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Abstract

Abstract
Global climate change is affecting a variety of aquatic organisms including warming and
eutrophication in the ecosystems. Copepod is one of the most widely distributed microcrustaceans in the aquatic ecosystems. They are important components of zooplankton
community and play an important role in the trophic dynamics as a good biological indicator
of production status. Therefore, understanding the processes that control the abundance and
population dynamics of copepods is a major objective in aquatic ecology and limnology.
Calanoid copepod Eodiaptomus japonicus is an endemic species in Japan, and reported
to be dominant species in the largest and oldest freshwater ecosystem — Lake Biwa. In this
study, I studied the effect of temperature and food conditions on the life history traits of E.
japonicus collected from the lake in the laboratory, to clarify responses of somatic growth,
reproduction and metabolic rates to the different temperature and food conditions, and
consequently evaluated the impacts of eutrophication and global warming on its production
during the last 4 decades in this lake.
The experimental studies for E. japonicus highlighted the importance of temperature and
food conditions on its life cycle strategy. The results showed that this warm-adapted copepod
was able to develop and reproduce in a wide range of temperature and food conditions, and
the food effects depended on temperature. Somatic and population growths were depressed
under food-limited condition especially at high temperatures due to lowering the net growth
efficiency by high metabolic costs. Finally, the long-term analyses showed that production of
the copepod tended to increase after 1990, and predicted that the warming would be
beneficial for E. japonicus population in the lake under current nutritional status, while
disadvantageous under 6% lower food conditions assuming lowering the primary production
due to global warming.
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General Introduction
1. Background
As a consequence of modern industrialization, anthropogenic impacts including the
global warming and eutrophication are affecting a variety of organisms on the Earth. The
different climate scenarios predict the increase of global average temperature between about
1.1 and 6.4 ºC, with average rise of 3 ºC by the end of 21st century (IPCC 2007, 2014). , the
global warming and eutrophication never likely end due to keeping on development of global
economy, increasing consumer demand, and consequently increasing industrial productions.
Raising the surface water temperature and changing the nutritional status in an individual
water body due to global warming and eutrophication, respectively, would influence aquatic
organisms living there. Ambient temperature and food conditions are crucial factors in
ectotherms through the metabolism and nutritional intake, and consequently their life history
traits and population dynamics in the fields (Mauchline 1998, Dam 2013).
Copepod is one of the most widely distributed micro-crustaceans in the aquatic
ecosystems (Mauchline 1998). It is important component of zooplankton and plays an
important role in the trophic dynamics of marine, brackish and freshwater ecosystems (Hirst
et al. 1999, Uye et al. 2000, Hsieh et al. 2011). Therefore, understanding the processes that
control the abundance and production of copepods is a major objective in aquatic ecology
and limnology (Jiménez-Melero et al. 2005).
Despite the large amount of studies on calanoid copepods and on other planktonic
organisms in general, the most species studied were marine and brackish species (Koski and
Kuosa 1999, Bonnet and Carlotti 2001, Lee et al. 2003, Bonnet et al. 2009, Beyrend-Dur et
al. 2011). Some studies focused on the freshwater copepods also (Munro 1974, Herzig 1983,
Zeller et al. 2004, Boxshall and Defaye 2008). The objective of this study is to understand the
responses of life history traits and metabolic rates to changing temperature and nutritional
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status in a freshwater copepod, in order to clarify the effects of anthropogenic impacts, such
as eutrophication and global warming, on the in situ copepod population in a lake ecosystem.

