems and
systems with short water residence times will be
subject to substantial temperature fluctuations.
At present, natural disasters (e.g. volcanic erup-
tions) and anthropogenic disturbances (e.g.
hypolimnetic water release from dams and ther-
mal pollution) are able to bring about consider-
able changes in the water temperature of aquatic
systems.

Daphnia are common planktonic grazers
that provide an important link from primary
producers to secondary consumers in aquatic
food webs and will face many adaptive pressures
as aquatic ecosystems are altered by climate
change and disturbance (Chen & Folt, 1996).
Members of this genus are found in many lake
ecosystems throughout the world. Should
Daphnia populations be disrupted, further alter-
ations in algal and fish communities may result.
These effects may cascade through the food web
with currently unknown results (Begon et al,

1996). Disruptions of native populations may
also increase a system’s susceptibility to invasion
by exotics better suited to changing conditions
(Moyle & Light, 1996). For example, Lennon et
al. (2001) found that the high thermal tolerance
of an exotic invader, Daphnia lumbholtzi, may
allow it to out-compete native Daphnia species
through higher reproductive rates at increased
temperatures. Invasion by exotic species is an
important cause of extinctions, food web disrup-
tion, and loss of biological diversity (Moyle &
Light, 1996).

Here, we examine temperature responses, as
measured through reproductive rates, for two
laboratory populations of Daphnia pulex accli-
matized to different temperatures. Daphnia are
ectothermic—their metabolic processes are
dependent on the temperature of their surround-
ings. Thus many of their life history traits,
including reproductive rates, are largely temper-
ature dependent. Despite this temperature
dependence, individuals that are forced to live in
sub-optimal temperatures for a time will often
become “acclimatized” to that temperature and
perform better at that temperature than un-accli-
matized individuals (Schmidt-Nielsen, 1997).
Thus, we predicted that D. pulex hatched in warm water
would show higher reproductive rates in warm water
than D. pulex hatched in cool water. Furthermore, we
predicted that those hatched in cool water would have
higher reproductive rates in cool water than D. pulex
hatched in warm water.
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‘ Treatment Temperatures

Hatching ‘
Temperatures
10°C 8 9 10 11 9
20°C 13 14 10 14 13

Table 1. Number of individual D. pulex in each
cohort for all experimental treatments. Neonates
were transferred to experimental treatments within
24 hours of hatching.

METHODS
Forty gravid D. pulex, acclimated to labo-
ratory conditions at approximately 20°C, were
obtained from Carolina Biological Supply. In
order to acclimatize their offspring, 20 of these
brood mothers were placed in individual 50mL
tubes of 10°C water (“cool”); the remaining 20
were placed in individual 50mL tubes of 20°C
water (“warm”). These temperatures were select-
ed to be representative of broad “cool” and
“warm” temperature regimes used in other stud-
ies (Bottrell, 1975). All water used throughout the
course of the experiment was filtered stream
water. These animals were fed =0.5mL of dilute
Chlamydomonas reinhardtii daily. For the next 5
days, offspring of the brood mothers were col-
lected and categorized according to the tempera-
ture of water in which they were born (i.e. 10°
and 20°C). In total, 114 offspring were collected.
The offspring were individually transferred
to 50mL tubes of water of different temperatures
(5°, 10° 20°, 25° and 30°C). These temperatures
were chosen based on equipment availability to
represent a broad range of temperatures that
Daphnia encounter in temperate climates.
Approximately 10 cool offspring and 13 warm
offspring were subjected to each water tempera-
ture (Table 1). Offspring were maintained in
temperature- and light-controlled incubators on
a 16:8 hour light-dark cycle. The offspring were
fed = 0.5mL of Chlamydomonas and Chlorella
daily. Algal concentrations were maintained at
levels sufficient for optimal growth, reproduction
and survival; concentrations were the same for
all treatments on any given day. The water in the
offspring’s 50mL tubes was changed every two
days with filtered water of the same temperature
in order to prevent excess bacterial growth.

The offspring were observed for 13 days. At
each daily feeding, offspring production, brood
size and survivorship were recorded. From these
observations, life tables were calculated.
Researchers commonly use these tables to quan-
tify reproductive rates. To calculate the net repro-
ductive rate (R) for each temperature treatment,

the equation:
R, = Elxmx

was employed where [, is the proportion of the
original treatment cohort surviving from day (x-
1) to day (x), and m, is the fecundity of each sur-
vivor. Using R, we also determined cohort gen-
eration time (7)) and the intrinsic rate of
increase (r). All equations used in calculating life
table parameters can be found in Begon et al.
(1996).

