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Abstract
Early life stages are for many organisms thought to be the most sensitive to external impacts,
and conditions experienced during early development can have long-term effects on an
organism. Understanding how temperature affects important life history traits is key to predict
how organisms respond to fluctuations in ambient temperature. Previous research has mainly
focused on the effects of long-term temperature exposure on various life history traits, but less
on how temperature experienced during early development affects those traits later in life. The
goal for this study was therefore to gain more insight into how temperature experienced during
early life affects organisms later in life. Individuals from two clones (genotype lines) of
Daphnia magna were exposed to high (27 and/or 30ºC), intermediate (20ºC; control ) or low
(10ºC) temperature during the egg/embryonic life stage and subsequently placed at common
temperature (20ºC) to test whether, and eventually how, temperature experienced during early
development affects growth, development and reproduction later in life. The results indicate a
carry-over effect of embryonic temperature on all measured traits, later in life. Individuals
experiencing low temperature during early development increased their growth rate during the
juvenile life stage, developed faster and had higher fecundity compared to the control
individuals. Individuals experiencing high temperature during early development, in contrast,
reduced their growth rate during the juvenile life stage, and had lower fecundity compared to
the control individuals. The direction and size of the effect of embryonic temperature varied
somewhat between the clones. These results indicate that temperature experienced during
egg/embryonic development can have delayed effects by impacting life history strategies later
in life. It also emphasizes the importance of including early life experiences when studying life
history theory.
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1 Introduction
Climate change and global warming are already impacting natural habitats in both terrestrial
and aquatic ecosystems around the globe by contributing to shifts in species distribution and
composition (Hoegh-Guldberg et al., 2018). Raised awareness of global warming has led to an
increase in research concerning the effects of temperature on life history traits of organisms.
Understanding how organisms respond to temperature is important, and on the level of
individuals such responses occur both immediately and as delayed effects to earlier exposures,
during embryonic development for instance (Metcalfe and Monaghan, 2001).
For some organisms, sensitivity to external impacts varies between life stages, but the period
during early development is for most of them the most sensitive stage. Conditions during an
organisms’ early life can have long-term, and sometimes also permanent, effects (Metcalfe and
Monaghan, 2001). Evidence for long-term effects of early life conditions exists for organisms
from a wide range of taxa and studies with both wild populations and laboratory studies have
found evidence for such effects (Lindström, 1999). During early life, an organism is not only
affected by factors in its own environment but may also be affected by conditions experienced
by other individuals in the population, usually the mother. Early life effects therefore include
environmental- as well as maternal effects (Burton et al., 2014). Maternal effects occur when
the mother’s phenotype or environment directly impacts her offspring’s phenotype, in a nongenetic manner (Mousseau and Fox, 1998). Conditions experienced during early life can
impact fitness independently of age and size at maturity, two kay traits highly correlated with
fitness (Dmitriew and Rowe, 2007). Among other fitness associated traits that may be affected
are fecundity, growth and survival. Haywood and Perrins (1992) found that clutch-size and
clutch-size control mechanisms in zebra finches (Taeniopygia guttata) and great tits (Parus
major) were permanently affected by conditions during ontogeny. Also, is has been found that
the earlier an organism is affected during its early life, the stronger are the long-term effects.
(Henry and Ulijaszek, 1996).
Some organisms respond to highly variable environments by producing different phenotypes
depending on developmental conditions. Such phenotypic plasticity is due to both maternal
and environmental factors, such as temperature, directly affecting an organisms’
developmental or physiological processes (Fusco and Minelli, 2010). An organisms’ body size
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is a result of its growth rate, and, growth rate and body size are two key life history traits that
are affected by temperature. An organisms’ body size is an important morphological trait
affecting fitness and physiological traits, and through the years a number of “rules” concerning
body size patterns have been described (Blanckenhorn and Demont, 2004).
One of the best known is Bergmann’s rule. It predicts that endotherm individuals living in
colder climates become larger as adults than individuals in warmer climates. The underlying
adaptive mechanism for this pattern is thermoregulation (Bergmann, 1847). The same body
size pattern has been shown to apply for ectotherms, but then under the name TemperatureSize rule (TSR). The TSR deals however basically with ontogenetic responses and, in contrast
to Bergmann’s rule, it focuses on individual growth and development, not only adult size. It
predicts an increased growth- and developmental rate but reduced adult size in individuals
raised at higher temperatures compared to individuals grown under lower temperatures.
Empirical studies have demonstrated that this pattern is common, but that exceptions also occur
(Angilletta et al., 2004, Atkinson, 1996). Also, ectotherms inhabiting colder climates may
frequently be larger than conspecifics from warmer waters, notably in marine systems
(Angilletta et al., 2004, Kozłowski et al., 2004).
Reduction in mean body size as a consequence of rising temperatures has been proposed to
represent a third universal response to global warming (Gardner et al., 2011). Changes in
individual body size may affect mean body size at the population level which, in turn, may lead
to a shift in mean size at the community level (Ohlberger, 2013). Hence, consequences of
global warming are occurring on multiple levels of organization; from individuals to
populations and further up to the community level. Ectotherms constitute about 99% of all
species on earth, and also constitute the majority of organism biomass. It is therefore essential
to understand how they respond to temperature and a changing climate (Angilletta et al., 2004,
Ohlberger, 2013).
In this study, I explore some of these temperature responses in Daphnia magna. The aquatic
ectotherm, Daphnia, are planktonic crustaceans that belong to the order Cladocera. They are
filter feeders, mainly feeding on algae. They have a wide geographical distribution and can
tolerate temperatures ranging from 2 to 30ºC (Ebert, 2008). Daphnia inhabit diverse
freshwaters such as ponds, lakes and rock pools. Because of its’ large size, compared to other
Daphnia species, D. magna is vulnerable to fish predation and therefore occurs in habitats
2

without fish predation, such as small ponds and rock pools. Daphnia is considered a keystone
species in aquatic systems, contributing to control the phytoplankton biomass during the
growth season. Also, smaller Daphnia species, like Daphnia cucullata, is often an important
food source for invertebrate predators (Ebert, 2005, Laforsch and Tollrian, 2004, Sarnelle and
Knapp, 2005). Daphnia have been extensively used as a model organisms in ecology,
evolutionary biology and ecotoxicology (Mittmann et al., 2014). Their mode of reproduction
is what makes them particularly suitable for studies that wish to separate the effects of genetic
and environmental components on life history traits. The cyclic parthenogenetic life cycle
allows females of many species, e.g. D. magna, to reproduce clonally by parthenogenesis when
living under favorable conditions. During the parthenogenetic cycle the females produce
diploid eggs that result in the production of clonal daughters. Sexual reproduction is observed
under stressful conditions, such as crowding, resulting in the production of diploid male
offspring and a haploid resting egg, ‘ephippium’, that needs to be fertilized. The ephippium
undergoes a diapause before it hatches, producing a female offspring (Ebert, 2005). The life
cycle of a cyclic parthenogenetic D. magna is illustrated in Figure 1. A daphnia must shed its
exoskeleton, in a process called moulting, in order to grow. Since Daphnia show indeterminate
growth, moulting happens throughout an individuals’ life but at a higher rate during the
juvenile life stage when most available resources are allocated to growth before reaching
maturity (Taylor and Gabriel, 1992, Yampolsky and Ebert, 1994).
Being ectotherms, Daphnia are easily affected by temperature fluctuations in their environment
since it directly affects their body temperature and thereby also cell division, growth and
metabolic processes. Such temperature fluctuations can occur over short time periods;
changing from one day to another or lasting over a few days, or, they can come due to seasonal
changes. The fluctuations can be substantial, particularly for animals living in shallow water
bodies where the water temperature, in summertime, can range from ~15ºC during the night
and up to 30ºC during the day. We may ask, if occurring under an organism’s embryonic
development for instance, whether and how exposure to high or low temperature affects an
individual’s life history traits later in life? My study species, D. magna, is commonly found in
rock pools and other small water bodies that undergo strong diurnal temperature changes. Table
1 shows average temperatures for each month at the original locations of the two D. magna
clones (i.e. clonal lines of different genotype) used in this study. Information on the precise
original location for one of the clones is missing, but it is near Essaouira, Morocco.
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Figure 1. A diagram illustrating the life cycle of a cyclic parthenogenetic D. magna (D. Ebert 2005, Fig. 2.9). D.
magna reproduces asexually by parthenogenesis when conditions are favorable. Under such conditions females
produce diploid eggs that develop into daughters. Under unfavorable conditions, females produce haploid resting
eggs (ephippia) and diploid asexual eggs that develop into sons. The haploid egg needs to be fertilized. After
diapause, a female offspring hatches from the ephippia.