2. The freshwater Copepod: Eodiaptomus japonicus
The best candidate that I found for studying effects of temperature and food conditions
on life history traits and metabolic rates is calanoid copepod Eodiaptomus japonicus
(Burckhardt). This copepod is endemic species in Japan, and widely distributed in the
temperate and subtropical regions, and has been shown to be dominant species in Lake Biwa
(Kawabata 1987a, Yoshida et al. 2001b) and Lake Ikeda (Baloch et al. 1998).
E. japonicus is a key copepod species in mesozooplankton in Lake Biwa. Abundance
and distribution of E. japonicus in the lake have been already studied (Kawabata 1987a),
because of its high abundance and an importance as one of the food resources for
commercially important fishes (Kawabata et al. 2002). To make a better insight of the interannual variations of this key species population in the lake and its responses to eutrophication
and warming within the global climate change context (Hsieh et al. 2011), I conducted
several experiments on life history traits and metabolic rates in this species under different
controlled conditions in the laboratory. The laboratory experiments allow us to study the life
history traits, physiology and their responses under controlled experimental conditions at
organism level, as well as the different aspect of the reproductive biology (Beyrend-Dur
2010).
Freshwater calanoid copepods are found in a variety of habitats ranging from freshwater
lakes and ponds, to streams or rivers, occasionally in ditches, while some euryhaline species
are found in either brackish-, salt- or freshwater (Williamson and Reid 2001). Thus this wide
distribution allowed the comparison of the climate changes impact between species
inhabiting fresh- and brackish waters.
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3. Zooplankton in Lake Biwa
Lake Biwa (35.1°N, 136.1°E), located on a central part of Honshu Island, is the largest
lake in Japan. It has a surface area of 670 km2 and a maximum depth of 104 m. It is a
principal water resource in Kansai region of Japan, supplying drinking water for 14 million
peoples. In its watershed and downstream areas, the lake also attracts peoples with its scenic
beauty. Every year some 30 million tourists visit the lake.
Since zooplankton plays an important role in channeling organic matter ﬁxed by primary
producers into higher trophic levels, a number of studies have been also examined it in Lake
Biwa. These studies have clariﬁed various aspects of zooplankton ecology in the lake,
including feeding habits (Kawabata 1987b), feeding rates (Okamoto 1984b, Nagata and
Okamoto 1988, Urabe et al. 1996), population dynamics (Kawabata 1987a, 1989b, 1993) and
recycling nutrients (Haga et al. 1995, Urabe et al. 1995). The zooplankton species
composition in Lake Biwa changed in the mid-1960s, due to eutrophication caused by human
activities (Tsugeki et al. 2003). Study of the long-term variation of zooplankton in this lake
showed that the lake ecosystem has experienced a dramatic change in trophic status and
thermo regime in the past half century (Hsieh et al. 2011).
Crustaceans, rotifers and ciliates are the most common zooplankton in Lake Biwa.
Crustaceans contributed to 86% of the total zooplankton biomass on average, while rotifers
and ciliates contributed to 11% and 3%, respectively (Yoshida et al. 2001b). Daphnia
galeata, Bosmina longirostris and Eodiaptomus japonicus dominated the crustacean
zooplankton all the year round. Among the crustaceans, E. japonicus is the most dominant
species followed by D. galeata (Yoshida et al. 2001b).

4. Ecology and life cycle of Eodiaptomus japonicus
The small freshwater calanoid copepod, E. japonicus, is an endemic species in Japan

4

The University of Shiga Prefecture, Japan
Xin LIU / Ph.D Thesis

General Introduction
and widely distributed in lakes, ponds and brackish-water (Mizuno 1984). They are mainly
distributed above the thermocline (5.5−20.4 m) in Lake Biwa (Kawabata 1987a).
The abundance and distribution of E. japonicus have been studied in Lake Biwa
previously (Kawabata 1987a). The horizontal distribution of E. japonicus was almost
uniform. The vertical distribution was closely related to the water structure, but no diel
vertical migration was observed. However, ontogenic distribution has been observed; nauplii
were distributed in shallower depth layers compared to those of copepodites. At the end of
the stagnation period (late spring to early autumn), adults were distributed in the same layer
as that of nauplii. Small adult females and low egg production were observed in summer and
autumn. In October, E. japonicus was dispersed into deeper layers than stagnation period due
to autumnal turnover. Individuals that achieved adulthood in November and December
overwintered and laid eggs during the following year. The maximum abundance of E.
japonicus has been observed in June, when water temperature ranged between 13 and 18 ºC,
with density reaching up to 19,000 ind m-3 (Liu et al. 2014).
E. japonicus presents a typical calanoid life cycle with 6 naupliar stages followed by 5
copepodid and adult stages. The life cycle of this copepod was observed in the laboratory
throughout this study.
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Illustration. 1. Life cycle of Eodiaptomus japonicus. Successive developmental stages observed during the
development are presented. Pictures are not at the same scale.

