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Master thesis summary

The elements carbon (C), nitrogen (N) and phosphorus (P) are the most important constituents
of essential biomolecules. P is a crucial element in ribosomal ribonucleic acid (RNA) is
indirectly responsible for protein biosynthesis, and thus growth. According to the growth rate
hypothesis coined by Elser (1992), we can predict that faster growth must be associated with
higher requirement for P, due to allocation of this element into P rich ribosomes. Temperature
in turn can further modulate C:P ratio of an organisms, and hence animals requirements. This
can potentially be manifested in alterations of life histories whenever temperature changes.
The C:P ratio is easier to alter in autrophic organisms than herbivores (Andersen and Hessen
1991; Sterner and Hessen 1994). This increase in C:P ratio reduce zooplankton growth (Elser
et al. 2001), which might affect the ecosystem due to a mismatch in elemental requirements of
algal- herbivore interactions (Winder and Schindler 2004).Recently, an increase in
temperature has been shown to promote P limitation in Daphnia magna, as manifested by
changes in somatic growth rate (Persson et al. 2011). However, we still do not know which
consequences this might have for life histories and in turn population growth. Unfortunately,
we still lack the basic understanding of how temperature and food elemental composition
interact with each other in such a scenario, and if trade-offs for P allocation are mirrored in
changes of life histories, once temperature changes. This thesis is an effort to assess effects of
different diet and temperature regimes from a life history perspective.

Ecological stoichiometry (ES) was used as a framework to assess life history changes of the
cladoceran D. magna kept on different diets (with respect to C:N:P ratio) and temperatures.
Prior to the experiment, animals were acclimatized to 10, 15, 20, and 25 °C for several
generations. They were fed ad libitum with the same quality of green algae Selenastrum
capricornutum. In the experiment, less than 24-hours old juveniles were picked from the
second brood of their mothers, and were followed individually throughout their entire life.
Animals were transferred to a new glass vial every second day, and time at first reproduction,
moult counts, reproductive success, and time of death was recorded. Stage transition matrices
were used to further explore this complex dataset, especially the impact of independent
variables on different life stages.

I demonstrate that temperature is significant for the survival probability of D. magna. P
limitation affects survival negatively at low temperatures, but not when temperature increase.
P limited animals have significantly smaller probability of maturation and lower fecundity in

general compared to animals kept on P rich food. Matrix modelling reveals that intrinsic rate



of increase (1) is more sensitive to changes in survival until first reproduction than changes in
fecundity. This finding might indicate a trade- off for animals in cold temperatures. The trade-
off promotes high survival in longer periods when food quality is diminished, but delaying or
stalling reproduction. Such strategies can for instance be used to survive winter in ice covered
lakes, when temperatures and food quantity is low. The main finding of this study is that
individual body growth rate is not always best predictor for stoichiometric effects on
population intrinsic rate of increase. My finding are important to better understand the
implications of stoichiometry and temperature change on the overall fitness of D. magna

throughout their life.
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1 How do P- limitation and
temperature affect the life history of
Daphnia magna?

1.1 Ecological stoichiometry

Ecological stoichiometry (ES) is “the balance of multiple chemical substances in ecological
interactions and processes, or the study of this balance, sometimes refers to the balance of
energy in materials” (Sterner and Elser 2002). ES uses the chemical laws of matter
conservation in biological systems to describe the rates and yields between reactants and
reaction products in ecological production dynamics (Sterner and Hessen 1994).

All animals require the macro-elements H, C, N, O, Na, Mg, P, S, Cl, K, Ca, and some of the
19 trace elements to survive and reproduce (Sterner and Hessen 1994). Ecological
stoichiometry creates the framework to explain the balance and interactions of nutrients in the
environment, and how this effects the organisms, but also how the organisms in turn influence
the environment as reflected by the regularity in the proportions of carbon (C), nitrogen (N),
and phosphorus (P) in living matter (C:N:P = 106:16:1; Redfield 1958). These three elements
are considered to be, directly and indirectly, the most important elements for structural
growth. Although consumers can be constrained by the quality and quantity limiting supply of
dietary P and N (Hessen 1992; White 1993; Hessen et al. 2002; Sterner and Elser 2002), their
content are often shown more homeostatic than those of their diet. However, the ratio of these
elements can vary in different organism groups (Sterner and Hessen 1994), but also between
different species of the same genus, such as Daphnia (Cowgill and Burns 1928; Hessen et al.
2002). However, the elemental ratios in D. magna resemble those of other species (Hessen
1990), which are known to show somatic growth rate retardation under P limited conditions
(Hessen et al. 2002). Stoichiometry is therefore useful in understanding not only how
nutrients flow and dissipate between different trophic levels, but also to explain the efficiency

of transforming food into new body mass (Elser et al. 1996).



1.2 Temperature

Temperature is a parameter that directly effects the physiology of ectoderms through their
biologic rate processes (Hochachka and Somero 2002), as well as indirectly through abiotic
stressors, like food quality (Sokolova and Lannig 2008). D. magna, for instance, has been
shown to increase the filtering rate at higher temperatures (Burns 2012).

Daphnia experiences major fluctuations in temperature, as well as in food quality in its
natural habitat (Sterner and Schwalbach 2001). Temperature can also change dramatically
through the seasons in temperate regions. Overwintering Daphnia in can experience close to

0°C during winter ice cover, but up to 30°C during summer time.

Temperature can shift the N and P content of poikilothermic organisms (Woods et al. 2003),
compensating for reduced enzyme activity at low temperatures by increasing the enzyme
concentration (Woods et al. 2003; Allen and Gillooly 2009). Temperature has also been
shown to effect somatic growth more than food composition when temperature is low
(Persson et al. 2011). This indicated that temperature can effect an animal’s response to P
limitation, which might have cascading effects on the whole ecosystem. With the effect of
global warming imminently changing the environment, it is important to understand how
temperature change effects the trophic interactions in an ecosystem, both seasonally and over
time. Such changes can lead to a mismatch in the stoichiometric conditions of the algal-

herbivore interplay (Winder and Schindler 2004).
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1.3 Phosphorus as a limiting nutrient

Consumer-driven nutrient recycling in lakes might be ~ 5 times higher than in marine
systems, with the consequence that zooplankton-phytoplankton interactions in freshwater
seem to be more vulnerable to P limitation than in marine systems (Elser and Hassett 1994).
Both N and P shortage can be limiting for growth, but P limitation is more disruptive and
relevant than N limitation for Daphnia (Hessen 1992; Urabe et al. 1997; Sterner and Elser
2002). P is an essential mineral of all organisms, and has a central role in transfer and storage
of energy and information, as well as for membrane integrity (P-lipids). P is important in the
synthesis of ribosomal RNA and thus indirectly for protein biosynthesis (Elser et al. 1996).
RNA makes up a major part of P in most cells, and can constitute up to 15% of the biomass in
some metazoa (Sterner and Elser 2002). This leads to the growth rate hypothesis (GRH)
which propose that faster growth requires more phosphorus to maintain a higher protein
biosynthesis (Main et al. 1997; Elser et al. 2002, 2003; Hessen et al. 2002; Vrede et al. 2002).
Different zooplankton taxa also differ in body N:P ratios (Andersen and Hessen 1991), such
that organisms with low N:P ratio and fast growth might have higher P demand than slower

growing organisms (Stearns 1992; Sterner and Hessen 1994; Main et al. 1997).

Growing algae with high C:P content could also effect the C:N ratio. Furthermore, subjecting
algae to P limitation can decrease their content of polyunsaturated fatty acids (PUFAs)
(Piorreck et al. 1984; Harrison et al. 1990). PUFAs have been pointed to as a good descriptor
for high quality food for pelagic grazers (Brett and Miiller-Navarra 1997; Miiller-Navarra et
al. 2004). The controversy between PUFA and nutrient limitation started with Ahlgren et al.
(1990), pointing out that the poor quality of cyanobacteria, and the high quality of flagellates
and diatoms, could be accounted for by differences in fatty acid composition. This in turn led
to the conflict of the interpretation and opinions regarding N and P as a limiting nutrients
(Brett 1993). Nutrient limitation of algae might results in an increase in total fatty acids but a
decline in polyunsaturated ones, which means that interplay between the fatty acids and
nutrient limitation can occur. PUFA deficiency have been claimed to be responsible for the
poor quality of a P limited green alga compared with a P limited diatom (Miiller-Navarra
1995a). Fatty acid composition has been shown to be closely related to growth in Daphnia in
a seston diet, and that P was not (Miiller-Navarra 1995b). Later studies have found that only
egg production is effected by PUFA concentration, and that sterols are limiting to growth
(Martin-Creuzburg and Elert 2009).When growing algae with high C:P ratio, it is therefore

11



important to take into account; that this change in nutrient composition can effect PUFA and

N content too, and should therefore be controlled for.

12



1.4 The water flea (Daphnia)

Daphnia spp. are relatively small aquatic planktonic crustaceans (0.3 - 5 mm) (Taylor and
Gabriel 1993). They are members of the order Cladocera, and are commonly called water
fleas because of their saltatory swimming style (although fleas are insects and thus only very
distantly related). They are often abundant in lakes and ponds, and are present over a broad
range of temperatures (Hebert 1978). Most Daphnia require at least 2 ppm of oxygen, and can
tolerate temperatures between 0 and 35 °C (Dodson 2005). Present in a variety of
environments, from acidic swamps to freshwater lakes, ponds and rivers, they have a wide
distribution over several continents, and hence experience an extensive genotypic variance

and phenotypic plasticity.

Many species show tropism, which is attraction or avoidance to light, temperature and
perhaps also food concentration (Dodson 2005). This means that they actively can swim to or
from an area in the water column to better light, temperature or food conditions, or to avoid

predation.

Daphnia are unselective filter feeders, and can consume algae, fungi, protozoa and organic
debris (Hebert 1978). They are regarded as a keystone species, that can control the
phytoplankton biomass and restructure the phytoplankton community when their abundance is
high (Sarnelle and Knapp 2005). In turn, they can also be prey to small fish and other
carnivorous aquatic animals. Cladocerans, and zooplankton in general, are nutrient
demanding organisms with low body C:P ratio that often feed on a diet with high C:P ratio
(Elser and Hassett 1994). The elemental ratio in the food relative to the herbivores, suggests
that they must concentrate N and P relative to C in their body tissue in order to grow and
reproduce (Sterner 1990).This makes them highly susceptible to growth or reproductive

limitations when nutrient levels are low.