Table 1. Average temperatures per month at the original locations for the two D. magna clones used in this study.
The two clones originate from Gräsö Island, Sweden and Essaouira, Morocco (exact location imprecise). Units
are in ºC.

The topic of maternal-, temperature- and other environmental effects on an organism’s
phenotype and life history traits have fascinated researchers over a long time. As a
consequence, numerous studies cover these topics. Findings from studies with Daphnia
ambigua (e.g. Walsh et al., 2014) provide support for such effects, but Kielland et al. (2017)
found no evidence for such effects in a study with Daphnia pulex. Another study on D. pulex
investigated how three different temperatures (5°C, 10°C and 15°C) affected the development
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time of embryos (Gulbrandsen and Johnsen, 1990). The results demonstrated a clear connection
between development time and temperature, being more than four times longer at 5°C than at
15°C. The same study also measured the egg volume at the different embryonic stages and
demonstrated that egg volume was similar in early stages but when reaching the final stage,
eggs at 5°C were by far the largest. Some of the differences in volume might however also be
due to nutritional circumstances.
A majority of studies concerning temperature effects on life history traits in Daphnia and other
organisms focus on how long-term exposure of the individuals’ rearing temperature affects
those traits (Partridge et al., 1994). However, less is known about how abrupt temperature
fluctuations affect ectotherms, including D. magna, and especially if and how exposure during
embryonic development affects life history traits like growth, development and reproduction
later in life. Since fewer studies have investigated this topic it is tempting to put focus on it,
possibly contributing to gain more knowledge in this field of study. This is relevant for many
organisms that experience strong temperature variability through life, often as brief “windows”
of high or low temperatures. This study focuses on how an organisms’ environmental
temperature during early development affects its’ life history traits later in life.

5

2 Study aims and hypotheses
In my thesis I aim to test whether and how exposure of D. magna to high or low temperature
during the embryonic life stage affects growth, development and reproduction of individuals
later in life, after being transferred to a common temperature regime of 20°C. For this purpose,
I have used two clones (genotypes) of D. magna originating from different geographical
locations. The reason for this is that different genotypes of the same species may respond
differently to temperature.
I thus aimed at testing the following two hypotheses:
1. Exposure of D. magna to high or low temperature during the embryonic life stage will
have a carry-over effect on growth, development and reproduction later in life, when
the exposed individuals are subsequently reared under the same temperature regime.
2. The effect of embryonic temperature decreases with age. Embryonic temperature
exposure will therefore yield a stronger effect on development rates in the juvenile stage
compared to the adult stage. Also, the effect on clutch size will be stronger in early
clutches compared to later clutches.
It may be predicted that the two clones used in the experiment respond differently to the
embryonic temperature exposure, reflecting their different origin and genetic differences.
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3 Materials and methods
3.1 Experimental preparations
Laboratory stock cultures
The experimental animals originate from laboratory stock cultures of D. magna. Two clones
(i.e., genotype lines) of D. magna were used in the experiment. Both clones were provided by
professor Dieter Ebert (University of Basel, Switzerland) and have been kept at the University
of Oslo since January 2017. One of the clones originates from a rockpool from Gräsø Island,
Sweden, and the other clone originates from Morocco (Figure 2). In this study, I will refer to
the Swedish clone as “Pippi” and the Moroccan clone as “Aicha”.
Prior to this experiment, individuals in the stock cultures were kept in 500 mL jars at 20ºC and
fed the green algae Chlamydomonas reinhardtii. They were kept under a 16 h:8 h light:dark
cycle in aerated Aachener Daphnien Medium (ADaM), an artificial freshwater medium
(Klüttgen et al., 1994). Feeding and medium change of the stock cultures were done three times
a week. The stock cultures were maintained under these conditions for at least three generations
prior to their use in the experiment.

Figure 2. The original locations for the experimental clones, Pippi and Aicha. In blue, Pippi (60° 25' 18.2388''
N18° 30' 36.54'' E). In red, Aicha (31° 29' 26.5704'' N 9° 45' 51.948'' W).
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Culturing algae
Before the experiment started, a stable live algae culture of C. reinhardtii (strain CC-1690 wild
type mt+) was established and maintained at a relatively stable density. To start a new culture,
1 mL of live C. reinhardtii was added to 1 L of WC medium (Guillard and Lorenzen, 1972).
The algae were grown in WC medium under constant light in 1- and 2L glass jars and aerated
through silicone tubes connected to an air pump (Tetra APS 300) and -filter (0.2µm pore size).
Backup algae cultures were always kept in case of any problems with the culture in use.
Pilot experiments to identify temperature treatments
Initially, the experimental design included the three treatment temperatures 10ºC, 20ºC and
30ºC. Previous experiments with the same clones (Catharina Broch, Yngvild Vindenes unpublished), had however revealed that only the Aicha clone, but not the Pippi clone, survived
under temperatures as high as 30ºC over a longer period of time. I thus performed a test before
the start of the experiment to see if Pippi could survive at 30ºC for a shorter period of time (the
period between the first and the third clutch). Adult individuals with eggs in its brood chamber
were transferred to 30ºC. Moulting, release of offspring and the presence of new eggs were
registered each day. This test showed that adult individuals of the Pippi clone did not manage
to reproduce well under so high temperatures, producing a large fraction of dead neonates.
Surviving neonates had difficulties in swimming, did not moult and died within a few days. It
was thus decided to use a high-temperature treatment for the Pippi clone that was close to the
upper tolerance limit, but where the individuals still would survive and reproduce, and 27ºC
was chosen for these experiments. For Aicha, the experiment was conducted with all four
temperature treatments (10ºC, 20ºC, 27ºC and 30ºC).