The first stage nauplius (N1) hatches from the egg and grows through 6 naupliar stages,
after which it changes its body shape during metamorphosis to the first copepodid stage (C1).
Then it grows through the copepodid stages until the fifth one (C5), in which sexual
distinction can be easily made. The last copepodid stage is the sixth copepodid stage C6
commonly called adult stage (i.e., adult female and male). The adult female carries eggs in an
egg sac until egg hatching (Illustration. 1).

5. The scientific approach: Thesis contents
All of the experiments in this PhD thesis were conducted under controlled temperature
and food conditions in the laboratory. We newly designed a water-bath fiber-optic oxygen
sensor system in this study to determine oxygen consumption rates. It is possible to study
physiology in median sized copepod in more precise and less procedures than before.
6
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This thesis is structured as follow:

Chapter 1: Effects of temperature on life history traits of Eodiaptomus japonicus
(Copepoda: Calanoida) from Lake Biwa (Japan).

Chapter 2: Combined effects of temperature and food concentration on growth and
reproduction of Eodiaptomus japonicus (Copepoda: Calanoida) from Lake Biwa (Japan).

Chapter 3: Effects of long-term acclimatization on metabolic plasticity of Eodiaptomus
japonicus (Copepoda: Calanoida) using optical oxygen meter.

Chapter 4: Long-term trends in biomass and production of Eodiaptomus japonicus
(Copepoda: Calanoida) in Lake Biwa, related to eutrophication and global warming.

to discuss the impact of global warming and eutrophication on this dominant copepod, and
predict their production ecology in Lake Biwa.
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CHAPTER 1:

Effects of temperature on life history traits of Eodiaptomus
japonicus (Copepoda: Calanoida) from Lake Biwa (Japan)

This section is mainly based on the manuscript:
- “Effects of temperature on life history traits of Eodiaptomus japonicus
(Copepoda: Calanoida) from Lake Biwa (Japan)” by Xin Liu, Delphine
Beyrend-Dur, Gaël Dur and Syuhei Ban published in Limnology.

8
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1. Introduction
Copepods are important components of zooplankton populations and play a critical role
in the dynamics of freshwater ecosystems, serving as links between phytoplankton and higher
trophic levels in food webs. Understanding the processes that control copepod abundance and
production is a major objective in lake ecosystem research (Jiménez-Melero et al. 2005).
Growth and productivity are mainly governed by temperature (Halsband-Lenk et al. 2002,
Bonnet et al. 2009) and food concentration (Ban 1994, Klein Breteler et al. 1995). Both these
factors may affect the life history traits of copepods, consequently affecting community
dynamics in aquatic ecosystems.
Lake Biwa is the largest and oldest lake in Japan. Because of its economic importance,
it has been subjected to many human activities, with strong impacts on its environment,
including eutrophication from the early 1960s to mid 1980s and increasing temperature after
1990 (Kawabata 1987a, Yoshida et al. 2001b, Hsieh et al. 2010). Despite those variations in
the environment, the calanoid copepod Eodiaptomus japonicus has dominated the
zooplankton for over 50 years (Hsieh et al. 2011). This egg-carrying copepod is an endemic
species widely distributed in freshwater bodies in Japan. It has also been shown to dominate
zooplankton communities in Lake Ikeda (Japan) (Baloch et al. 1998). In Lake Biwa,
maximum abundances have been observed in June, when water temperature ranged between
13 and 18 ºC, with densities reaching 19,000 ind. m-3 during the last four decades (Liu et al.
2014). Because of its high abundance and importance as a food resource for fish (Kawabata
et al. 2002), E. japonicus plays a key role in the food web of Lake Biwa. However, studies on
E. japonicus population dynamics are scare compared to those on counterpart species in
European lakes: e.g., Eudiaptomus gracilis, Eudiaptomus graciloides (Munro 1974, Herzig
1983, Jiménez-Melero et al. 2005). To obtain an idea of how zooplankton populations in
Lake Biwa may respond to increasing water temperatures resulting from global warming, it is
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crucial to study the population dynamics of this most important component in the lake.
Development time, survival, and reproduction are basic life history traits of a copepod,
and knowledge of these traits is essential for understanding population dynamics (JiménezMelero et al. 2005). Development times (i.e., embryonic and post-embryonic) and survival
are known to be strongly affected by temperature (Herzig 1983, Chinnery and Williams 2004,
Jiménez-Melero et al. 2005, Cook et al. 2007, Devreker et al. 2007, Jiménez-Melero et al.
2007, Bonnet et al. 2009, Jiménez-Melero et al. 2012). Many studies have also shown that
temperature controls copepod egg production (Ban 1994, Halsband-Lenk et al. 2002, Lee et
al. 2003, Beyrend-Dur et al. 2009, Bonnet et al. 2009, Devreker et al. 2009, Beyrend-Dur et
al. 2011, Jiménez-Melero et al. 2012). Under sufficient food supply, temperature is the main
parameter that controls seasonal copepod population dynamics (Uye 2000, Halsband-Lenk et
al. 2004). Decrease in development time with increasing temperature has been recognized as
a general rule for many organisms (Gillooly 2000, Gillooly et al. 2001), including calanoid
copepods (Ban 1994, Devreker et al. 2004, Devreker et al. 2007, Beyrend-Dur et al. 2011).
Earlier investigation of the development time of E. japonicus in situ in Lake Biwa revealed
the importance of food limitation (Kawabata 1989a). Whereas Kawabata (1989a) observed
the development of selected developmental stages under natural conditions, here we studied
the effect of temperature under controlled environments on all life stages: development,
growth, survival, and reproduction. We subsequently computed individual and population
growth rates to evaluate adaptation to temperature. The experimental protocol used was based
on individual observations, allowing for quantification of individual variability and fitting of
moulting rate distributions (Souissi and Ban 2001, Devreker et al. 2004, Jiménez-Melero et al.
2005, Devreker et al. 2007, Beyrend-Dur et al. 2011). Individual observations can further be
used for calibration of individual-based models (Dur et al. 2009).