Results

D. pulex from the cool and warm cohorts did
not reproduce in the 5°C and 10°C treatments
during the course of the experiment. Life tables
were compiled for both cohorts in the 20°C, 25°C
and 30°C treatments only.

The warm cohort exhibited the same number
of days to first reproduction at 20°C (7.0 = 0.0
days: mean + sem) as the cool cohort did at 25°C
and 30°C (7.0 = 0.0 days and 7.0 + 0.47 days,
respectively). The cool cohort had a larger num-
ber of days to first reproduction at 20°C (8.3 +
0.3 days) and the warm cohort showed a short
time to first reproduction in 25°C (5.6 + 2.1
days). However, at 30°C, the warm cohort took
the longest time of any group (8.8 £ 0.47 days) to
reach first reproduction (Figure 1).

The warm cohort exhibited a very high net
reproductive rate (R,) at 20°C (38 offspring per
female); R, decreased sharply and relatively lin-
early to a midpoint of 22 offspring at 25°C and a
low of 3.1 offspring at 30°C. The cool cohort also
decreased from 20°C to 30°C, though the
decrease was smaller (14.5, 6.3 and 5.3 offspring
for 20°C, 25°C, and 30°C respectively). In 20°C
and 25°C, R, was much lower for the cool cohort,
but in 30°C the 10°C cohort had a slightly higher
rate than the warm cohort.

The warm cohort showed the shortest
cohort generation time (T) at 25°C (8.61 days)



and had somewhat longer generation times of
10.0 and 9.9 days at 20°C and 30°C. The cool
cohort showed similar results at 20°C and 25°C,
but had a much shorter T (7.5 days) at 30°C
(Figure 2). The warm cohort had a very high
intrinsic rate of increase (r) at 20°C and 25°C
(0.363 and 0.358 individuals/female/day) and a
much lower r (0.114 individuals/female/day) at
30°C (Figure 3). The cool cohort displayed inter-
mediate r-values across the treatments: slightly
lower at 25°C (0.210 individuals/?/day) and
slightly higher at 20°C (0.263
individual/female/day).

The mean cumulative number of offspring
increased sharply for the warm cohort at 20°C
and 25°C; the rate of offspring production was
slightly higher and more uniform at 25°C (Figure
4). The warm cohort had a dramatically lower
cumulative number offspring at 30°C. The cool
cohort showed intermediate, less differentiated
values across all three treatments (Figure 4).

DISCUSSION

We hypothesized that acclimatized D. pulex
would show maximal reproductive rates near the
temperatures to which they were acclimatized.
The failure of the warm cohort to reproduce in
the 5°C and 10°C treatments supports this
hypothesized temperature-fecundity correlation.
The warm cohort exhibited a temperature opti-
mum between 20°C and 25°C. The number of
days to first reproduction showed no difference
between these two temperatures (Figure 1). Net
reproductive rate was higher at 20°C, as was
intrinsic rate of increase (Figure 3). Cohort gen-
eration time and mean cumulative number of
offspring were both better at 25°C (Figures 2,4).
This optimal temperature range has been
observed in several studies, including Yurista &
O’Brien (2001) and Bottrell (1975).

The decreased fecundity of the warm cohort
in the 30°C treatment contrasts with the hypoth-
esized correlation of temperature and reproduc-
tion. According to Moore et al. (1996), reproduc-
tion and survival rates for many species of
Daphnia tend to decrease at temperatures above
25°C. This response can be attributed to a variety
of physiological effects observed at high temper-
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Figure 1. Number of days (from hatching) to first
reproduction for the six reproducing cohorts of
Daphnia pulex examined. The 10 deg. C line rep-
resents those cohorts hatched in 100C water and the
20 deg. C line represents those hatched in 200C
water. Temperatures on the x-axis are temperatures
of treatments used to establish life table data.
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Figure 2. Cohort generation time (Tc) of the six
reproducing cohorts of D. pulex. Error is not shown
as each life table experiment was performed only
once. Line and x-axis temperature designations are
as shown in Figure 1.
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Figure 3. Intrinsic rate of increase (r) of the six
reproducing cohorts examined. Error is not shown
as each life table experiment was performed only
once. Line and x-axis temperature designations are
as shown in Figure 1.
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Figure 4. Mean cumulative number of offspring per
female for each day of the study. Each of the six
reproducing cohorts are represented individually.
Data points represent means; error bars represent
standard error. Means were calculated as the total
offspring on a given day divided by the number of
female D. pulex alive on that day.
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atures. Though 30°C is not high enough to
observe denaturation of proteins, it is high
enough to cause differential changes in the reac-
tion rates of various biochemical agents, leading
to disruption of important pathways (Schmidt-
Nielsen, 1997).