3.2 Experimental setup
The experiment took place in the temperature controlled U112 laboratory at the University of
Oslo, from August to November 2018. The experiment included the four temperature
treatments 10ºC, 20ºC, 27ºC and 30ºC, where the 20ºC treatment was used as a control. Climate
rooms were used for the 10 and 20ºC treatments while the 27 and 30ºC treatments were kept
in temperature incubators (Sanyo cooled incubator MIR-153 and Panasonic cooled incubator
MIR-154) inside the 20ºC climate room. Temperature loggers were used to monitor the
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temperature inside the climate rooms as well as in the temperature incubators. The loggers were
kept in water in order to monitor the water temperature and not the air temperature.
D. magna neonates chosen to be potential mothers of my experimental individuals, 15
individuals in total for Pippi and 20 individuals in total for Aicha, were randomly collected
from the stock cultures and put on separate 100 mL jars filled with ADaM medium and placed
on 20ºC. The day after they released their first clutch, they were put on new separate 100 mL
jars filled with AdaM medium and transferred to the respective temperature treatment, 5
individuals per treatment, until they released their third clutch. For each treatment and clone
separately, all the third clutch neonates from the potential mothers were collected into one jar
and from this jar, ten neonates (30 neonates in total for Pippi and 40 neonates in total for Aicha)
were randomly collected, put on separate 100 mL jars filled with AdaM medium and
transferred to 20ºC where they were reared until they released their third clutch. These
individuals will be referred to as the experimental individuals (Figure 3). The collection of the
experimental individuals occurred within 24 hours after they were released. Hence, the
experimental individuals were exposed to their temperature treatment only as developing
eggs/embryos inside the mother and for maximum 24 hours after being released. The response
of the individuals to their temperature treatment was measured at 20ºC. To avoid temperature
shock during transfer between temperatures, the AdaM medium had the same temperature as
the treatment the respective individuals came from. This ensured a gradual change in the
environmental temperature. To prevent oxygen deprivation, all jars were kept open. From now,
the temperature that the experimental individuals were exposed to as developing eggs/embryos
will be referred to as their embryonic temperature.
For practical reasons the experiment was first conducted with the Pippi clone and then repeated
with the Aicha clone, but then under identical conditions. The experiment was first conducted
with three of the treatments (10, 20, and 27ºC) and then with the 30ºC treatment. Procedures
regarding feeding, medium change and growth measurements were the same for both clones
(description below). Three of the Pippi experimental individuals from embryonic temperature
of 20ºC turned out to be males. All measurements from those individuals are excluded in the
results. All individuals were observed daily, the number of offspring and moults were counted
and removed whenever present.
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Figure 3. An illustration of the experimental setup for Pippi and Aicha. D. magna mothers were reared at 20ºC.
After they released their 1st clutch offspring, the mothers were transferred to their respective temperature treatment
(10, 20, 27 and 30ºC) where they stayed until they released their 3rd clutch offspring. Offspring from the 3rd clutch
(the experimental individuals) were transferred to 20ºC within 24 hours after being released. These experimental
individuals were reared at 20ºC until they released their 3rd clutch. The column on the left presents D. magna
mothers at 20ºC, chosen to be the potential mothers of the experimental individuals. The middle column presents
the embryonic temperature exposure of 3rd clutch eggs inside the mother. The right column presents the
experimental individuals after transfer to 20ºC, which is the temperature at which the individuals were reared and
the response to embryonic temperature exposure is measured. The 30ºC treatment was conducted with the Aicha
clone only.

Medium renewal and feeding
Since Daphnia increases its filtering rate with increased body size and higher temperature
(Burns, 1969), the frequency of feeding and medium change varied between treatments (Table
2) to ensure enough oxygen and ad libitum feeding conditions in all temperatures. When
changing AdaM medium, individuals were transferred with a plastic pipette to clean 100 mL
jars along with new medium. All AdaM medium used in the experiment had been aerated for
10

at least 24 hours before use. A combination of C. reinhardtii (strain CC-1690 wild type mt+)
and Nannochloropsis sp. (strain CCMP525), prepared from frozen Nannochloropsis sp.
(Nanno 3600; Reed mariculture), was used as food. Unlike C. reinhardtii, Nannochloropsis
contains high levels of fatty acids that are beneficial for the growth of Daphnia.
Nannochloropsis was only added in small amounts and mainly because of its high fatty acid
content. Before feeding Daphnia, the carbon content of C. reinhardtii was measured in a
spectrophotometer as the optical density (OD) at 800 nm. The relationship between the optical
density at 800 nm and carbon content made it possible to construct a standard curve and thus
allowed for a fast determination of algal biomass and provision of the correct amounts of C.
reinhardtii needed for feeding Daphnia and ensuring the desirable amount of carbon, 2 mg C
L-1. The amount of carbon of Nannochloropsis was 0.2 mg C L-1.

Table 2. Medium change and feeding schedule for the two experimental clones of D. magna, Pippi and Aicha.

Size measurements
Repeated size measurements were done by an image analysis of videos recorded with a
specially designed video camera setup. This method provides a good estimate of size while
being less invasive than other measurement methods. It was developed by Jan Heuschele and
Catharina Broch (University of Oslo) and has been used in previous experiments with Daphnia
at the University of Oslo. The recording setup consists of a camera (5MP NOIR) that is
controlled by a python script running on a computer (Raspberry pi 3) and allows to observe the
moving Daphnia on a small screen while being filmed. A 3D printed filming chamber where
individual Daphnia are placed inside a spectrophotometer cuvette while being filmed, as well
as two LED lights is also a part of the video camera setup. Each individual is filmed for 30
seconds and the resulting video sequence is analyzed by a Python program using the computer
vision library OpenCV (Bradski, 2000) to determine the size of the individual. Each of the 780
frames (30×26 frames per second) of the video sequence undergoes a series of processing steps
to detect objects (animals) that are situated in the middle of the field of view. The program then
fits an ellipse to the biggest object in each frame and from this, measures the length (in mm)
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and width of the animal. The Daphnia length is measured from the top of the head to the base
of the spine. The detailed steps of image manipulation are depicted in Figure 4. From the
accumulated measurements we then extract a single length estimate for each individual at each
measurement time. In the experiment, each individual was measured at different ages during
its life.

Figure 4. Illustration of the image processing steps for determining the size of Daphnia. Each of the 780 video
sequence frames produced from the 30 second video sequence undergoes the steps depicted. An image of D.
magna inside a cuvette is cropped to include only the inner area of the cuvette. The image is then transformed to
correct for lens deformation, and the background and other particles in the medium, such as algae, are removed
by a series of image manipulations. In a final step the objects are detected, and an ellipse is fitted to the biggest
object. From this object, length and width measurements are recorded. Illustration provided by Jan Heuschele,
University of Oslo.

Manual image size measurements of 70 individuals were also made to check the accuracy of
the video measurements and adjust the detection method. Images from the video recordings,
where the individual was clearly visible, were used to measure the animals from the top of their
head to the base of the spine. The manual image measurements consist of one measurement
from each measured individual and were made in the open source image processing program
ImageJ (Schneider et al., 2012), where the measurements are made in pixel units and later
converted to metric units (mm). These manual measurements proved to fit well with the video
measurements (Figure 5), and I therefore used the automated image analysis measurements for
the rest of the measurements.
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Figure 5. A regression showing the fit between manual image measurements and automated image analyses
measurements (from videos) for the two experimental clones, Pippi and Aicha.
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Filming for size measurements to determine growth rate and adult size took place every third
day. The first measurement was made the day the animals were released from the mother (day
0). The measurements were done by transferring individuals, along with some AdaM medium,
with a plastic pipette into a cuvette of the appropriate size (1.5 mL for newly released
individuals and 2.5 mL when they were closer to maturity) and the cuvette was placed into the
filming chamber. After the animals had been filmed, they were put back into their glass jar.