13
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Figure 1: Position of Daphnia in a generalized food web model of a lake. The boxes are labeled with names of
common aquatic taxa; the arrows point from prey to predator. The model is artistically reconstructed from figure

1.13 p.17 in Dodson (2005).

Daphnia grow relatively fast and can reproduce many times during a season. The life span
from the release of the egg into the brood chamber until the death of the adult can vary
depending on the species and environmental conditions (Pennak 1978), but the lifespan
generally increases with decreasing temperature. Daphnia reproduce by parthenogenesis
when conditions are good; in such clonal reproduction mode there is no need to account for
sex- ratio. However, sexually reproduction can occur when conditions change, and sexual
reproduction result in resting eggs (ephippia). The diapause stage can last for days or decades,
until the ephitium receives the right environmental signal (Dodson 2005). During the turnover
in early spring, the resting eggs hatch, and a new population of sexually produced Daphnia
start growing. Hatching ephippia usually produce females (Dodson 2005). Sexual
reproduction is often associated with stress such as unfavorable food and temperature

conditions or increased population density, which stimulates the production of males.
Juvenile Daphnia are born resembling the adult form, and grow in size by regularly replacing

their exoskeleton by a new and larger one (moulting) (Dodson 2005). The developmental

stages between moults are called instars.
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Figure 2: Reconstruction of Daphnia pulex by Prof. C. M. Laane (UiO) from old drawing by Prof. C. Claus (Zur
Kenntniss der Organisation und des feineren Baues der Daphniden und verwandter Cladoceren. Pp.362-402.
Zeitschrift fiir Wissenschaftliche Zoologie, Siebenundzwandzigster Band, Leipzig, Verl. Wilhelm Engelmann.
Tafel XXV. Fig.1,1876

Daphnia is a good model organism, much because they can reproduce both sexually and
clonally, which make it ideal for experimental genetics. Its clones are commonly used in
ecotoxicology, and can be a good indicator species. Daphnia is a highly ecoresponsive
organism, and the genome of Daphnia pulex has recently been sequenced (Colbourne et al.
2011). Because they are relatively transparent and have a complete set of organs similar to the
parts found in larger crustaceans, such as lobster and crabs, it is also easy to use them for live
specimen internal organ studies (Dodson 2005). D. magna, which has been traditionally used
in European research since XVIII century, is a laboratory model organism that represents this
genus. Techniques such as microsatellites, microarray analysis and even HTS become more
common while studying this species. Outside the lab, Daphnia are also often used as live food

for fish, tadpoles, or small amphibians.
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1.5 Life history traits

Life history traits are a set of rules to allocate time and energy between growth, reproduction
and survival. Such life history traits are principally size at birth, growth pattern, age at
maturity, size at maturity, number and size of offspring (in clonal reproduction we don’t have
to account for sex-ratio), age and size specific mortality schedules, and life-span (Stearns
1992). All traits are intertwined and may interfere with each other negatively, such that there
can be trade- offs between them. Trade- offs often occur between reproduction and survival,
current reproduction, and future reproduction or number and size of offspring. Such trade-
offs are thus an organism’s life history. These trade- offs can be better understood when
dynamic energy budget theory (DEB) is implemented (Kooijman 1993; Nisbet et al. 2000) ,

or life history approach is used.

Life history modeling assumes unlimited availability of resources for an organism to allocate
towards maintenance and reproduction. Under natural conditions however, this is not the case.
Such limited resources can be linked to food quality or quantity, population density (which
increase competition for all resources), time or temperature. All of these limiting resources
can effect fitness, which often translates to the individual growth and reproduction rate.
However, growth is not the only important parameter when concerning fitness. When under
resource limited conditions, increased allocations for reproduction are expected to reduce the
resources available for maintenance, which will effect survival (Snell and King 1977). In
general, living long and reproducing late is only a good strategy if survival probability is high.
For animals like Daphnia, fast growth and early maturation are believed to be the optimal
strategy (Lampert 1993), at least in populations with predation, but several trade- offs might
be made to facilitate maximum population growth rate. It has been shown that water fleas in
populations were small individuals was removed, grew rapidly and reproduced when large,
but in populations were large individuals was harvested, they grew more slowly and
reproduced at a smaller size (Enserink et al. 1995). Experimental studies of Daphnia suggest
that in poor feeding conditions, low somatic growth rate is compensated by an increased
number of pre-adult instars (Porter et al. 1983). Although age and size at reproduction are
among the most commonly measured life history traits in Daphnia, only a few authors have

investigated the maturation process itself (Enserink et al. 1995).
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Size of offspring and clutch size can also be a trade- off, and for D. magna clutch size has
been shown to decrease with food level (Enserink et al. 1995). Limiting supply of nutrients
can thus not only delay age at first reproduction, but put constraints on clutch size. Growth is
often linked directly to fitness, because organisms must grow before they reproduce (Elser et
al. 2002). Specific population growth rate is a central integrating parameter of overall life
histories (Arendt 2012). A thorough investigation of the different life history traits and the
trade- offs among them is important to understand how and if a population will grow or
decline under different temperature and food levels. In a population with constant high birth
and low death rate, the growth of the population will be exponential and at a constant rate,
although this kind of population growth is not something one would expect in nature. As a
group of individuals grow and reproduce, the stage distribution in the population will change.
In the beginning there will be only juvenile individuals, and as they grow the stage
distribution will change with them. When constant growth rate is reached, the population will
grow with a constant stage distribution, normally with a big part made up by juveniles. “A
population with a constant birth and death schedule will attain a stable age distribution and
then grow exponentially at a constant rate” (Stearns 1992). How much the population grows is
called the intrinsic rate of increase, and reflects the animal fitness. The population intrinsic
rate of increase can be calculated from data related to age at maturity, last reproduction,
probability of survival to a given age, and number of expected offspring given by a specific
age class. Intrinsic growth rate can be iterated from the Euler- Lotka equation with rate of
growth in a population (r), or by dominant eigenvalue lambda () in a population matrix for
the population present in a stable age classes. Such calculated values can give information
about whether a population decline or how fast it will grow under certain conditions.
Additionally, it might access the variation present between different populations characterized

by different life histories and under a variety of conditions.
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1.6  Matrix modeling

Life history parameters, recorded individually, may serve to predict the differences between
treatments at the population level, and this can be done using the matrix modeling technique
(Caswell 2001). Looking at the data this way, gives a powerful view of the life cycle and
allows us to extract the essential elements of population growth or demise. It is possible to
stage the population in many different ways, most commonly by age, size, or stage, each
fitting the data differently. The goal is to project the population from time t to time t + 1,
which in this case exclude the age based model on the basis that we cannot assume that the
unit of time is the same as the age class width. The size based model would be appropriate if
there was sufficient data on size, especially when compared to the stage based model,

however this cannot yet be done for these data.

The stage based model assumes that age-specific survival and fertility rates are sufficient to
determine the population dynamics. In this case, what is most interesting is the survival
probability until reproductive age (adult stage), and the variation in the distribution of stages
and the fertilities among the different diet treatments and temperatures. With a stage based
model, time is relative, and the model only gives transition probability within or to another
stage. The time spent in each time step can thus vary, and give no information of time, but
hopefully it explains the demanding task that growth and reproduction is in a sufficient way.
The dominant eigenvalue (A) is the intrinsic growth rate, which give an estimation of
population growth or decay. If the dominant eigenvalue is larger than 1, then the population
grows exponentially. The population decays exponentially if A is smaller than 1. In addition
damped oscilliations with a period equal to 2 will occur with A bigger than -1 and smaller than
0. Diverging oscilliations occur with A <-1 (Caswell 2001). Sensitivity analyses measure how
sensitive A is to an absolute change in each life history compartment. The elasticity of A
quantifies the proportional change resulting from a proportional change in a life history
compartment, thus the relative importance of transitions in the life cycle to the population
growth rate (de Kroon et al. 1986). Furthermore, it is possible to analyze the different
matrices according to one reference matrix. Life- table response experiment (LTRE) analyses,

gives the opportunity to observe differences between the different treatments and
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temperatures by comparing them to each other (Levin et al. 1996). LTRE quantifies the
contribution of different matrix elements to the difference in A between the transition matrixes

(Caswell 2001).
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2 Materials and method

2.1 Daphnia magnain cultures

Laboratory stock culture of Daphnia magna was collected from a pond in Northern Germany
(Pulkkinen and Ebert 2004). This clone was successfully kept for many generations at the
University of Oslo, climate room U112, at 20 °C. The animals were kept in N and P- free
COMBO medium (Kilham et al. 1998), and fed P- sufficient algae ad libitum (C:P ratio <
100). The cultures were always kept at low density to minimize stress and ensure clonal
reproduction. Equipment used in the study was soda and acid washed, to prevent
contamination with P or the appearance of bacterial films. Plastic transfer-pipettes (Sarsted,
cat.no 86.1171.000) where used to manually transfer animals to new beakers. The edge of the

pipette was cut to avoid any harm to the animals.

Figure 3: Stock cultures of Daphnia magna were kept in glass beakers at 10, 15, 20 and 25 °C in N and P- free

medium, and fed P- sufficient algae ad libitum.

To avoid any interference from maternal effects due to temperature, animals were randomly
distributed to 4 different beakers and kept at 10, 15, 20 and 25 °C to acclimate to the
experimental treatment temperatures over the next 3 generations. Such established cultures
where followed up over time. Animals were transferred to new beakers with COMBO once a
week.. The experiment was started when the animals reached second brood and were less than
24 hours old. The temperature in the climate rooms were recorded with tiny tag loggers, to

assure constant temperature conditions. Animals were not acclimatized to the different food
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quality treatments in this study since I was interested in knowing the immediate response to

changes in diet.
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2.2 Green algae (Selenastrum capricornutum)

As food source for D. magna in the experiment and in the stock cultures I used the green algae
Selenastrum capricornutum that were grown in a continuous culture (chemostat). The
chemostat set up was inspired by Hessen et al. (2002). Four two liter glass tubes were closed
with silicone stoppers, filled with sterile COMBO medium (Kilham et al. 1998), and
inoculated with S. capricornum. The chemostats were continuously diluted with COMBO at a
rate of 0.2 day ' by peristaltic pumps (SCHEGO, M2K3, 5W) with cycle 36/360 second on-
off. Light levels were at 70 pmol quanta m™ s™ using 25 W blue-white fluorescent tubes
(OSRAM FQ 24W/960). The chemostats were run in a room with constant temperature of 20
°C. Sterile filtered air (0.2 um) was supplied through sinters to ensure sufficient CO, supply
for algal photosynthesis. In addition to air bubbling, circulation increased with magnetic
stirrers to avoid sedimentation and aggregation of algae at the bottom. In addition to the four

running chemostats, there was always kept backups.