The failure of D. Pulex to reproduce in 5°C
and 10°C refutes the hypothesis for the cool
cohort, which was expected to show higher
reproduction in colder treatments than the warm
cohort. This result is not unprecedented: several
studies have shown extremely low reproductive
rates for Daphnia at temperatures less than 10°C
(Lennon et al., 2001; Carvalho, 1987). The mod-
erate, poorly differentiated response of the cool
cohort in the 20°C, 25°C and 30°C treatments
further suggests that a simple acclimation
response (to pre-hatching 10°C conditions) was
not observed (Figure 4). Based on this result, we
hypothesize that the cool cohort displayed a pre-
viously undiscovered response other than
acclimatization. We propose that this be called a
“shock response” This may be due to the short
incubation time in 10°C before placement in the
treatments; this acclimatization time lasted
between two and five days depending on the
birth date of the experimental offspring. We sug-
gest that this emergency response is a possible
coping mechanism to deal with variability in
temperature at the expense of maximal repro-
duction. An acclimatization response, in con-
trast, would be characterized by a maximal
reproductive response at one temperature at the
expense of adaptability to varying tempera-
tures—such as the response observed in the
warm cohort (Figure 4).

The undifferentiated response to tempera-
ture observed in the cool cohort (Figure 4)
should be evaluated in light of other life table
parameters (i.e. days to first reproduction, R, T,
r). The much shorter time to first reproduc:[ion
and cohort generation time observed at 30°C are
due to the effects of an increased number of
degree days on the length of the life cycle
(Figures 1,2). Some studies have shown similarly
accelerated life cycles with increasing tempera-
ture (Vijverberg, 1980). These factors are bal-
anced by decreased net reproductive rate and a

moderate intrinsic rate of increase (Figure 3),
leading to the undifferentiated results for mean
cumulative number of offspring (Figure 4). This
trend suggests that an important part of the
hypothesized shock response may be a tradeoff
between generation time and brood size. Of spe-
cial importance is the higher cumulative number
of offspring observed for the cool cohort when
compared to the warm cohort in the 30°C treat-
ment (Figure 4). This can be attributed to the
hypothesized shock response, which may confer
the ability to cope with extremes of temperature.
This may enable “shocked” Daphnia to reproduce
more effectively in higher temperatures than
Daphnia accustomed to relatively constant tem-
peratures.

This shock hypothesis warrants further
experimentation. A reasonable first step would
be a similar experiment with Daphnia exposed to
cold water for varying lengths of time. These
experiments could be improved by increased
duration; some studies have suggested variable
reproductive rates throughout the life cycles of
Daphnia, implicating the importance of collect-
ing data over the full life span of the experimen-
tal individuals.

These results have important implications for
performance of Daphnia in the event of global
climate change. A mild increase in temperature
in the distribution range of Daphnia may
increase fecundity as the temperature approach-
es the optimum observed in this study, especially
during long periods of relatively uniform tem-
perature. The proposed short, intense storms
punctuating these periods may cause rapid water
temperature fluctuations in shallow systems and
systems with short water residence times. These
fluctuations may induce the hypothesized shock
response. If so, this response could help Daphnia
survive these rapid temperature fluctuation
events. The proposed episodes of extreme high
temperature would likely be detrimental to
Daphnia accustomed to uniform temperatures,
such as our warm cohort, but may be more toler-
able for Daphnia exhibiting a shock response,
especially over the short term.

These sorts of rapid temperature fluctuations
are more pronounced in shallow systems and



anthropogenically altered systems. For example,
systems fed by dam-controlled streams may
exhibit these behaviors due to periodic cold
hypolimnetic dam release. Daphnia from a dam-
affected system could be compared to Daphnia
from a less variable nearby system for evidence
of a facultative shock response and subsequent
performance in temperature extremes.
Anthropogenically altered systems may be
extremely useful study sites for prediction of
ecosystem changes at the hands of much-touted
global climate change. B
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