3.3 Statistical analysis
All data was analyzed in R statistics version 3.5.1 (R Core Team, 2018). At first, exploratory
data analysis was used to visually investigate and summarize the data collected. All models
were fitted for Pippi and Aicha separately. All graphs were plotted with the ggplot2 package
(Wickham, 2016) in R.
Somatic growth rate and asymptotic size
I analyzed the individual’s growth to see if embryonic temperature exposure affected the
experimental individuals’ growth rate and adult size later in life.
A von Bertalanffy growth function was fitted to length-at-age data using a nonlinear mixed
effects (NLME) model. This was done using the nlme() function from the nlme package
(Pinheiro et al., 2019) in R.
The von Bertalanffy growth equation (equation (1)), is extensively used to describe fish growth
and has also been used to describe the growth of D. magna (e.g. in Martínez-Jerónimo, 2012),
which is the reason why I chose to use it in my analysis. The von Bertalanffy growth equation
can be written as in Geller (1987):
Lt = L∞(1 − e−K(t−t0))

(1)

Where Lt is the length at age t, L∞ is the asymptotic size (the maximum length of individuals),
K determines the shape of the growth curve (the growth coefficient) and t0 is the hypothetical
age at length zero.
Effects of embryonic temperature on growth was analyzed by using embryonic temperature
treatment as a factor in the model to explain differences in the fixed effect components of L∞,
14

K and t0 (see Appendix A for summary of the model for the two clones). The von Bertalanffy
growth model did not have an optimal fit to the data and especially the estimates for L∞ did
not match well. The reason for this is in part that the experiment did not last sufficiently long
to obtain good size measurements after the point where growth levels off. The individuals were
therefore not close enough to their asymptotic size at the end of the experiment. This made it
hard to perform reliable size comparisons between treatments and clones based on the L∞
estimates from the von Bertalanffy-model.
In addition to the von Bertalanffy model, we therefore investigated effects of early temperature
on growth and adult size with a different non-parametric method; effects on adult size were
studied using the size at age 18 (days). The size at age 18 was chosen since the age at the last
measurement varied between treatments both intra- and interclonally. This is due to the
difference in time it took individuals from the different treatments to release their third clutch
(varied from 18-24 days), which was set as the time for each individual at which the experiment
ended. Comparison in adult size within- and between clones was therefore done at an age that
included individuals from all treatments and both clones, that is, at age 18.
A one-way analysis of variance (ANOVA) was conducted on the size at age 18 (days) by using
the aov() function in R to test for significant differences between treatments. Tukey’s post hoc
test was used to perform multiple pairwise-comparison between the means of treatments to see
if the difference between two specific treatments was statistically significant.
To measure effects on somatic growth rate with a non-parametric approach, I extracted a subset
of length-at-age measurements corresponding to the approximately linear part of the growth
curve (at age 3, 6 and 9). For each clone, a linear mixed effects (LME) model was fitted using
length as response variable and embryonic temperature and age as covariates. The individual
replicates were set as a random effect. ANOVA was used to check for effects of temperature
and age and the interaction between them. Tukey’s post hoc test was used to perform multiple
pairwise-comparison between the means of treatments to see if the difference between two
specific treatments were statistically significant. See Appendix B for summary of the LME
model for the two clones.
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Development
The moulting rate can be used a measure of the Daphnias’ development rate. I therefore
analyzed the moulting data to see whether the embryonic temperature affected the moulting
rate.
Since there is an abrupt change in moulting rate upon maturation, two separate linear models
were fitted to the moulting data, one for the period from being released and up to age at maturity
and another for the period after maturity. Models were fitted using the cumulative number of
moults as response variable and embryonic temperature and age, as well as the interaction
between them, as covariates. ANOVA was used to check for effects of temperature and age
and the interaction between them.
ANOVA was also performed on age and size at maturity to see if there were significant
differences between treatments. If a significant difference was reported, Tukey’s post hoc test
was used to see which two groups differed.
Reproduction
I analyzed reproduction to see whether embryonic temperature affected age at first
reproduction, the reproductive rate (number of offspring produced per day), and clutch size
later in life.
For age at first reproduction, a linear regression model was fitted, using embryonic temperature
as a predictor variable. ANOVA was performed to see if there were statistically significant
differences between treatments. When this was reported by the ANOVA, Tukey’s post hoc test
was used see between which two treatments the difference occurred.
For reproductive rate a linear regression model was fitted using the cumulative number of
offspring as response variable and the interaction between temperature and age as covariates.
The no-intercept model was chosen because large variations in the intercept for the different
treatments made it difficult to compare the reproductive rate between treatments when intercept
was included in the model. The no-intercept model makes it possible to compare the
reproductive rate between treatments and test if there are significant differences between the
embryonic temperature treatment. ANOVA was used to see if the interaction between
temperature and age on reproductive rate was significant.
16

For clutch size, the data was not fitted with model. I analyzed the clutch size data to see how
embryonic temperature affected the clutch sizes and to see if the affect was stronger on early
clutches than on late clutches. This was done by visually investigating the data.
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4 Results
4.1 Growth
Visualizing the data before statistical analyses
For Pippi, the estimated length at age data indicate that embryonic temperature does affect
adult body size later in life (Figure 6 and 8). Embryonic temperature seems to negatively affect
adult body size in Pippi: individuals from embryonic temperature of 10°C reach the largest
adult body size and individuals from embryonic temperature of 27°C reach the smallest adult
body size. Individuals from the control treatment, 20°C, have an intermediate adult body size
between the low and high temperature treatments (Figure 6 and 8). At age 0, individuals from
embryonic temperature of 10°C have a smaller average size than individuals from the other
treatments, which have an almost equal size at age 0. We also see that they grow slowly in the
beginning but around day three there is a steep increase in growth. At maturity (around day 9),
they have become larger than individuals from the other treatments (Figure 8).
The estimated length at age data for Aicha indicate smaller differences in adult body size
between treatments, and no clear pattern is observed (Figure 7 and 8). Based on the last
measurement from each treatment, individuals from embryonic temperature of 27°C reach the
largest adult body size while individuals from embryonic temperature of 10°C have the
smallest. This is the opposite to what was observed in Pippi. Again, individuals from the control
treatment, 20°C, have an adult body size that is intermediate between these two. Individuals
from embryonic temperature of 30°C had the second lowest adult body size (Figure 7 and 8).
At age 0, individuals from embryonic temperature of 10°C have a smaller average size than
individuals from the other treatments. As with Pippi, we see a slow growth in these individuals
in the beginning. Around day three there is a steep increase in growth up to age at maturity.
After this point the growth levels off (Figure 8).
The smaller difference in adult body size between treatments for Aicha than for Pippi indicates
that embryonic temperature affects adult body size in Pippi to a larger extent than in Aicha.
Based on the last size measurement from each treatment and clone, it seems that embryonic
temperature affects the two clones in opposite ways, having a negative effect in Pippi but
possibly a positive effect in Aicha (Aicha from embryonic temperature of 30°C, which had the
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second lowest adult body size, being an exception to this). This pattern in Aicha is however
only seen when we look at the last measurements from each treatment. Since the age at the last
measurement (corresponding to age at third clutch) varies between treatments and clones we
cannot make meaningful size comparisons between treatments and clones based on
measurements at this point.
Both clones show more variation in size among adult individuals than among juveniles, as seen
by a larger variability at the final measurements (Figure 6 and 7). Part of this variation can also
be attributed to lower accuracy of the image analysis for larger individuals. Overall when
comparing the two clones we see that temperature seems to have a larger effect on adult body
size in Pippi than in Aicha. Also, Pippi reaches a larger adult body size than Aicha, regardless
of embryonic temperature. However, when it comes to individuals from embryonic
temperature of 27°C, the difference between the clones is very small. For both clones,
individuals from embryonic temperature of 10°C have the smallest average size at age 0 and
show a steep increase in growth up to the age at maturity (Figure 8).

Figure 6. Individual growth curves (length-at-age) for Pippi showing the growth response (at 20°C) to the three
embryonic temperature treatments 10°C, 20°C (the control) and 27°C. Panels represent the different embryonic
temperature treatments.
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Figure 7. Individual growth curves (length-at-age) for Aicha showing the growth response (at 20°C) to the four
embryonic temperature treatments 10°C, 20°C (the control), 27°C and 30°C. Panels represent the different
embryonic temperature treatments.

Figure 8. Growth curves for the two clones of D. magna (Pippi and Aicha) showing the mean growth response
(at 20°C) to the embryonic temperature treatments (legend).
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The von Bertalanffy growth model
Results from the von Bertalanffy estimation are presented here, although the model fit was
suboptimal and the L∞ unsuitable for making size comparisons between treatments and clones.
The L∞ estimates from the von Bertalanffy growth model were highest for Aicha from
embryonic temperature of 20 and 27°C and lowest for Aicha from embryonic temperature of
10 and 30°C (Figure 10, Table 3). These estimates were higher than the highest L∞ estimate for
Pippi (Table 3) even though we have seen that Pippi always reached a larger body size than
Aicha regardless of embryonic temperature (Figure 9 and 10). The K estimates were highest
for Aicha from embryonic temperature of 10°C and lowest for this same clone at 27°C (Table
3). More detailed model estimates for L∞ and K are presented in Table 3.