The algal outflow was collected in glass beakers and used as food for Daphnia when the
cultured reached a stable density as measured by optical density at 633 nm. Algal biomass
was also measured with carbon and phosphorus analysis, using pre-combusted (3 h, 500°C)

GF/F filters (Kilham et al. 1998).

The algae C:P ratio in the chemostats was manipulated by adding COMBO with either full
formula, P content of 50 uM (Figure 4; the two bottles on the left), or P limited formula
(Figure 4; the two bottles on the right). The P limited formula had reduced P to 2 uM, with an
addition of 48 uM KCIl to maintain the same ionic strength as in the full medium. COMBO
media were adjusted to pH 7.8 with 1 M HCI (Kilham et al. 1998) before use.

22



Figure 4: Chemostats system with four glass tubes that were used throughout all experiments, two with full
medium (left) and two with P limited (right). Full chemostats characterize with higher algal density and dark
green color while less dense P limited algae have a yellowish green color. This results in different extinction

coefficient for different chemostats.

The food regimes for D. magna in the experiment was full (C:P ~ 100) which was considered
as the best diet in respect of N and P content and P limited (C:P > 600) which was considered
as the worst in terms of stoichiometric N and P quality. Algae was collected directly from the
chemostat. The third diet was P limited spiked (C:P ~ 100) which was to act as an
intermediate diet, with possible low N content but enough P, like mentioned in 2.2. This was
done to lower the C:P ratio of the P limited algae, while keeping the other food quality
parameters constant (e.g, N, sterols and fatty acids). The spiking procedure was based on the
observation that P limited phytoplankton assimilate inorganic P within a few minutes, and
thus lowering the C:P ratio without changing the biomass. Spiking the algae with inorganic P
was done accordingly to Rothhaupt (1995), Plath and Boersma (2001) to separate the effects

of P and fatty acids, N and sterols. P limited algae spiked with inorganic P was thus a control,
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and any difference between full and spiked diet would indicate that the P limited algae had
molecular changes other than P content. With spiked and full treatment proving equally good,

changes in life history traits and trade- offs could thus be attributed to P limitation alone.

The method for analyzing, diluting and spiking algae to make the different diets was done
accordingly to Persson et al. 2011. The algae collected from the chemostat were measured
from the optical density (OD) at 633 nm, using a previously established calibration curve
between OD and measured particulate organic C concentration. Algae for C and P analysis
were collected on pre-combusted (530 °C, 3h) GF/F filters (Whatman, Kent, UK). C content
was analyzed on a Thermo Finnigan FlashEA 1112 elemental analyzer. Samples for
particulate P were analyzed using a modified molybdate blue method (Menzel and Corwin

1965) after persulphate digestion.

After C concentration was measured, the algae were diluted to 2 mg C L' using N- and P free
COMBO, and divided into full, P limited, and P limited algae that was to become spiked
diet. The diluted mix of P limited algae was added P, and then incubated for 20 minutes
before it was offered to the Daphnia. All diets were acclimatized to their respective

temperature before used in the animal transfer.

24



2.3 Life history experiment

The experimental setup was designed to use an ecological stoichiometry framework to assess
life history changes of the cladoceran D. magna fed different quality diets (with respect to
C:N:P ratio) at different temperatures. Four temperatures (10, 15, 20 and 25 °C) and three
different diet treatments following the method mentioned in 2.2. There were 20 animals for
each temperature and food treatment, a total of 240 animals in the beginning of the
experiment. Each animal was held individually in a glass vial, filled with 25 mL of one of the
three treatments. The animals were held individually to exclude for density dependence
processes, but also to keep track of individual moulting and reproduction records. By keeping
the animals separately, population feedback processes to counteract P limitation were also

avoided (Andersen et al. 2007).

Figure 5: The experimental setup, 60 x 25 mL glass vials were filled with the three diets full, Spiked and P
limited and less than 24 h old individuals were randomly distributed (20 indiciduals per treatment in each
temperature) in a tray and placed in shade in the four different climate rooms; 10, 15, 20 and 25 °C. Animals

were transferred to a new vial with fresh diet each second day.

The experiment was held in four different temperature monitored climate rooms with

temperatures 10, 15, 20 and 25 °C.

Prior to the main experiment, I conducted a 2 month pilot experiment (2010) to assess the

method. I observed that the animals were fragile for handling, and should not be measured or

25



photographed while the experiment was running. Transferring the animals every second day
was preferable to minimize stress, but also to make sure that moults did not disintegrate at
higher temperatures before the next transfer. The animals were transferred to clean glass vials
by picking them up with 3.5 mL transfer-pipettes (Sarsted, cat. No 86.1171.000). This method
is quick and non-intrusive. After the animals were transferred to the new glass vial, the old

vials were examined for moults and juveniles, and these were counted.

To initiate the experiment, the biggest animals in each stock culture were isolated, and the
offspring they produced within 24 hours randomly assigned to treatments. Animals were then
transferred every second day, and at each transfer the different life history traits were
recorded. To estimate fecundity, all live juvenile offspring born was counted and removed
when mothers where transferred to new medium. The stage-class was recorded and estimated
by the count of moults observed in the vial. An animal grew one stage class per moult, and the
moults were easy to spot and count. Residual debris in the glass vials was sometimes visible
as very small round objects, variable in size and color. They were clearly not part of the
moult, or any form of ephippia, they were therefore identified as aborted eggs. Since size and
color varied, and I could not be certain that they were always noticed, had disintegrated or for
some other reason where not counted, they are not included in the data. An animal was
recorded as dead when there was no movement of any sort. This included checking for
movement of filtering apparatus and antlers, and as disintegration starts rapidly after death,
any sign of decomposition was also used as additional proof before concluding that the animal

was in fact dead.
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2.4  Statistical analysis

All statistical analyses were conducted in R version 2.14.1. (R Development Core Team
2011-12-22). The survival curves of the different treatments and temperatures were estimated
by the Kaplan-Meier method. I used the Cox proportional hazard model to test and quantify

the differences in mortality between the temperatures and treatments.

The probability of surviving to maturity was analyzed by logistic regression with the logit link
function, which fits a linear combination of explanatory variables to a binary response
variable by the maximum likelihood method (McCullagh and J.A. Nelder 1989). The binary
response variable represented whether an individual reached maturity before dying, or not,

and the explanatory variables were treatment and temperature.
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2.5 Matrix modeling

The life cycle of Daphnia can be divided into stages defined by moulting events (Gorokhova
and Kyle 2002). All animals collected from the brood of their mothers were categorized as
stage juvenile 0 (JO), and progressed by moulting to juvenile 1 (J1). Each moulting thus
resulted in one stage transition, and more than one moult in one time step equal to a stage
transition over more than one stage. When the animals reproduced for the first time, they

progressed to adult 0 (A0), if they also moulted A1 accordingly (Figure 6).

B s T i W
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Figure 6: An example of a life cycle graph of Daphnia magna. Juvenile stages in the upper row, and adult stages

in the lower. Individuals can grow more than one stage in a time step (census interval), and they can also stay in

the same stage over several time steps.

Within the time step between state and state observations (the census interval, which was 2
days in all experiments), animals could do a variety of transitions, and the relative number of
transitions made equals the transition probability. A matrix with transition probabilities of an

average animal links an individual’s fate from one census to the next.

All transitions were classified as belonging to one of four life history events (Jongejans and
De Kroon 2005): fecundity (F), expressed as the mean number of juveniles produced per
animal in each stage, growth (G), one moult notes one growth step, defined as the transition
to a larger stage, stasis (S), survival in the same life stage class, and hopping (H), moulting

more than one time during one time step, and skipping one growth step.
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The population projection equation in matrix form is n(t+1) = A n(t) where A is the transition
matrix and n(t) is the stage distribution vector at time t. Each life history compartment (F, G,
S and H) represent the transition probability, or the contribution to stage JO (Fecundity).

In the end I constructed 12 stage-based transition matrices, one for every diet treatment in
each temperature. The dominant eigenvalue (1) was calculated for each matrix, and sensitivity
and elasticity of the matrices was analyzed. To further analyze the data, Life-table response
experiment (LTRE) analyses gives the opportunity to observe differences between the
different food regimes and temperatures by comparing them to each other. Full diet at 20 °C
was chosen as reference matrix, and the LTRE quantifies the contribution of the different
matrix elements to the difference in A between the transition matrixes (Caswell 2001).

The matrixes and the analyses done on them can be found in the Appendix.

JO J1 J2 J3 J4 A0 Al A2 A3 Ad

JO SO

J1 Gl S1

J2 H2 G2 S2

J3 H3 G3 S3

J4 H4 G4 S4

A0 HS G5 S5

Al H6 G6 S6

A2 H7 G7 S7

A3 H8 G8 S8

A4 H9 G9 S9

Table 1: An example of a life table of Daphnia magna based on figure 6. Note that transitions not shown in the
table are not necessarily impossible, but the probability of making such a transition is unlikely. Most animals in

the experiments also had far more stages than this, thus this is a crude and simplified life table.
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3 Results

3.1 Descriptive statistics

3.11 Survival

As expected, the maximal lifespan for the clone of D. magna used in this study was 178 days
at 10 °C. The same clone lived a maximum of 75 days at 25 °C. The other temperatures
showed intermediate survivals. Animals fed spiked diet had the lowest mortality at 10 °C, but
the highest at 25°C (Figure 7), meaning there was an interaction between this food quality and

temperature.