10
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2. Methods
2.1 Field collection and stock cultures
E. japonicus females with egg-sacs were sorted from zooplankton samples collected
with vertical plankton net hauls (ring diameter, 45 cm; mesh size, 200 µm) from 30 m to the
surface at a sampling site situated in the north basin of Lake Biwa (35°19′27′′N, 136°11′4′′E)
on 12 September 2011 and 17 August 2012. Copepods were then cultivated in four 1-L jars
filled with autoclaved filtered (Whatman GF/F; porosity, 0.47 µm) tap water as stock cultures.
The cultures were maintained at 15 ºC under a photoperiod of 12L:12D with a light intensity
of 15.4 µmol m-2 s-1. Such conditions were found to be optimal for development. Copepods
were fed with ~105 cells ml-1 of a 1:1 fresh algal mixture of Chlamydomonas reinhardtii
(IAM, C-9) and Cryptomonas tetrapyrenoidosa (NIES, 282). Fresh food suspensions were
provided every 2 days. Algal cultures were grown in 1-L flask under a photoperiod of
12L:12D with a light intensity of 125 µmol m-2 s-1. For the experiments, we used individuals
cultivated in the laboratory for at least two or three generations to avoid biases due to
inherent wild population variability (Laabir et al. 1995).
2.2 Experimental conditions
In Lake Biwa, the temperature range encountered by E. japonicus populations varies
between 5 and 25 ºC [Shiga Prefectural Fisheries Experiment Station (SPFES), unpublished
data]. Consequently, we used four representative temperatures: i.e., 10, 15, 20, and 25 ºC. For
the experiments, individuals were acclimatized at each of these temperatures, initially in
sterilized filtered tap water, and then fed in excess (5 × 104 cells ml-1) with the same algal
mixture used for the stock cultures. Food was provided once a day. Water was changed every
2 days at 10 and 15 ºC and once a day at 20 and 25 ºC. Frequency of water renewal was
adapted to limit bacterial growth and keep water clean from waste matter produced by the
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copepods themselves. All experiments were conducted under the same light conditions as
those of the stock cultures.
2.3 Post-embryonic development time experiment
For each experimental condition, we sorted 36–86 newly hatched nauplii (within 12 h)
from more than six females acclimatized at each temperature and placed them individually in
a 10-mL well of a culture plate at the same temperature as those of the mother. Subsequently,
development was followed from first naupliar (N1) to adult stage. Each individual was
observed under a dissecting microscope (Olympus, SZX12) twice a day at 10 and 15 ºC, and
four times a day at 20 and 25 ºC, to check for exuviae or dead animals. Time zero was
defined as the time when the N1 stage hatched from the egg. Stage duration represents the
inter-moult duration calculated from the age of moulting from the developmental stage i to i
+ 1 for each individual.
2.4 Reproduction experiments
In experiments to determine reproductive traits, we followed the same protocol used by
Beyrend-Dur et al. (2011). At each of the four temperatures, more than 500 N1s isolated from
the stock cultures were reared in 1-L jars with the same food supply and under the same
photoperiod and light intensity as those of the stock culture. When individuals reached the
fifth copepodid (C5) stage, a female and male pair was transferred to a 30-mL vial filled with
the same food suspension as that of the post-embryonic development experiments.
Reproductive parameters were recorded daily until the death of the females. Duration from
moulting to adult female until death was expressed as female longevity. Dead males were
removed and replaced by a male from the stock culture acclimatized at the same temperature.
The culture medium and algal food were exchanged in the same manner as in the experiments
on post-embryonic development time.
12
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We determined the following reproductive parameters: clutch size (CS, eggs per clutch);
hatching success (HS, percentages of number of nauplii hatched to number of eggs in a
clutch); embryonic development time (EDT, time taken from egg laying to hatching of the
nauplius); inter- clutch duration (ICD, time between spawning of clutch “x” and spawning of
clutch “x + 1”); latency time (LT, time between hatching or fall of clutch “x” and spawning
of clutch “x + 1”); and egg production rate (EPR, number of eggs produced by a female per
day) calculated from CS/ICD in each clutch. A few clutches including unfertilized eggs, i.e.,
presenting no delimitation of the egg membranes (<<3.9% of total clutches produced), were
not taken into account for the estimation of hatching success.
2.5 Measuring body size
The prosome length was measured with an eyepiece micrometer under a dissecting
microscope as body size of the exuviae during development from first copepodid (C1) to preadult C5 stages. Using exuviae is a very convenient method to distinguish individual stages
and to measure the body size of these live small animals (Twombly and Burns 1996, Lee et al.
2003). The adult prosome lengths were determined after death on individuals preserved in
neutral 5% formalin.
2.6 Data and statistical analysis
2.6.1 Relationship between development time and temperature
The relationship between development time (DT, days) and temperature (T, ºC) was
described by the most frequently used equation in the literature, Bělehrádek’s function:
DT = λ(T − a)b