Figure 9. Growth curves for Pippi from the three embryonic temperature treatments 10ºC (red), 20ºC (green)
and 27ºC (blue) when fitted with the von Bertalanffy growth model.
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Figure 10. Growth curves for Aicha from the four embryonic temperature treatments 10ºC (red), 20ºC (green),
27ºC (blue) and 30ºC (purple) when fitted with the von Bertalanffy growth model.

Table 3. L∞ and K values, as estimated from the von Bertalanffy growth model. Units are in mm for L∞ and mm
days-1 for K.
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Non-parametric estimates of adult size and growth rate
For Pippi, embryonic temperature had a significant effect on size at age 18 and a Tukey’s post
hoc test confirmed that there were significant size differences between all treatments (ANOVA,
Table 4). The results indicate a negative effect of embryonic temperature on size at age 18 for
this clone. Individuals from embryonic temperature of 10°C had the largest body size (2.97
mm ± 0.29), individuals from embryonic temperature of 20°C had an intermediate body size
(2.80 mm ± 0.28) and individuals from embryonic temperature of 27°C had the smallest body
size (2.54 mm ± 0.27) (Figure 11, Table 5).
For Aicha, embryonic temperature had an effect on size at age 18 as well, but significant size
differences were only observed between individuals from the control treatment, 20°C, and
individuals from embryonic temperature of 27°C and 30°C (ANOVA; Table 4, Figure 11).
Individuals from the control treatment were significantly larger than both individuals from
embryonic temperature of 27 and 30°C. The results indicate a slight negative effect of
embryonic temperature on size at age 18 (with the exception of Aicha 10°C, which has the
second largest body size). Individuals from the control treatment, 20°C, have the largest body
size (2.55 mm ± 0.23) and individuals from embryonic temperature of 10°C have the second
largest body size (2.35 mm ± 0.51). Individuals from embryonic temperature of 30°C have the
smallest body size (2.22 mm ± 0.31) and individuals from embryonic temperature of 27°C have
the second smallest body size (2.25 mm ± 0.41). There is however only a minor size difference
between Aicha from embryonic temperature of 27 and 30°C (Figure 11, Table 5).
When comparing the clones, we see a negative effect of embryonic temperature on size at age
18 for both clones. For Pippi, a significant size difference was observed between all treatments.
For Aicha, a significant size difference was observed between the control treatment and both
embryonic temperature treatment of 27 and 30°C. The variation in size was larger for Aicha
than for Pippi, especially for individuals from embryonic temperature of 10 and 27°C, which
also explains why there was less difference between treatments for Aicha than for Pippi.
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Figure 11. Boxplot showing body size at age 18 days for Pippi and Aicha. The horizontal line represents the
median, the first and third quartiles are represented as the upper and lower limits of the box. Whiskers represent
95% of the sample and dots represent outliers.

For Pippi, the somatic growth rate estimated from the linear part of the growth curve decreased
with increasing embryonic temperature (ANOVA, Table 4). Tukey’s post hoc test showed that
the somatic growth rate for individuals from embryonic temperature of 10°C was significantly
higher than the somatic growth rate for individuals from embryonic temperature of both 20 and
27°C. No significant difference was found between the somatic growth rates for individuals
from embryonic temperature of 20 and 27°C (Figure 12, Table 5).
As for Pippi, the somatic growth rate decreased with increasing embryonic temperature for
Aicha as well. An exception is Aicha from embryonic temperature of 30°C. Here, the somatic
growth rate increased again and matched the somatic growth rate of Pippi from embryonic
temperature of 27°C. Somatic growth rate was affected by embryonic temperature (ANOVA,
Table 4) and a Tukey’s post hoc test showed that the somatic growth rate for individuals from
embryonic temperature of 10°C was significantly higher than the somatic growth rate at all the
other treatments. Also, the somatic growth rate for individuals from embryonic temperature of
30°C was significantly higher than for individuals from embryonic temperature of 27°C. No
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significant difference was between the somatic growth rates for individuals from the control
treatment and individuals from embryonic temperature of 27 or 30°C (Figure 12).
When comparing the clones, Pippi had a higher somatic growth rate than Aicha at all
comparable treatments (10, 20 and 27°C). For both clones, individuals from embryonic
temperature of 10°C had the highest somatic growth rate and individuals from embryonic
temperature of 27°C had the lowest (Figure 12, Table 5). For both clones, the control treatment
had an intermediate somatic growth rate. Mean values ± standard deviations for somatic growth
rates for both clones are presented in Table 5.

Figure 12. Somatic growth rate for Pippi and Aicha estimated from a linear model fitted to size measurements
between age 2 and 11. Somatic growth rate was measured at 20°C after exposure to embryonic temperature of
10°C, 20°C, 27°C and 30°C (Aicha only).
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4.2 Development
Moulting rate
The moulting rate can be used a measure of Daphnias’ development rate. The moulting rate
was different before and after the age at maturity for both clones. A higher juvenile- than adult
moulting rate was observed for both clones (Figure 13 and 14). For both clones, temperature
had a significant effect on the juvenile moulting rate only (ANOVA, Table 4).
For Pippi, the juvenile moulting rate was highest for individuals from embryonic temperature
of 10°C (0.72 moults/day ± 0.05). No difference was found between the juvenile moulting rates
for individuals from embryonic temperature of 20 and 27°C (both 0.55 moults/day ± 0.06). The
adult moulting rate was similar across all embryonic temperatures (from 0.30 moults/day ±
0.05 to 0.33 moults/day ± 0.06) (Figure 14, Table 5).
For Aicha as well, the moulting rate before maturity was highest for individuals from
embryonic temperature of 10°C (0.70 moults/day ± 0.04). Individuals from embryonic
temperature of 30°C had the lowest moulting rate before maturity (0.54 moults/day ± 0.05),
while only a minor difference was observed between individuals from embryonic temperature
of 20 and 27°C. As for Pippi, the moulting rate after maturity was similar across all embryonic
temperatures, though with a slight increase for individuals from embryonic temperature of
30°C compared to the others (Figure 14, Table 5).
Age and size at maturity
For Pippi, embryonic temperature did not affect the age at maturity (ANOVA, Table 4).
Individuals from embryonic temperature of 20°C, the control treatment, had the lowest mean
age at maturity (9.14 days ± 0.38) while individuals from embryonic temperature of 27°C had
the highest (9.33 days ± 0.87). Individuals from embryonic temperature of 10°C reached
maturity at a mean age of 9.30 days (± 1.60) (Figure 15, Table 5).
For Aicha, embryonic temperature significantly affected the age at maturity (ANOVA, Table
4), but in a non-linear way. Individuals from the control treatment, 20°C, reached maturity
significantly faster than individuals from both embryonic temperature of 10 and 27°C. As for
Pippi, the lowest age at maturity was found for individuals from embryonic temperature of
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20°C (7.40 days ± 0.52) and the highest for individuals from embryonic temperature of 27°C
(9.70 days ± 2.36) (Figure 15, Table 5).
For both clones, individuals from the control treatment, 20°C, reached maturity fastest while
individuals from embryonic temperature of 27°C reached maturity latest.
For Pippi, size at maturity decreased with increasing embryonic temperature but no significant
differences were observed between the treatments (ANOVA, table 4). Individuals from
embryonic temperature of 10°C were largest at maturity (2.16 mm ± 0.41) and individuals from
embryonic temperature of 27°C were smallest at maturity (2.00 mm ± 0.25). Individuals from
embryonic temperature of 20°C had an intermediate size at maturity (2.10 mm ± 0.10) (Figure
16, Table 5).
For Aicha, the results indicate that size at maturity increased with increasing embryonic
temperature, with individuals from embryonic temperature of 10°C being an exception. There
was a significant effect of embryonic temperature on size at maturity (ANOVA, Table 4).
Tukey’s post hoc test showed that the only significant difference in size at maturity was
between individuals from embryonic temperature of 20°C and individuals from embryonic
temperature of both 10 and 30°C. There was more size variation in individuals from embryonic
temperature of 27°C than individuals from the other treatments. Individuals from embryonic
temperature of 10°C were largest at maturity (1.93 mm ± 0.35), but individuals from embryonic
temperature of 30°C were almost the same size (1.92 mm ± 0.16). Individuals from the 20°C
treatment were smallest at maturity (1.68 mm ± 0.22) while individuals from the 27°C
treatment were intermediate in size at maturity (1.81 mm ± 0.49) (Figure 16, Table 5).
When comparing the clones, Pippi always had a larger size at maturity than Aicha regardless
of embryonic temperature.
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Figure 13. Cumulative number of moults for Pippi and Aicha (dots) fitted linear models (lines) for the periods
before and after age at maturity separately. The vertical dashed line represents mean age at maturity for each
treatment. Panels represent different embryonic temperature treatments. In red, Aicha. In blue, Pippi.