10°C 15°C
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0.0
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20°C 25°C
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0.0
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0 50 100 150 200 0 50 100 150 200

Time (days)

Figure 7: Survival curves for animals at 10, 15, 20 and 25 °C fed three different food quality diets. Black lines
represent full diet, green are spiked, while red line stands for P limited diet. The y- axis is survival and the x-
axis represents time in days. Note that animals at lower temperature survive significantly longer than those kept

at higher temperatures. Moreover, note the interaction between the different food qualities and temperatures.

ANOVA of the additive effect of temperature and diet treatment on survival, show that the
effects of both diet and temperature are significant (p = 0.021 and p << 0.001, respectively).
The ANOVA for the interaction, show that the interaction between temperature and diet has a
large effect (p = << 0.001).The best model for survival included temperature, diet, as well as

the interaction component among these independent variables (See Appendix).
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Log (HR) Hazard Ratio (HR) p- value

P lim 1.1597 3.189 0.03300
Spiked -1.6192 0.198 0.00620
Temperature 0.0884 1.092 0.00016
P lim:Temperature -0.0537 0.948 0.07200
Spiked: Temperature 0.0832 1.087 0.00770
Likelihood ratio test=68.4 on 5 df, p=2.22e-13 n= 240

Table 2: Survival of animals fed full, spiked and P limited food in four different temperatures analysed by Cox’
proportional hazard regression. The parameter Hazard Ratio (HR) is the hazard ratio: HR > 1 means that the
parameter has a negative effect on survival, 0 <HR < 1 means that the parameter has a positive effect on

survival.

The Cox analysis of the best ANOVA (Table 2) gave Hazard Ratio (HR) bigger than 1 for P
limited diet when temperature was low, which means that P limitation had a negative effect
on survival at low temperatures. Spiked diet alone had no negative effect on survival at low

temperatures, but did so when temperature increased.

When temperature was analyzed alone, it also had a negative effect on survival with
increasing temperatures (Figure 7). In addition there was hardly any effect of diet treatment
on survival at 20 °C, and the relative effect of diet treatment crossed at this temperature
(Figure 8). The effect of temperature and diet can be easily visualized by presenting time (in
days) when 50% reduction in population size (RP50) was recorded (Figure 8). Interestingly,
spiked diet had better survival than P limited diet at lower temperatures (144 days for spiked,
66 for P limited) but as temperature increased, this was reversed. The trend was similar at
75% survival (See Appendix). Also with 50 and 75 % survival, 20°C had the least variation
between diet treatments. The 50% survival times were almost identical (58, 56 and 57 days

for full, P limited and spiked diet, respectively) (See Appendix).

Full diet treatment had no negative effect on survival (Table 2), and days until 50% survival
show a decrease from 84 to 47 days, and decline in a straight line (Figure 8). P limited diet,
which had a negative effect on survival at low temperatures (Table 2), also showed a linear
decrease in 50% survival time from 66 to 54 days (Figure 8). Spiked treatment, with negative

effect on 50 % survival at high temperature (Table 2), did not decline linearly, and varied
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from 144 to 33 days. Variation in 50% survival time was thus biggest in spiked treatment and
smallest in P limited, whereas full diet was intermediate (Figure 8). The difference in survival
for full, spiked and P limited diet is visualized in figure 9. The shape of the survival curve for
P limited treatment is uniform over all temperatures, whereas the shapes of survival for spiked
animals are distinctive for each temperature. Rate of mortality is generally uniform, and the
survival curve can almost be fitted to a straight line. However, spiked treatment at 10 °C has
low mortality in the early stages in life and show a sudden drop in survival after ca 150 days.

Survival curves for full treatment is an intermediate between P limited and spiked.

o
Lr) —
—
— Full
Spiked
o . .
S 7 —— P limited

Days until 50 % survival

10 15 20 25
Temperature

Figure 8: The effect of temperature on time when 50 % of the reduction in population size (RP50) of D. magna
was recorded for different food quality. Y-axis is time in days and x-axis is temperatures. Black line represents

full diet, green line spiked and red P limited respectively.
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Figure 9: Individual survival curves for full, P limited and spiked treatment. Black represents 10 °C, red line 15
°C, green line 20 °C and blue line 25 °C. The Y- axis denotes survival and the X- axis time as days. The dotted
lines denotes days at 50 % survival in each diet treatment. The accurate number of days can be found in

appendix Table 1.

3.1.2 Growth and maturity

I used a generalized linear model (GLM; McCullagh and J.A. Nelder 1989) for predicting the
probability of transition from juvenile to adult before death. Adult stage was defined as the
first stage where an individual produces offspring, while all the moulting stages prior to
reproduction were juvenile stages. The additive ANOVA show significant effect of
temperature (p << 0.001) and P limited treatment (p << 0.001) with residual deviance of
16.34 on 8 degrees of freedom. There was no difference between spiked and full treatment (p
=0.07). When ANOVA with interaction was run, neither effect of temperature (p = 0.31), nor
interactional were found for P limited (p = 0.17) or spiked diet (p = 0.71). However there was
still a significant effect of P limited treatment alone (p = 0.01) (14 residual deviance and 6

degrees of freedom).
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Figure 10: Effect of temperature and diet (explanatory variables) on the probability of maturity (binary response
variable). Full diet is shown with a black line, spiked with green and P limited red. Each dot denotes the
probability of maturity for each respective diet and temperature. The X- axis shows temperature, and the Y-axis

probability in percentage of total population.

The highest probability of maturation found was for full diet, followed by spiked and P
limited respectively (Figure 10). Probability of maturation for the full and spiked diets
increased with = 25 % from 10 to 25 °C. P limited diet had a similar increase, but the overall

probability was = 20% lower than the full and spiked diets.
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Figure 11: The maximum number of juvenile stages (G and H) an animal can have before death or maturation
on full, spiked and P limited diet in the different temperatures (10, 15, 20 and 25 °C respectively). Full diet is
shown with a black line, spiked green and P limited red. The X- axis shows temperature and the Y- axis

maximum number of juvenile transitions made for the respective temperatures and diets.

Animals fed P rich diets transitioned maximum 7 and 6 times before maturing at 10 °C, and 8
and 15 times at 25 °C (Figure 11). The variation was small at lower temperatures (between 6
and 8 for all diets in 10°C), and large at higher temperatures (between 8 and 20 for all diets in
25 °C). Temperature had significant additive effect on maximum number of juvenile stages
before maturation (Table 3 and figure 12). Neither temperature nor diet treatment has a
negative additive or interactional effect on maximum number of adult stages before death
(Table 3 and figure 12). There was also no interaction between maximum total stages in a

lifetime and diet treatment, temperature or an interaction of the two (Table 3 and figure 12).
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ANOVA Total life span ANOVA Juvenil ANOVA Adult
Df F value Pr(>F) Df Fvalue Pr(>F) Df Fvalue Pr(>F)
Temperature 1 4.768 0.061 1 7.514 0.025 1 0.878 0.376
Diet 2 0.137 0.874 2 1.204 0349 2 0350 0.715
Temperature 1 4.304 0.083 1 6.724  0.0411 1 0.741 0.422
Diet 2 0.124 0.886 2 1.077 03983 2 0.295 0.755
Temperature:Diet 2 0.611 0.574 2 0.579 0.5889 2 0.376 0.703

Table 3: ANOVA of the maximum number of stages for juveniles, adult and in total for full, spiked and P

limited diet at the different temperatures (10, 15, 20 and 25 °C respectively).
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Figure 12: Maximum number of stages for juveniles (a), adults (b) and juvenile and adult together (c), for the

different temperatures (10, 15, 20 and 25 °C respectively). The X- axis show temperature, and the Y axis give

number of moulting stages.
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3.2 Fecundity
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Figure 13: Average cumulative fecundity for animals in the different diet treatments and temperatures.

The average cumulative fecundity varies over temperatures (Figure 13), but also among diet
treatments (Figure 14). An ANOVA of additive effect on average fecundity per animal in a
lifetime is significantly effected by both temperature and diet treatment (p << 0.001 and <<
0.001). The interaction among them are also significant (p << 0.001). At 20 days, animals in
10 °C have not yet started reproduction, and thus have the lowest cumulative fecundity per
animal, while 20 and 25 °C have the highest (Table 4). At 50 days, this is reversed for full and
spiked diet.

Full P limited Spiked
20 days 50 days 20 days 50 days 20 days 50 days
10°C 0 14.0 0 0.5 0 14.7
15°C 1.2 14.3 0 43 0.2 10.1
20°C 3.1 6.8 1.0 4.5 2.8 il
25°C 3.6 5.9 0.7 3.1 2.2 10.1

Table 4: Cumulative fecundity at 20 and 50 days for full, spiked and P limited diet at 10, 15, 20 and 25 °C.
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Figure 14: The average cumulative fecundity for 10, 15, 20 and 25 °C. Black line is full, green spiked and red P

limited treatment. X-axis show time in days, and Y- axis changes in cumulative fecundity.

Differences in cumulative fecundity decline as temperatures increases (Figure 14), with
lowest between-treatment variation at 20°C. Effects of spiked diet on cumulative fecundity
was not significantly different from full diet without interaction with temperature (p = 0.14).
Spiked diet with the interaction of temperature was significantly different from full diet (p <<
0.001). Spiked treatment has much higher fecundity than full when temperature is low (Figure
14). P limited diet was significantly different from full diet (p << 0.001), and the interaction
of P limited diet and temperature was also significantly different from full treatment (p <<
0.001). The difference between full and P limited treatment is low at 20 and 25 °C, but very
large at 10 and 15 °C. Total cumulative fecundity of animals fed spiked diet is intertwined
with full diet, but at 10 °C it became more than 10 times higher than in 20 °C due to an

increase in survival compared to full diet.
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3.3 Matrix analysis result
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Al 0o 0 0 0 00930061 0 0.143 o 0 0 0O O O O O O O O O0 O
A2 o o o 0O O O O 0 O 0 0 0O O O O O O 0O 0 0 ©
A3 o o o o o o o0 o0 O 0o 0 0O O O O O 0O o0 O0 O
A4 o o o O O O O O © 0 0 0 O O O O 0 0 ©
A5 o o o 0o o O O O O O O O 0214 0 0 0O O O 0O 0 O0 o©
A6 o o o o O O O O O O 0 O O 0 0O O 0 0 O0 O
A7 o o o o 0O O O O O O O O O 0 025 0 0 0O 0O 0 O0 O
A8 o o o o o o O O O O O O O O O 023 0 0 0O 0 0 ©
A9 o o o o 0O O O O O O O O O O O O 025 0O 0 0 0 O
Al0O o o o 0o O O O O O O O O O O o0 0 0 0273 0 0 0 ©
All1 o o o 0o O O O O O O O O O O O O 0 0 028 0O 0 O
Al2 o o o o o 0o O O O O O O O O O O O O O 0263 0 0
A3 o o o o O O O O O O O O O O O O O O O O 0106 0
dead o o0 0114 0 0 0 O O O 0018 0 O 0017002 0 0022 0 0.0290.1020.0950.2830.317

Table 5: Transition matrix for full treatment 10 °C (For other diet treatments and temperatures see appendix).
The colours denote the probabililty of making a transition. Numbers close to or higher than 1 is red in colour,
and the colour gets stronger as the number increas. Small numbers are yellow, and thus for the transition stages

high probability is more red and lower probability of transitioning yellow. See table 1.