Figure 14. Estimated juvenile (before maturity) and adult (after maturity) moulting rates for Pippi and Aicha
when fitted with a linear model.
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Figure 15. Boxplot showing the age at maturity for the two experimental clones, Pippi and Aicha. The horizontal
line represents the median, the first and third quartiles are represented as the upper and lower limits of the box.
Whiskers represent 95% of the sample and dots represent outliers.

Figure 16. Boxplot showing the size at maturity for the two experimental clones, Aicha and Pippi. The horizontal
line represents the median, the first and third quartiles are represented as the upper and lower limits of the box.
Whiskers represent 95% of the sample and dots represent outliers.
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4.3 Reproduction
Age at first reproduction
For Pippi, age at first reproduction was not affected by embryonic temperature (ANOVA,
Table 4). Even if individuals from embryonic temperature of 20°C had their first reproduction
at a younger age than individuals from the other treatments, no significant differences were
observed between the treatments (Figure 17, Table 5).
For Aicha, there was an effect of embryonic temperature on age at first reproduction (ANOVA,
Table 4). Tukey’s post hoc test also confirmed that the age at first reproduction was
significantly lower for individuals from embryonic temperature of 20°C than for individuals
from the other treatments. As for Pippi, age at first reproduction was lowest for individuals
from embryonic temperature of 20°C. The highest age at first reproduction was for individuals
from embryonic temperature of 27°C (Figure 17, Table 5).
Reproductive rate
For Pippi, the reproductive rate decreased with higher embryonic temperature and Tukey’s post
hoc test confirmed that it was significantly higher for individuals from embryonic temperature
of 10°C than for individuals from the other two treatments. Individuals from embryonic
temperature of 27°C had the lowest reproductive rate (Figure 18, Table 5).
For Aicha, the reproductive rate also decreased with higher embryonic temperature. There is,
however, a minor increase in the reproductive rate for individuals from embryonic temperature
of 20°C compared to individuals from embryonic temperature of 10°C. Tukey’s post hoc test
revealed that individuals from embryonic temperature of both 10 and 20°C had a significantly
higher reproductive rate than individuals from embryonic temperature of both 27 and 30°C
(Figure 18, Table 5).
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Figure 17. Boxplot showing age at first reproduction for the two experimental clones. The horizontal line
represents the median, the first and third quartiles are represented as the upper and lower limits of the box.
Whiskers represent 95% of the sample and dots represent outliers.

Figure 18. Boxplot showing reproductive rate for the two experimental clones. The horizontal line represents the
median, the first and third quartiles are represented as the upper and lower limits of the box. Whiskers represent
95% of the sample and dots represent outliers.
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Clutch-size
For Pippi, clutch size decreased with increasing temperature for the second and the third clutch.
The first clutch does seem to be slightly affected by embryonic temperature, but in a non-linear
way. This indicates that the effect of temperature is stronger on the second and the third clutch
than on the first clutch. There was an increase in clutch size from the first to the third clutch.
Individuals from embryonic temperature of 10°C always had larger clutches than individuals
from both the control treatment and individuals from embryonic temperature of 27°C (Figure
19, Table 5).
For Aicha, there was a reduction in size of the third clutch with increasing temperature while
the first and the second clutches were more similar in size across temperatures. This indicates
that there was a stronger effect of embryonic temperature on the third clutch than on the first
clutch for this clone as well. There was an increase in clutch size from the first to the third
clutch for individuals from embryonic temperature of 10°C. For individuals from the other
treatments, the clutches were more similar in size (Figure 19, Table 5).
When comparing the clones Pippi individuals from embryonic temperature of 10°C always
produced larger third clutches than Aicha from the identical embryonic temperature treatment.
In both clones later clutches were more strongly affected by embryonic temperature than first
clutches. Mean values ± standard deviations for clutch sizes for both clones are presented in
Table 5.
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Figure 19. Boxplot showing the clutch-size of the first, second and third clutch for the two experimental clones
of D. magna. The horizontal line represents the median, the first and third quartiles are represented as the upper
and lower limits of the box. Whiskers represent 95% of the sample and dots represent outliers. In red: first clutch,
in green: second clutch and in blue: third clutch.
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Table 4. ANOVA table for the number of juvenile moults, the number of adult moults, age at maturity, size at
maturity, somatic growth rate, size at age 18, reproductive rate and age at first reproduction. Statistically
significant effects are indicated in bold. Units are: days for age at maturity and age at first reproduction, mm for
size at maturity and size at age 18, mm day-1 for somatic growth rate and number of egg day-1 for reproductive
rate.
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Table 5. Mean values ± standard deviations of the size at age 18 (days), the somatic growth rate from a linear
model, juvenile moulting rate, adult moulting rate, size at maturity, age at maturity, age at first reproduction and
reproductive rate for the two experimental clones, Pippi and Aicha. Units are in: mm for size at age 18 and size
at maturity, mm day-1 for somatic growth rate, number of moults day-1 for juvenile- and adult moulting rate, days
for age at maturity and age at first reproduction, number of eggs day-1 for reproductive rate and number of neonates
clutch-1 for clutch size.
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5 Discussion
In this study, I tested the hypotheses that exposure of D. magna eggs/embryos to high or low
temperature has a carry-over effect on their growth, development and reproduction later in life
after being transferred to a common intermediate temperature regime. And, that the effect of
embryonic temperature decreases with age such that embryonic temperature yields a stronger
effect on development rate in the juvenile stage than in the adult stage. Effects on clutch size
was hypothesized to be stronger in early clutches than in later clutches. In support of the first
hypothesis, the results indicated a carry-over effect of temperature experienced during
embryonic development on all measured traits, later in life. However, the direction and size of
the effect varied between the clones. The results were divergent regarding the second
hypothesis. In line with the hypothesis, the effect of embryonic temperature was higher on the
juvenile moulting rate than on the adult moulting rate. For clutch size, on the other hand, the
effect of embryonic temperature was stronger on the third clutch than on the first clutch.
This study revealed that a rather brief exposure to deviating temperatures during early
development affected the growth in the two clones of D. magna. For both clones, individuals
experiencing a brief period of low temperature during embryonic development showed an
increased growth rate during the juvenile life stage compared to the control, while individuals
that experienced elevated embryonic temperature showed a reduced growth rate relative to the
control. However, the Aicha clone from embryonic temperature of 30°C did not follow this
pattern. On the contrary, these individuals increased their growth rate compared to the control.
In contrast to control individuals, individuals experiencing low temperature during embryonic
development had to acclimatize to 20°C. Therefore, during the first days after release, these
individuals grew slower than individuals from the other embryonic temperature treatments,
presumably due to carry-over effects of low temperature experienced during embryonic
development and a lag during acclimation to the new temperature. Evidence for carry-over
effects have been found in previous studies investigating effects of early thermal environment
on processes later in life. Recently, Kim et al. (2019) found carry-over effects of temperature
experienced during early development on oxidative DNA damage in the three-spined
stickleback (Gasterosteus aculeatus).
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It is well documented that organisms experiencing a period of slow development and growth
due to adverse conditions are able to compensate for this by accelerating growth when
conditions become favorable, resulting in either partial-, full- or overcompensation for body
size (Metcalfe and Monaghan, 2001). The increased growth rate observed in individuals from
the 10°C embryonic temperature treatment in my study could reflect compensatory growth to
catch up after the period of slow development and growth during the embryonic stage.
Overcompensation has been predicted to be most common when unfavorable conditions occur
during early life and for a short period of time (Mangel et al., 2005). In accordance with this
prediction, we observed overcompensation in the Pippi clone after a brief exposure to
temperature stress during early development. Compensatory or catch-up growth is often seen
in organisms with indeterminate growth and has predominantly been observed after organisms
experience a period of nutritional deficit. Reimers et al. (1993), e.g., found that Atlantic salmon
(Salmo salar L.), starved for 62 days before fed ad libitum for 41 days, compensated for a
reduction in body weight and grew faster and increased its body weight more than control fish.
Compensatory growth has however also been observed experimentally, e.g. in the Arctic charr
(Salvelinus alpinus L.), as a response to slow growth due to cold temperature experienced in
earlier life periods (Metcalfe and Monaghan, 2001). The compensatory growth response I
observed in individuals experiencing low temperature for a brief period is in accordance with
what Nicieza and Metcalfe (1997) and Mortensen and Damsgård (1993) found. They observed
compensatory growth in the Atlantic salmon (S. salar L.) and in the Arctic charr (S. alpinus
L.) upon transfer from cold to warm water.
Compensatory responses might be explained by several factors, possibly working in synergy.
Compensatory growth is frequently associated with hyperphagia (Dmitriew and Rowe, 2007).
Gurney et al. (2003) discuss various mechanisms that may control hyperphagia and resource
allocation related to compensatory growth. They concluded that hyperphagia alone cannot
cause a full catch-up in growth, and never results in overcompensation. It can however result
in a weak compensatory response. Ali et al. (2003) discuss that the severity of growth
depression affects the duration of the hyperphagic phase rather than the filtering rate. Hence,
the compensatory growth observed here, might, to some extent, be explained by an increase in
time spent foraging rather than in increase in filtering rate. The reason is that one can assume
that all individuals had similar filtering rates after transfer to 20°C. Under natural conditions,
individuals that increase their foraging activity may be prone to a higher predation risk
(Dmitriew and Rowe, 2007). The observation that only Pippi, and not Aicha, from embryonic
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temperature of 10°C overcompensated might reflect a different predation risk in their original
locations. The large adult size of Pippi would make it more exposed to fish predation, but that
may reflect the fact that it usually lives in habitats without fish predation and can therefore
grow to a large size. Since there is little information available on the two clones’ original
localities, the somewhat differing responses among clones remains speculative.
While both clones from embryonic temperature of 10°C increased their growth rate compared
to the control, only the Pippi clone overcompensated in growth. The Aicha clone from the
identical treatment showed a reduction in growth after reaching maturity compared to Pippi.
This resulted in under-compensation, where individuals never managed to fully catch up in
adult body size and match the size of the control individuals. Under-compensation was also
observed for both Pippi and Aicha from the high embryonic temperature treatments. Several
factors besides temperature can restrict growth in Daphnia. Oxygen consumption is higher in
warmer water due to an increased rate of metabolism, and warm water also holds lower
concentrations of dissolved gases. Oxygen may therefore act as a limiting factor on growth due
to lower oxygen solubility in warmer water. Oxygen has been found to reduce growth and
increase mortality in D. magna (Green, 1956, Nebeker et al., 1992). The ADaM medium in
this study was however carefully aerated before use, and the medium was changed daily at both
27 and 30°C. Jars were also kept open in order to prevent oxygen deficiency. It is therefore
unlikely that individuals showing under-compensation in this study were faced with oxygen
limitation during their embryonic development or during the short time they spent on high
temperature after being released. Another factor affecting growth is the availability and quality
of food (Masclaux et al., 2009). Limited feeding can reduce growth directly and excess food
causes oxygen depletion which, in turn, results in reduced growth. This study aimed to
investigate the effects of embryonic temperature only, individuals were therefore fed ad libitum
and at concentrations that would not make food a limiting factor. Since high temperature is
likely physiologically more stressful than low temperature, a more likely explanation for the
under-compensation observed in individuals from the high embryonic temperature treatments
is, that the high temperature might have induced stress responses in the individuals from these
treatments making it harder for them to recover when transferred to 20°C, resulting in undercompensation. This suggests a carry-over effect of exposure to high temperature during
embryonic development on growth later in life.
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The compensatory growth response I observed in individuals experiencing low temperature for
a brief period is in accordance with what Nicieza and Metcalfe (1997) and Mortensen and
Damsgård (1993) found. They observed compensatory growth in the Atlantic salmon (S. salar
L.) and in the Arctic charr (S. alpinus L.) upon transfer from cold to warm water. The increase
in growth rates with lower temperature, as observed in this study, contrasts with previous
studies with Daphnia (Lei and Armitage, 1980) and other ectotherms (Frances et al., 2017),
where growth rate generally increases with higher temperature. However, the pattern of
increased growth rate with higher temperature has usually been observed when individuals are
reared on the same temperature during the entire life cycle, whereas in my experiment growth
was measured in common temperature after initial exposure to high or low temperatures. A
smaller size in individuals experiencing high temperature is in accordance with what