3.3.1 Survival and growth

Transition matrixes (Figure 15) give probability of dying (transitioning to stage dead) in the
bottom column. All other transitions denote as survival in one time step. For 10 °C full
treatment, animals only survived to juvenile stage 2 (J2), before they mature (Table 5). The
probability of transition to dead in J2 is 11.4 %. Spiked diet in 10 °C has in total 9.6 %, while
P limited treatment had totally 33.4 % chance of transition to death before maturation. In 15
°C the chance of transitioning to dead is only 4.5 % for full treatment, 90.2 % for P limited
and 32.9 % for spiked treatment. Death for all diet treatments and temperatures did mostly
occur in early juvenile stages J1 or J2, when animals transition to mature stage A, and remain
high after second reproduction. JO has no mortality in any of the diet treatments or

temperatures.
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Stasis (S), the transition probability within a stage in a time step for 10 °C, was high (Figure
15). The probability of S decrease with temperature, bit has big variation among the diet

treatments. The probability of growth (G) increases with temperature.
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Figure 15: The diagonal of the transition matrix denotes the probabilities of stasis, and the sub- diagonal the
probability of growth for each stage. Here we show the sum of the diagonal and sub-diagonal respectively, to
give the total probability of stasis (S) or growth (G) in 10, 15, 20 and 25 °C for full, spiked and P limited
treatment. X-axis is temperature. Black line is full, green line is spiked and red line is P limited treatment.
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All 10 °C diets had between 6 to 8 juvenile stages before they were dead or become adult, but
high probability of S within a time step. The probability of S is highest in JO, lower in the
intermediate stages before maturation, and increase again in the stages where animals
transition to A0 and A1. Stasis is stable in all adult stages relative to its temperature. S is not

more likely for P limited treatment then P rich (Figure 16).

The P limited treatments had on average the highest amounts of moulting stages for juveniles,
although variation here was large. In 25 °C, there are 20 juvenile stages and 17 adult stages
for P limited animals, compared to only 8 juvenile stages and 14 adult stages for the full
treatment. The biggest difference between diets and temperatures was the high mortality

before reaching the adult stages in P limited compared to the P rich treatments.
P limited animals had on average fewer adult stages than P rich animals. Mortality in A0 to

Al stage is 0 for all diet treatments and temperatures. And mortality increase with each adult

stage transition, this is true for all diet treatments and temperatures.
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Fecundity
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3.3.2 Fecundity
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Figure 16: The stage specific fecundity per animal alive in each stage for full, spiked and P limited treatment at
10, 15, 20 and 25 °C. The X- axis show the possible adult stages in each temperature, and the Y- axis average
number of juveniles produced in each time step for one animal (Fecundity).

Fecundity, the average amount of juveniles produced per animal in each stage in one time
step, was highest in the early adult stages for all diet treatments at low temperatures. This
peak in reproductive output was very distinct for all diets at 10°C. Stage specific fecundity at
A0 stage noted in the transition matrix at 10°C was 5.375 (full), 3.571 (spiked) and 2.00 (P
limited). Fecundity at 10 °C was also in general higher than in 15, 20, and 25°C (Figure 16).
The P limited animals have smaller peaks than the P rich treatments, but they also had lower
fecundity in general. After the burst in fecundity at first reproduction, fecundity remained
stable for the rest of the reproductive stages. For animals fed spiked diet, the early adult
fecundity was somehow shifted towards, or divided between the two first adult stages,
whereas in full and P limited, the peak was only recorded in A0Q. 20 and 25°C had no stages
with notably higher fecundity, and there are several stages with no reproductive output.
Daphnia that were still alive after A16 rarely reproduced, but could stay alive until A20.
Reproductive output per animal was highest at 10°C in general (close to 2 juveniles produced
per animal in each stage for P rich treatment in one time step), and lowest in 25 °C (less than

1 juvenile produced per stage per animal in one time step).
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3.3.3 Population growth

The relative intrinsic growth rate of the population (1) per time step, varied from 1.01 (15°C P

limited) to 1.18 (15°C full), hence all A > 1 (Table 6 and figure 17).

Temperature Full P limited Spiked
10°C 1,14 1,01 1,15
15°C 1,18 1,01 1,10
20°C 1,14 1,08 1,14
25°C 1,14 1,06 1,15

Table 6: The lambda values for full, spiked and P limited diet at 10, 15, 20 and 25 °C.
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Figure 17: The lambda () values of full, spiked and P limited diet at the four temperatures (10, 15, 20 and 25
°C respectively). A denotes the long-term intrinsic growth rate of a population and is the dominant eigenvalue of

a transition matrix for one time step.

Lambda for the full treatment was highest in 15°C, but both P limited and spiked did worse
here than in any other temperature (Figure 17). The lambda for the P rich diets is in general
were very similar over the four temperatures, and varies between 14 and 15, except for in 15 °
(Table 6). The three diets have the most uniform lambda in 20°C. P limited treatment also
have its highest lambda in 20°C (1.08), doing a little better than in 25° C (1.06).
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Figurel8: Population growth projection of the given intrinsic growth rate (1) values in table 6 for 10, 15, 20 and
25 °C. Black line is full, green line is spiked and red line is P limited treatment. Y-axis is population size, and x-

axis time in generations.

Population projection show that the P rich diets are very similar in all temperatures except
15°C, and the lambda values are almost identical and lie between 14 and 15 (Table 17). P
limited treatment has almost no population growth in 10 and 15 °C compared to the P rich
diets (Figure 18). Population stage distribution stabilize after 20 generations in 10 °C for P
rich diets, but more than 40 generation for P limited treatment (Figure 19), 15 °C population
stage distribution is almost identical (Appendix). P limited stage distribution has a much
smaller domination of juvenile individuals then P rich diets in 10 and 15 °C when population
growth is small, but in 20 and 25 °C P limited treatments stable stage distribution becomes

stable at 20 generations similar to P rich diets (Appendix).
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Figure 19: Population stage vector distribution for 10 °C. Full top left, P limited bottom left and spiked
treatment bottom right. Top right is a stage vector plot for full treatment. The red line is proportion of population

in stage class juvenile 0 (JO), cyan dotted line is proportion of population in stage class dead.

There is no stable stage distribution before ca 20 generations for P rich diets in 10 and 15 °C,
this decreases a to 10 generations in 20 and 25 °C. P limited treatment does not reach stage
distribution is not stable in 10 °C before more than 40 generations, and 30 in 15 °C. The
amount of animals in JO is dominant in all stable stage distributions, but less so for the P

limited treatments.
Sensitivity analysis show high sensitivity to changes in growth until first reproduction, and

high sensitivity in first reproduction, but low sensitivity in fecundity (Figure 18). Daphnia in

spiked treatment in 25 °C do not transition to adult stages after J§8, and sensitivity in these
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stages to population growth is low (low sensitivity shown with yellow color in Figure 18, high
sensitivity is red). Elasticity in fecundity is ca 8 times higher in A2 then A7 and 31 times
higher than in A8. Elastisity in transition from juvenile to adult stage in spiked 25°C is also ca
8 times higher, than transition after J8. This is a general trend for P rich matrixes in all
temperatures (see appendix). P limited Daphnia shows both lower sensitivity and elasticity in

general, but not at 10°C temperatures, where lambda was low.
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Figure 20: Sensitivity analysis for spiked treatment 25°C.

LTRE analysis was measured with reference matrix as 20 °C full treatment. LTRE analysis
on full treatment in 10 and 15°C show that the main differences are between probabilities in
growth versus stasis. The LTRE also show that fecundity contributes little to differences
between the two matrices. There is an opposite difference in probabilities between stasis and
growth between full treatment in 20 and 25 °C. LTRE between full and spiked treatment show
that the differences between full and spiked are minimal. In 20 °C, P limited Daphnia has a
smaller probability of growth, and higher probability of stasis than full treatment animals.
Also here the differences in fecundity are not significantly different (Appendix).
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4 Discussion

4.1 Experimental setup

4.1.1 Algae and nutrient concentration

I successfully maintained chemostats and produced a stable source of the different food
quality treatments for the life history experiment of D. magna. The advantage of using a
chemostat, was the possibility of having concentrated algae with well defined stoichiometry in
respect to C:P:N ratios. The C and P levels of the produced algae were monitored by daily
measurements of the optical density (OD), while P levels were controlled with chemistry
analysis of the collected algae. The chemostats were stable throughout the experiment,
however because they can be fragile for long lasting runs, I also kept backups throughout the
whole experiment. To account for other molecular changes than C:P:N that might occur in
the P limited algae (Brett and Miiller-Navarra 1997; Miiller-Navarra et al. 2004), the spiked
diet worked as a control for possible negative effects not related to P content such as N and
PUFA (Persson et al. 2011). Although I have not measured the fatty acid composition of the
different diets, the P limited versus spiked algae controlled for it. Moreover, the spiked diet
did not show any signs of being a lesser alternative food source then the full diet, and the P
limited treatment can thus be assumed to be only limiting with respect to P. It is also
important to notice that there were differences in full and spiked diet in the respect of P
source, which was organic versus inorganic. Because animals were not limited by food
quantity throughout the experiment; the observed differences on life history were caused by

the food quality offered to the animals, which was the object of my study.