Venkataraman and Job (1980) found in Daphnia carinata and to what Quddus and Munawer
(2008) reported for D. magna.
The observation of compensatory growth suggests that growth rates are submaximal and that
organisms do not maximize their growth rate but grow at a rate below what they are capable
of, indicating a cost associated with such growth (Dmitriew and Rowe, 2007). The cost of
investing in catch-up growth may result in less resources available for other functions, such as
reproduction. However, in this study, individuals that overcompensated growth always
produced larger clutches than individuals from both the control and from the high embryonic
temperature treatment. These large clutches suggest that no cost was associated with
overcompensating growth in these individuals. This may either reflect the good feeding
conditions under which they lived or the common observation that in Daphnia, a larger body
size is usually associated with a larger clutch size (Gliwicz et al., 2001). If food had been
limited or of low quality, we might have observed an eventual cost, such as reduced clutch size,
since a cost is more easily revealed under bad conditions.
Dmitriew and Rowe (2007) did not find any negative impact of compensatory growth on
fecundity in the ladybird beetle (Harmonia axyridis) but compensatory growth has however
been shown to have negative effects on breeding performance in adults by influencing
offspring size (Kim et al., 2019). Ab Ghani and Merilä (2014) found that in nine-spined
sticklebacks (Pungitius pungitius) females showing catch-up growth after being transferred
from low feeding to high feeding had smaller offspring. No size measurements were made on
the experimental individuals’ offspring in my study, but larger clutches produced by
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individuals showing catch-up growth may indicate smaller offspring size and a possible a cost
of compensation. Ab Ghani and Merilä (2014) interpreted their finding in two ways which I
find as plausible explanations for my finding as well, assuming that offspring from the larger
clutches in my study were indeed smaller; the large clutches produced by overcompensating
individuals could be a plastic adaptive response due to improved conditions. This comes with
the assumption that fitness in the offspring is not highly dependent on their size. The production
of small offspring under this assumption would therefore not reduce fitness in the
overcompensating individuals in my study. Another interpretation could be that the larger
clutches produced by overcompensating individuals is a combination of an adaptive response
(the large clutch size) and a stress response (smaller offspring) due to costs associated with
compensatory growth. This suggests that production of small offspring is the cost of a
compensatory growth, and this would reduce fitness of both the mother and the offspring.
According to Metcalfe and Monaghan (2001), compensation should only occur if the benefits
outweigh the costs of it. The benefit of a large clutch size should then outweigh the cost of
possibly smaller offspring in this study. It should however be emphasized, that whether or not
offspring size was affected by compensatory growth in this study remains uncertain due to lack
of size measurements for the offspring. The Aicha clone from embryonic temperature of 10°C
showed compensatory growth up to maturity and had a larger body size at this time compared
to the control. After maturity however it showed a reduction in growth. This could be a tradeoff
between growth and reproduction, resulting in more energy allocated into reproduction instead
of growth. However, these individuals had smaller clutches (except for clutch 3), and slightly
lower reproductive rate than the control.
In Pippi there was a reduction in clutch size with temperature for the second- and the third
clutch. All three clutches from individuals from embryonic temperature of 10°C were always
larger than in individuals from the other embryonic temperature treatments. Since clutch size
in Daphnia is related to body size (Gliwicz et al., 2001), this fits well with the large size
observed in individuals from the low embryonic temperature treatment and the smaller size in
individuals from the high embryonic temperature treatment. In Aicha, there was a reduction in
size of only the third clutch with increasing temperature while the first and second clutches
were more similar in size across temperatures. These observations indicate that there was a
stronger effect of embryonic temperature on the third clutch than on the first clutch for both
clones. This contrast my prediction, that the effect of embryonic temperature would be stronger
in early clutches compared to later clutches. The observation of an effect of embryonic
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temperature on clutch size in Aicha is interesting since embryonic temperature did not strongly
affect growth in this clone. The trend of an increase in clutch size from the first to the third
clutch also fits well with the relationship between body size and clutch size, as individuals had
reached a larger size when they released their third clutch compared to the first clutch.
Contrasting my findings of large clutches produced by individuals showing compensatory
growth, Taborsky (2006) found significant reduction in clutch size in cichlid individuals who
showed catch-up growth after being raised on low food during early life but on high food after
reaching maturity.
In accordance with my hypothesis, stronger effects of embryonic temperature were observed
in development rate in the juvenile stages compared to in the adult stages. The moulting rate is
used here as a measure of development. The adult moulting rate was not affected by embryonic
temperature for neither of the clones, but the juvenile moulting rate was affected in both clones.
Individuals from embryonic temperature of 10°C had higher juvenile moulting rates than
individuals from both the control and individuals from the high embryonic temperature
treatment. The higher juvenile moulting rate in individuals from embryonic temperature of
10°C is consistent with the higher growth rate in these individuals and their larger size at
maturity. These individuals were also smaller upon being released, so that they needed an extra
moult before reaching maturity compared to individuals from the other treatments. Under
unfavorable conditions, a faster development is probably an advantage since it would result in
a higher chance of surviving until maturity and reproduction. The faster development at low
temperature observed here contrasts what Goss and Bunting (1983) found in a study with D.
magna and D. pulex where development increased with increasing temperature.
Age and size at maturity was only affected by embryonic temperature in the Aicha clone. There
were however no large differences between the embryonic temperature treatments. Individuals
from the control treatment matured faster and at a smaller size than individuals from the high
and low embryonic temperature treatments. Also, these individuals were youngest at first
reproduction. This might reflect that stress is associated with high and low temperature during
embryonic development, resulting in later maturity and reproduction. In the Pippi clone, age
and size at maturity was not affected by embryonic temperature and it was therefore similar for
individuals from all embryonic temperatures. This indicates that Daphnia must obtain a certain
minimum body size threshold before maturity is reached and reproduction starts, as has been
suggested in previous studies by Mc Kee and Ebert (1996). The same study found that this
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threshold is highly affected by temperature, increasing with lower temperature. As expected,
the clones responded somewhat differently where Pippi always had a larger body size than
Aicha at maturity.
To limit the possibility of maternal effects, the mothers of the experimental individuals were
reared under identical conditions for many generations prior to the experiment and treated in
the same way during the exposure treatment period. The responses observed to the embryonic
temperatures are therefore unlikely a result of maternal effects. Also, it is assumed that
Daphnia mothers do not directly affect their eggs after they are released into the brood
chamber. However, a possible source of maternal effect in this study comes from the size of
the clutch the experimental individuals came from. Mothers can invest more in each egg by
producing smaller clutches, and offspring from small clutches may therefore be larger and have
a higher fitness than those from large clutches. Hence, the size of the clutch from which the
experimental individuals came from might have affected their size upon being released. In both
clones, individuals from embryonic temperature of 10°C were smaller when they were released
than individuals from the other temperatures. These individuals did indeed come from larger
clutches, since the mothers of the experimental individuals that were on 10°C produced larger
third clutches than the other experimental mothers. Even though the differences in the mothers’
clutch size did not vary greatly between temperatures, the mean clutch size was largest at 10°C
and smallest at 27- and 30°C. Whether the size differences upon being released are a result of
the embryonic temperature experienced, the clutch size from which they came from or some
other factors is unclear.
The two clones responded somewhat differently to the treatments. Pippi always had a higher
growth rate and larger adult size than Aicha at each treatment. This is in accordance with my
prediction that the clones would show different responses, reflecting genetic differences. This
finding that Pippi (the northern clone) was the faster growing than Aicha (the southern clone)
contrasts what Mitchell and Lampert (2000) found. They established reaction norms for
somatic growth rate at five temperatures for eight clones of D. magna originating from different
geographical locations. Growth rate at all temperatures was found to be correlated with latitude
where faster growing populations tended to be more southern. A trait response should be
maximized at the clones’ optimal temperature (Mitchell and Lampert, 2000). Since the high
growth rate in individuals from embryonic temperature of 10°C are the result of catch-up
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growth, the high growth in Pippi from this temperature probably does not reflect the clones’
optimal temperature and the temperature it usually encounters in its natural habitat.
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6 Conclusion
This study suggests that temperature experienced during early development can have
considerable effect on important life history traits later in life and impact Daphnias’ life history
strategies. We can conclude that D. magna represents a species whose growth, development
and reproduction can be highly affected by brief exposure to high or low temperature during
the egg/embryonic life stage.
Considering the expected increase in the frequency of extreme temperatures and temperature
fluctuations with global warming, it is important to be able to predict how organisms respond
to such fluctuations and cope with the associated stress.
Organisms living in environments such as shallow ponds and lakes are well suited to study
how organisms may adapt to variable environments. Future research in the field of life history
theory should emphasize the importance of early developmental conditions and their potential
effects later in life. This study has demonstrated only some of the responses developmental
temperature can generate later on. Organisms are affected by multiple environmental factors
that work in synergy and they are faced with various stress factors throughout life, not only
during early development. It would therefore be interesting to study how individuals that are
exposed to stress during early development respond to additional stress experienced later in
life.
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Appendix
Appendix – A: Summary of the von Bertalanffy growth model for the two clones of D.
magna; Pippi and Aicha.
Summary of the von Bertalanffy growth model for Pippi.

Summary of the von Bertalanffy growth model for Aicha.
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Appendix – B: Summary of the linear mixed effects (LME) model for growth rate for
the two clones of D. magna; Pippi and Aicha.
Summary of the linear mixed effects (LME) model for growth rate for Pippi.

Summary of the linear mixed effects (LME) model for growth rate for Aicha.
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