4.1.2 The experiment

The main goal of my experiment was to further elaborate on the data of Persson et al. (2010),
therefore my experimental setup was similar to their work. First, to investigate if the method
was suitable for a life history experiment, I conducted a short-term pilot experiment (May
2010) that I stopped after 2 months (data not shown in this thesis). Here I concluded that
animals should be acclimatized to their respective temperatures for several generations, to

exclude the stress of sudden temperature changes prior to the experiment, as this proved to

48



have negative effects on survival. This observation aligns well with Frost et al. (2011), whom
found that maternal effects can indeed have serious impacts on Daphnia. The pilot study also
showed that all animal handling should be as little intrusive as possible, as this also showed to
have negative effects on immediate survival. It would have been preferable to have a size
estimate of the animals, but with the constraints of limited handling time, this was not
possible for this experiment. Although using a flow-through system (Lampert et al. 1988)
might have offered such a possibility, my experiment was focused on individual based
responses to temperature and dietary changes, the individual based setup without size was
thus seen as preferable. The animals used in the experiment were from the second brood of
their mothers, because neonates hatched from the first clutch are smaller, grow slower and
mature earlier than those from later broods (Ebert 1991; Lampert 1993; Lampert and
Trubetskova 1996). Moulting was chosen as an estimator for growth (Ebert 1991; Gorokhova
and Kyle 2002) as it is a good stage estimator, which also incorporates stage specific
fecundity. Survival was recorded in order to estimate intrinsic growth rate (Stearns 1992). The
temperature range (10-25 °C) was chosen accordingly to Persson et al. (2010). However, as
Daphnia can tolerate temperatures from 0 to 35 °C, and this temperature range also occurs in
natural habitats (Dodson 2005), a wider range of temperatures would possibly broaden the

understanding of temperature constraints.
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4.2 Growth and survival

Not surprisingly, survival of D. magna was significantly effected by temperature, such that
the life spans varied from 178 days at 10 °C to 75 days at 25 °C. Accordingly, the
intermediate temperatures had intermediate life spans. Moreover, temperature, diet and the
interaction of the two had a dramatic effect on survival. The life span of D. magna increased
as temperature decreased, but survival was only negatively correlated with diet for animals
fed P limited food at lower temperatures. There were found no negative effects of P limited
diet at higher temperatures. This significant interaction found in survival means; that Daphnia
are more sensitive to P limitation at lower temperatures. This observation is supported by the
opposite effect found for animals fed the spiked diet, who survived better at low temperatures.
The effect of too much good food (Boersma and Elser 2006) was already reported for survival
for Daphnia fed diets with low C:P ratios and could also be the case in my study. The idea is
that animals have a maximum limit in nutrient uptake, and all excess nutrients ingested must
be discarded of through some mechanism. In Daphnia P is excreted (Olsen et al. 1986; Elser
and Urabe 1999; Boersma and Elser 2006) but regulation mechanisms of this excretion are
still not well understood (Wojewodzic 2010). I propose, based on the survival data, that too
much P in the diet decreases the survival of Daphnia, but only if P is not excreted relatively
fast, as with inorganic origin. This could be mediated via pH changes related to inorganic P
source in the diet offered and is supported by good survival data for animals fed full algae
where P is kept in organic sources as RNA, DNA. My data also suggest that the phenomenon

of too much good food exists, and that it is temperature-dependent.

The variation in survival was highest in spiked and lowest in P limited diet, while full diet
were an intermediate. The effect of P limitation on survival was somehow opposite of what
was expected. Animals fed spiked diet had a significant increase in survival compared to the
full diet at lower temperatures, which suggest that there may be some advantage of having
C:P ratio lowered shortly prior to ingestion. This difference is possibly correlated with the
difference between inorganic and organic P. We know that D. magna at 10 °C have higher
expressed levels of alkaline phosphatase (AP) at lower temperatures when fed an organic
sourced P (Wojewodzic et al. 2011). This higher expression of AP is more effective on
organic than inorganic P sources, but algae spiked with inorganic P might be a better food
source (availability) than algae with natural organic levels of P (investment in processing the

food).
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Alternatively, the opposite effects of P limited and spiked diet on survival can be related to
differences in their PUFA or N content, which might result in a positive effect on survival at
lower temperatures (Bec et al. 2011). To keep membrane stability at different temperatures,
different fatty acid compositions (or their ratios), might be required (Hazel and Williams
1990).This advantage is P dependent, which means that P limited animals experience the

opposite effect.

The difference between the three diets was lowest at 20 °C, suggesting that whatever
advantages, or disadvantages this might have on survival, it is not present at this temperature.
Prior to the acclimation to their respective temperatures (10, 15, 20 and 25 °C), this clone of
D. magna was held at 20 °C for several years (Pulkkinen and Ebert 2004). It is possible that
this acclimation to a stable 20 °C for so many years caused some adaptation to this
temperature, which became a disadvantage when temperature again changed. An acclimation
for three generations only removed the immediate stress response of temperature change, and
neonate survival, but an overall increase in stress remain constant for theentire life span.
Variation in survival was greatest at 10 °C, and is quite similar at 15 and 25 °C, which
indicates that the variation will increase as temperature increase or changes from 20 °C. It is
also worth noting that the algae S. capricornutum was cultivated at 20 °C, and that
temperature alone might have implications on P and fatty acid composition of algae (Personal
communication Sikora, A. IXth International Symposium on Cladocera). Thus, algae grown at
20 °C have a fatty acid composition that accommodates Daphnia growth at the same
temperature, but not higher or lower temperatures, not meeting requirements. Algae grown at
10 °C would thus have a different fatty acid composition, which would be best suited for
growth at 10 °C. The effect of spiking P limited algae has only been measured at 20 °C
(Rothhaupt 1995; Plath and Boersma 2001), and could also possibly therefore have a positive
effect of spiking with inorganic P at 10 °C. Algae with naturally high C:P ratio spiked with
inorganic P thus has an advantage at lower temperatures, which disappear at 20 and 25 °C

where metabolism also is higher (Boersma and Elser 2006).
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4.3 Fecundity

Fecundity is a life history trait tightly coupled with growth (Stearns 1992), and reproduction
thus starts earlier at higher temperatures than lower. Probability of maturation increased with
temperature and P. The reproductive period was longer for animals at lower temperatures
(slower allocation into reproduction), and cumulative fecundity was more than 7 fold from 10
to 25 °C for animals fed spiked diet. The length of rotifer reproductive period has been
coupled with reproductive output, short lived animals reproduce large, and long lived
individuals reproduce at smaller rates over a longer period (Snell and King 1977). In this
experiment, the average number of juveniles produced was highest in the first and second
adult stages (A0 and A1), meaning disproportional investment in fecundity throughout the
whole reproduction period, and maximization of reproduction output for newly matured
individuals. Interestingly, the highest stage specific fecundity was found for animals at 10 °C,
which also had the longest reproductive period. It is however possible that animals in a
natural population would be outcompeted by their juveniles after first reproduction, because
juveniles are more effective feeders than adults (Nilsson et al. 2010). If this is the case, there
will be no possibility of an elongated reproduction period when competition for resources is
strong. In such a scenario, pressure to maximize reproductive output in the first reproductive
stages would be favored at lower temperatures, where survival to maturity and growth is low,
and the elongated reproductive period observed in the lab is not a naturally occurring

phenomenon.

It has been proposed that animals fed P limited diet can excrete excess C by respiration,
egestion and moulting (Andersen et al. 2007). One possible life history strategy would be to
acquire sufficient levels of P, N and fatty acids, by simply eating more, and excreting excess
C. This can be mediated simply via increase of the respiration or the rate of moulting. I found
no correlation between diets and moulting, thus P limited Daphnia did not moult significantly
more than animals fed sufficient P. Animals that experienced increased moulting might have
done so because they allocated more energy towards growth, and moulting is related to the
way Daphnia grow. However, Daphnia with exaggerated growth normally failed to
reproduce, which indicates that moulting is a poor way of ridding of excess C simply because
it is too energy consuming. P limitation reduces clutch size significantly compared to spiked
and full diet. This reduction in clutch size might be a result of abortions, which was not

recorded in this study. Urabe and Sterner (2001), found that 15 to 30 % of eggs where aborted
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in Daphnia obtuse when fed P limited food. This high abortion rate might be a way to rid of
excess C, or simply a result of failed reproduction due to lack of recourses. Delay in first
reproduction relative to full and spiked diet was only present at lower temperatures. Daphnia
size and time at first reproduction has been found to correlate strongly (Ebert 1991), which
suggests that P limitation reduce growth only at lower temperatures. Persson et al. 2011 found
that P limitation only reduce growth at higher temperatures, which either means that there is
no correlation between growth and time of first reproduction, or that P limitation do not
reduce growth at higher temperatures. If growth is reduced at lower temperatures, it would
indicate a trade-off between allocation for growth and reproduction, and could account for the
disproportional reproduction found for P limited animals, which occur only at lower

temperatures.

Starvation experiments suggest that there is a trade- off between growth and maintenance, and
reproduction (Bradley et al. 1991). The results of animals fed P limited diet suggests that
Daphnia indeed allocate more energy to growth and maintenance then reproduction. It would
therefore be interesting to see if animals fed P limited diet until maturation would change
reproductive output once they were changed to full diet. This is of great relevance as Daphnia
can experience great fluctuations in food quality and quantity in nature (Dodson 2005), which
would favor a strategy of growth and maintenance until resources are available for
reproduction without reduction in survival. This strategy would also favor resource allocation
towards an early adult reproduction only when nutrients are available. Delayed maturation,
and possibly heightened abortion rate observed in animals kept on P limited diet, is thus a way
for Daphnia to wait until there is sufficient recourses available for reproduction. This is
supported by the fact temperature is the main driving factor in interannual variability in
Daphnia population dynamics in spring (Schalau et al. 2008). This will mean that the growth
of zooplankton not necessarily overlaps with algae blooms, and the possibility of delayed
maturity would indeed be a good survival strategy. It is plausible that animals grown on P
limited diet, if switched to a diet with low C:P ratio, develop and hatch normally and without
an increase in abortion rates and mortality. In the starvation experiments by Bradley et al.
1991, Daphnia had a recovery period with reduced reproduction. This was probably a strategy
to build up storage nutrients for growth and maintenance in case of further nutrient limitation.
It is possible that if switched to full food, there would be a recovery period also for animals
grown on P limitation algae. This would mean no immediate positive effect of the change in

C:P ratio, and a negative effect of a possible mismatch in zooplankton and algae blooms due
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to global warming. However it is possible that this is a response to starvation only, and that a
C:P > 600 is sufficient for growth and maintenance, as my results indicate. In that case |
would expect the delayed maturation to be a strategy to maximize fitness in situations with

delayed algae blooms.

The variation in cumulative fecundity between the different diets was lowest at 20 °C. P
limited diet had the lowest variation in cumulative fecundity over the different temperatures,
whereas spiked diet had the highest (Figure 9). This variation among the diets are similar to
the variation found in survival, again suggesting that the there might be an optimal
temperature for this clone of D. magna, which lies around 20 °C. As mentioned before, there
might be other mechanisms in the dietary algae, correlated with inorganic versus organic P

and fatty acid compositions, which are not well understood.
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4.4 Matrices and the intrinsic rate of increase

By analyzing survival and fecundity as separate events, differences in important life history
traits are easily visualized. However, when constructing a stage based transition model, it
becomes obvious that even though temperature changes the time aspects of the life history
events, the overall life history stays the same (Appendix). The stage transition pattern of D.
magna is the same at all temperatures with no effect of P limitation, but with great variation
over all temperatures and diet treatments. This basically means that Daphnia follow the same
population growth pattern, also if they are P limited, but that even within one clone,
temperature and diet, there is a great possibility of phenotypic plasticity. This means that a
stage based model is a good way of analyzing the life history data of Daphnia. LTRE analysis
is one way of statistically comparing the different matrices with a reference matrix of choice.
With this approach it is possible to see if the matrixes and transition patterns that look the
same, actually are statistically similar. LTRE analysis was conducted with 20 °C full
treatment as reference matrix. This matrix was chosen because 20 °C was the temperature
with lowest variation, and thus seems the optimal temperature for this clone of D. magna fed
on S. capricornutum. Full treatment was considered the best diet treatment, and spiked the
control. There LTRE show that there are small differences between the matrixes in general.
The biggest differences are between the probability of stasis and growth in the different
temperatures. There are also some differences in fecundity among the temperatures. This lack
in difference among the matrixes supports the fact that Daphnia grow and reproduce in the
same way, over all temperatures and diet treatments, with only small variations in fecundity
and time spend in each stage step. This makes it possible to examine growth without the time
difference that temperature imposes on the life history trait analysis. Time is however not
ignored with a stage based model, because time spent in one life stage (probability of stasis
versus growth), changes along temperatures.

When a Daphnia sheds its exoskeleton, it absorbs water through the soft intergument,
which rapidly increases the animals size before a new exoskeleton forms (Dodson 2005). The
moult is therefore thought to be a good indicator of growth, and was therefore used as a
growth parameter. The probability of moulting at low temperatures during one time step
declines with temperature, which correlates well with the notion that Daphnia grows slower at

low temperatures. The variation in number of juvenile moulting stages was small at low
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temperatures, and increased with increasing temperature. There were thus no fixed number of
moulting stages for Daphnia, and there was no interaction from diet on moulting. Within 15
°C, animals moulted between 3~8 times. Ebert (1991) conducted a similar study in 15 °C, and
found a strong correlation between length and time at maturation, with variation of + 1 moult.
This suggests that there were big differences in juvenile size at the beginning of my
experiment, which could account for some of the variation in juvenile stages before
maturation. However it is also a possibility that species and clones vary greatly in moulting,
and that my clone of D. magna has great potential for phenotypic plasticity. Another factor
not taken into account in my study is density dependence. Natural populations with high
density dependence exhibit equal short term birth and death rates, with high genetic variance
in spring and low genetic variance by late summer (Tessier et al. 1992). The clone used in my
experiment had most likely not undergone any genetic selection, as individuals in stock
cultures were kept at low density and selected at random. Furthermore, the animals in the
experiment were kept separately, all factors that naturally increase variation.

Even if there was a difference in size of newborn juveniles at the beginning of the experiment,
this cannot explain the variance of up to 19 juvenile stages in 20 °C, which in all other
respects has the lowest variation in all life history traits for the different temperatures. Such
variance only occurs in 20 and 25 °C, and the animals that moult more than 8§ times rarely
mature. The occurrence of such a threshold size of maturation, suggests that there is a
possibility of overinvestment of energy allocated towards growth, and that this is temperature
dependent. Animals that allocate too much of their energy per time towards growth, will thus

have a much smaller probability of maturation.

Probability of stasis was greatest in the first juvenile stage JO, and in the stages where
Daphnia transition to adult. This means that for the first days, and before animals gave birth
for the first time, growth stopped for a period of time. Fecundity was highest in the first adult
stages, which are the only stages with delayed growth. This is a general trait for animals in all
temperatures and diets, further implying that there is indeed a trade-off between growth and
reproduction. P limitation has a great impact on both probability of maturity, and fecundity.
For all temperatures and diet treatments juvenile death is not random, but occurs at critical
stages associated with maturation. Such maturation related deaths are more common for P
limited Daphnia than those kept on full and spiked diet, thus the increased mortality observed
for P limited animals seem to be a result of failed maturation. Those P limited animals that do

mature, have much lower fecundity than animals on full and spiked food.
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Many studies have successfully recorded the relationship between growth rate and
stoichiometry (Main et al. 1997; Elser et al. 2002, 2003; Hessen et al. 2002; Vrede et al.
2002) while overall fitness measurements has received little attention in comparison (Stearns
1992) , probably due to experimental labor involved. Age at maturity, probability of survival
and number of offspring in a given class gives the opportunity to specify rate of growth of the
population (Stearns 1992). The dominant eigenvector (L) for the transition matrixes (Caswell
2001), show that although survival and fecundity vary among the temperatures, intrinsic
growth rate are stable for animals fed full and spiked diet. Because of the high cumulative and
stage specific fecundity at lower temperatures, I expected A to be accordingly high, which was
not the case. With the exception of 15 °C, A lies between 1.14 and 1.15 for full and spiked
diet. The LTRE analysis shows that the differences among the temperatures are small, and the

intrinsic rate of increase confirms this.

The correlation between fecundity and growth can be investigated with sensitivity and
elasticity analysis of the different transition matrices, to see how sensitive the intrinsic growth
of increase is to changes in each stage transition (Caswell 2001). Probability of maturity
increase with temperature, but stage specific survival is relatively stable. The stable survival is
the reason why A does not change much. Sensitivity and elasticity show that changes in
survival for stages prior to maturation and the first adult stages will have the greatest impact
on A. Probability of maturation was reduced with 20 % for Daphnia fed P limited diet
compared to full and spiked. This 20 % reduction in survival to maturation at 10 °C, changes
the A from 1.14 to 1.01 which equals the difference between population growth and no
growth. This change in A is most likely caused by survival, because fecundity has a far
smaller impact on population growth when survival to mature age is low. This is further
confirmed by the fact that fecundity is higher at 10 and 15 °C than at 20 and 25 °C, which
seem to have no impact on A. Thus, even if other clones of Daphnia have higher fecundity
than what I found in my study (Pietrzak et al. 2010), fitness will not change notably if survival

to mature age does not improve.

Survival and probability of maturation increase with temperature, and as survival to maturity
reaches 60 %, A increase to 1.08 for P limited Daphnia. Survival has thus a far bigger impact
on A than fecundity, because fecundity for P limited diet is higher at lower temperatures than
higher, meaning that even small changes in survival to maturity will impact A more than big

changes in fecundity. Furthermore, it implies that for positive population growth to occur,
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survival to mature age needs to be higher than 60 %. This finding suggests that within the
variation, there may be an overall optimal growth and moulting pattern, conserved over all
temperatures. This pattern is not as fixed as the one Ebert (1991) found, but maturing before
J8 seems optimal for population growth. Furthermore, continued reproduction after AO and
Al is of contributes little to A. This supports the notion that Daphnia are outcompeted by their
offspring after reproducing (Nilsson et al. 2010), and therefore must allocate as much

resources to first reproduction as possible.

The fact that there are differences in spiked and full treatments in survival and fecundity
seems to be cancelled out when taken to the population level. This can be explained by the
fact that the differences found, was in the life cycle stages of less importance to population
growth, which was shown by the sensitivity and elasticity analysis. The positive effect of
spiked diet on Daphnia was higher survival at later adult stages, stages that even with
reproduction contributes little to the overall population size. Changes in reproduction is also
of less importance, especially when any later than A2, and thus the positive effect of spiked
diet on cumulative fecundity and survival only contributes + 0.01 to A. This means that full
and spiked diets are not significantly different, at least not in life history traits that are
important to A. It is therefore safe to assume that the low A for animals fed P limited diet is
caused by P limitation, and that juvenile survival and probability of survival to maturity is the
main reasons why P limitation will decrease A of D. magna to a level where the population

stops growing at 10 °C.

Under ice cover in winter, population intrinsic rate of increase has been observed to be
negative (Winder et al. 2003). This indicates that the A observed in 10 °C for P limited
Daphnia, will further decrease with temperature. The small A is caused by a low probability of
maturity, and thus at temperatures close to 0 °C, there would be no maturation which will
make A negative. However, animals can survive for long periods with only small reduction in
survival, because the trade- off in P allocation is between maturation and growth, and
maturation is not an option. Daphnia can in fact survive for 6 weeks with less than 0.1 mg CL-
"and almost 2 weeks with no food at all at 5 °C (Rellstab and Spaak 2009). Overall survival
was significantly reduced by temperature and P limitation, but survival before maturation was
only slightly reduced. This indicates that juvenile survival under temperatures lower than 10
°C also can stay high, which will make overwintering a valid alternative to sexual

reproduction and epphibia. When temperature and nutrients increase in spring, juveniles that
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survived the winter can start reproduction immediately, which will give them an advantage in
the competition against hatching epphibia, if one assumes that the two methods of
overwintering strategies are competitive. It is however some indications, that at least some
species have a mixed strategy (Lampert 2010), which suggests that individual females
produce resting eggs, and then tries to survive the winter. However my data suggests that it
would be most profitable for survival, to delay maturity until after winter, and that the
overwintering females are indeed juveniles and not females in later adult stages, at least for
my clone. However the winter ice cover in the study lake of Lampert et al. 2010 is variable, as
climate on the west coast of Norway is relatively mild. Thus temperatures and nutrients might
be higher than in a lake with thick ice for the entire winter period. In a fish free lake in the
Tatra mountains, two lineages of Daphnia pulex coexists with different overwintering
strategies, and thus also big differences in longlivity and size (Pietrzak, B. [Xth International

Symposium on Cladocera).
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4.5 Conclusion

The experimental setup successfully observed the effect of food quality and temperature on
the life history of D. magna. I show that the results are caused by the food quality offered to
the animals, which was what I wanted to measure in my study.

There were a significant effect of temperature and C:P ratio on the survival of D. magna. The
observed effect was negatively correlated with P limitation at low, but not at high
temperatures. The opposite effect was found for spiked diet, indicating that there are some
underlying mechanisms correlated with nutrients and fatty acids that effect the life history of
D. magna. Whatever mechanisms this might be, the phenomenon is likely to be temperature-

dependent.

There was found both temperature and diet effects on fecundity. Daphnia invest
disproportional amounts of energy into reproduction, and fecundity in the first adult stages.
Abortion of eggs might be a way to get rid of excess C, although it might also just be a sign of
failed reproduction and thus an energy sink and not a way of conserving energy. Excess C is

not likely to be excreted through moults, as this seems to be highly energy consuming.

Matrix analysis emphasizes the fact that Daphnia moulting and growth, all though different in
time spent in each transition stage, is equal over all temperatures. Furthermore, stage based
matrix models is a good way of investigating the life history of Daphnia. This can be used in
many aspects of biology; from toxicology and ecological stoichiometry to the optimal

temperature and feeding regime for animals kept in cultures.

I found clear indications that there is a trade- off between allocation for growth and
reproduction for the clone of D. magna in my study. My data show that there is a possibility
of allocating too much energy per time towards growth, which results in failed maturation and
reproduction. My results also show that population growth is reduced at low but not at higher
temperatures, contrary to the findings of Persson et al. 2010, using somatic growth as a proxy
for population growth. Therefore I conclude that growth rate in general is a poor estimator for
fitness. Fecundity is also a poor indicator of fitness, because only the first adult stages
contribute to intrinsic rate of increase. Thus stage specific fecundity for first and second
reproduction is a much better indicator for fitness. When looking at intrinsic rate of increase,

there is no difference between full and spiked diet.
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The high survival of individuals at low temperatures, indicate that overwintering is a good
alternative strategy to dormant stage through the production of epphibia. This might lead to a
mixed strategy, or two competing strategies. As growth of Daphnia is strongly temperature
dependent, delaying reproduction might be a way to counteract negative effects of a mismatch

between zooplankton growth period and algae blooms.
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4.6 Future prospects

Investigating the life history of more than one clone of Daphnia, would further increase the
power of my study, especially when it comes to better understanding the dynamic
mechanisms between trade- offs in growth, survival and reproduction, especially in the
genetic context. It would indeed be interesting to see if the results gathered from this clone of
D. magna are similar in other clones of the same species, and other species. Anderson, 1932;
Anderson & Jenkins, 1942; Green, 1956; Vuorinen, Ketola, & Walls, 1989; Mari Walls &
Ketola, 1989 showed that differential juvenile growth or small size differences at birth in
Daphnia can lead to variation in the number of juvenile stages, this in turn causes variation in
other life history traits. My experiments required a lot of logistics and labor, and having more
clones would be impossible to handle, however following Ebert (1991); observing and
understanding the variation in one clone in one environment can help us understand the cause
of variation to life history traits of Daphnia. This experiment is a good example that even one
clone can increase our understanding of the life history of cladocera, however I would be very
interesting in doing a follow up study with another clone, to further investigate the findings in

this thesis.

As size at birth is important for growth and time of first reproduction (Ebert 1991; Lampert
1993; Lampert and Trubetskova 1996), it would also be very interesting to investigate if the
results are similar in this clone of D. magna after several generations on the different food and
temperature regimes, to investigate possible molecular changes and maternal effects. Stress
from P limitation can have effects on the phenotype of the offspring, and the environment the
offspring is born into will in turn also effect the response of this variation (Frost et al. 2009).

As size in juvenile offspring can vary even within a growth season (Tessier et al. 1992),

Daphnia spp.is a key species in freshwater ecosystems and considered a good model
organism. Knowing the underlying mechanisms of the life history traits and trade- offs in
freshwater crustacea, may allow a greater understanding of the population dynamics at several
trophic levels. As temperature is changing, inter- specific interactions become of greater

importance, and the possibility of predicting cascading ecological effects will be of common
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interest for the ecosystem as a whole. Matrix modeling offers an elegant opportunity to
approach, and combine the tools of ecological stoichiometry and modern genetics to predict

future scenarios of global warming effects and its consequences.
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6 Appendix

Df Chisq p

Temperature 2 7.6943 0.02134
Treatment 1 38.9734 4.296¢-10
Temperature 2 7.6943 0.02134
Treatment 1 38.9734 4.296e-10
Temperature: Treatment 2 21.7195 1.922¢-05
ANOVA 1 8
ANOVA 2 9 21.720 1.922e-05
Appendix Tabel 1: ANOVA for survival, additive and with interaction.
Temperature Full P-lim Spiked

50% 75% 50% 75% 50% 75%
10°C 84 58 66 43 144 81
15°C 70 47 62 36 81 57
20 °C 58 34 56 33 57 33
25 °C 47 28 54 31 33 21

Appendix Table 2: Days until 50 and 75% survival for the different temperatures and diets. See also figure .

Df Chisq P

Temperature 2 7.6943 0.02134
Treatment 1 38.9734 4.296¢-10
Temperature 2 7.6943 0.02134
Treatment 1 38.9734 4.296e-10
Temperature: Treatment 2 21.7195 1.922¢-05
ANOVA1 8

ANOVA 2 9 21.720 1.922e-05

Appendix Table 3: ANOVA of the probability of transitioning to maturity.
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P-lim 20 degrees
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Spiked 20 degrees
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Full 25 degrees
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P-lim 25 degrees
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Spiked 25 degrees
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Sensitivity matrix Full 10 degrees
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Sensitivity matrix using image2 for P-lim 10 degrees
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Sensitivity matrix Spiked 10 degrees

Al © O O O O OO OO OO0 O0OO0OO0OO0OO0OO0OO0OO0OOoOOoOOoOOoOOo

Al5 © ©O O O O O OO O O0OO0OO0OOOOOOOOOOOOoOOoOOo

- fEIEENNNRNERARRARRAREE
-~ EEEEEREEREERERRAEERESRE -
- EEEERERRERRARRAEERESR<E -
-EEEEEEENEERAERAEERERRREE -
~EEEEEEERERRARRARERESEE R -
- EEEEEEEEEEREEREERREEEEE -
~EBEEEREEEREESREEEERAEE 8-
-EEEEREEREEREEREERREERREE -
~EEEEEEEREEREEREEEREREEREE -
~EEEEEEEEEEREERRERREEEREE -
-EEEEEEEREERAEEREEREERRER -
- EEEEREEREEREEREERRERERERE
~3E88EBEEREEREERREaRR288E-
~EEEBEEREERBEREEREESAEEEE -
gl R
~EEEEEREERRENERERAAREEEEE:
oL
-EEEEEREREREEEREERREREECE:
-EEEEEEEEEREERERRAERREEREE
g-------------

(3]
-

85



Sensitivity matrix Full 15 degrees
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Sensitivity matrix P-lim 15 degrees

S & § &% & % & 9 % % % X X 3 o:r »x oz oz oz »z B B B B B
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A10 - - - - - - - - 0006 0003  0.002 - - - 0005 0005 0004 0004 0003 0003 0002 0001 0002 0.001 0
All - - - - - - 0007 | 0004 0003 0001 0001 0005 0006 0005 0002 0002 0002 0002 0001 0001 0001 0001 0001  0.001 0
Al12 - - - - - - 0007 | 0004 0003 0001 0001 0005 0006 0005 0002 0002 0002 0002 0001 0001 0001 0001 0001  0.001 0
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A14 - - - - 0.008 0.005 0.004 0.002 0.001 0.001 0 0.002 0.003 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0
Jead - - - - 0005 0004 0002 0002  0.001 0 0003 0003 0003 0001 0001 0001 0001 0001  0.001 0 0 0 0 0
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Sensitivity matrix Spiked 15 degrees
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Sensitivity matrix Full 20 degrees
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Sensitivity matrix P-lim 20 degrees
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Sensitivity matrix Spiked 20 degrees
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Elasticity matrix using image2 for P-lim 10 degrees
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Elasticity matrix Spiked 10 degrees
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Sensitivity matrix Full 25 degrees
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Sensitivity matrix P-lim 25 degrees
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Elasticity matrix Full 15 degrees
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Elasticity matrix P-lim 15 degrees
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Elasticity matrix Spiked 15 degrees

dead

Al16

Al5

Al4

A13

Al12

All

A10

A9

A8

A7

A6

A5

A4

A3

A2

Al

A0

0

Al10
All
Al2
Al13
Al4
Al5
Al6
Jead

0

100



Tic
e

eIr
vic

STC

9TC

[
iy

Elasticity matrix Full 20 degrees

E 8 >»>»>»> > > > >
0 © O B N W A OO0 O N

101

> > > > >
> > B P P P P
 © O Fr N W A
1 1 1 1 ] | |

STV

9TV

LTV

8TV

6TV

ocv

x4+

[444

eev

pesp



Elasticity matrix P-lim 20 degrees
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Elasticity matrix Spiked 20 degrees
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Elasticity matrix Full 25 degrees
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Elasticity matrix P-lim 25 degrees
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Elasticity matrix Spiked 25 degrees
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LTRE full 10°C and full 20°C
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LTRE full 10°C and full 20°C
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LTRE full 10°C and full 20°C
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LTRE full 15°C and full 20°C
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LTRE spiked 20°C and full 20°C
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LTRE spiked 20°C and full 20°C
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LTRE full 25 and full 20
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LTRE P limited 25°C and full 20°C
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Proportion in stage class
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Population stage distribution in Full 15 degrees
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Population stage distribution in Full 20 degrees
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Population stage distribution in P-lim 20 degrees
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