(1-1)

where λ, a and b are fitted constants. The values of λ and a were estimated with a non-linear
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analysis using least squares as a loss function in the curve fitting tool box of MATLAB
software (The MathWorks Inc. 2009). According to McLaren et al. (1969) b was fixed at
−2.05.
2.6.2 Individual variability and moulting probabilities
To predict the moulting probability from one developmental stage group to the next, the
cumulative proportion of individuals moulting from one stage group to the next was plotted
against individual development time. We constructed four additional groups of postembryonic developmental stages for the copepod, as suggested by Souissi and Ban (2001):
early (N1−N3) and late (N4−N6) naupliar stages, and early (C1−C3) and late (C4−C5)
copepodid stages to avoid the irregular distribution of developmental stages. We fitted a
gamma density function (GDF) (Souissi and Ban 2001) to the data, using the gamcdf [x/α, β]
function included in the curve fitting tool box of MATLAB software (The MathWorks Inc.
2009) to obtain estimates of the maximum likelihood and confidence bounds of the GDF
parameters: i.e., α the shape parameter and β the scale parameter.
2.6.3 Somatic growth
The effect of temperature on somatic growth was determined from the C1 to adult stages.
The body dry weight (W, µg) was calculated from the prosome length (PL, mm) using the
following exponential equation (Kawabata and Urabe 1998):
W = e(2.59lnPL+2.6995)
Body dry weight was then used to estimate the growth rate of E. japonicus at each
experimental temperature. The log-transformed body weight was plotted against cumulative
development time. Then the natural log-transformed growth rate was fitted to a linear
function of temperature. The slope is the instantaneous growth rate (g, day-1) at each
14
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temperature.
2.6.4 Life table analysis of population growth
The population growth rate (r, day-1) was derived from Euler-Lotka’s equation and
calculated iteratively:

where ia is the age at maturity, lx is the proportion of individuals surviving at day x, mx is the
number of offspring produced by a female at day x, and ω is female longevity.
2.6.5 Individual variability of fecundity
Individual fecundity variability (cumulative number of eggs produced by a female in its
lifetime) was estimated with the coefficient of variation (CV) at each temperature tested. CV
was calculated as follows:
CV = σ / µ × 100
where µ is the mean value of the parameter and σ is standard deviation.
2.6.6 Comparison between temperature treatments
Differences between four temperature conditions in growth and reproductive parameters
were tested using the non-parametric Kruskal−Wallis test for independent data with the
significance level set at p < 0.05. When the test resulted in a significant difference, the post
hoc Tukey−Kramer test was conducted. All statistical analyses were performed with
MATLAB software (The MathWorks Inc. 2009).
To test the differences of stage duration between temperatures, generalized linear models
(GLM) are commonly used (Jiménez-Melero et al. 2007). Here, a log-linear model was
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employed for testing the main effects and different interactions among temperature, stage and
survival. This log-linear model included three main effects (stage, temperature and survival),
three two-variable interactions (stage × temperature, stage × survival, and temperature ×
survival), and three-variable interactions (stage × temperature × survival). The variable
‘stage’ had 11 categories (N1 to C5), the variable ‘temperature’ had four categories (10, 15,
20 and 25°C), and the variable ‘survival’ had two categories (alive and dead). The saturated
(full) model included all main effects, all two-way interactions, and the three-way
interactions. The fit of each model was based on observed data and fitted cell frequencies.
SPSS software (IBM Inc. 2011) was used for log-linear model analysis.

3. Results
3.1 Post-embryonic development time (post-EDT) E. japonicus
Results for the effect of temperature on post-EDTs in E. japonicus are summarized in
Table 1-1. Among all developmental stages, the first naupliar (N1) stage and the fifth
copepodid (C5) stage always showed the shortest and longest durations, respectively. The
mean stage duration of C5 females was longer than that of males for all four temperatures
tested, though the differences were not significant (Kruskal−Wallis test, P > 0.05). Mean
post-EDT from N1 to adult took 62−68 days at 10 ºC, while it did not exceed 33 days at the
higher temperatures tested. On average, males reached adulthood 6 days earlier than females
at 10 ºC, and 1−2 days earlier at higher temperatures, but the differences were not significant
(Kruskal−Wallis test, P > 0.05). Male and female data were then combined to test the effect
of temperature on post-EDT. Post-EDTs were significantly different among the temperatures
tested (Kruskal−Wallis test, P < 0.05). The sex ratios, i.e., female to male ratios at adult
stage, were < 0.9 at lower temperatures (10 and 15 ºC) and > 1.1 at 20 and 25 ºC.
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Table 1-1 Mean stage durations (D, days), standard deviations (SD), and stage specific survival rates (%) of
Eodiaptomus japonicus from Lake Biwa reared at 10, 15, 20 and 25 ºC. Sex ratio (females to males) and the
survival rate of the adult stage are also indicated.

At 20 and 25 ºC, none of the individuals died during copepodid stages. Only 15 % of
individuals survived until the adult stage at 10 ºC, while around 40 % survived at higher
temperatures. Our log-linear model (Table 1-2) showed that stage and temperature affected
the frequency of dead and live individuals. The best model (number 8, Table 1-2) also
included the interaction stage × temperature. Such effect should not be considered since
temperature is fixed by the researcher and does not determine the stage. This is nevertheless a
common error for log-linear models associated with the fact that such models do not
distinguish between response and predictor variables (as in Jimenez-Melero et al. 2007).
Specific survival rates were lower for naupliar stages compared to copepodid stages
(Kruskal−Wallis test, P < 0.05).
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Table 1-2 Results of the log linear model for a three-way table: effect of temperature and stage on frequency of
dead and live individuals of Eodiaptomus japonicus.

Fig. 1-1 Relationship between
temperature and median postembryonic development time (postEDT, days) of Eodiaptomus
japonicus males (Open triangles,
solid line) and females (open circles,
dotted line) reared at four
temperature conditions.

The relationship between temperature (T, ºC) and median post-EDT (DT, days)
exponentially decreased with increasing temperature from 10 to 25 ºC (Fig. 1-1) and was well
described by the Bělehrádek temperature functions as equation (1-1):
DT = 12810 (T + 3.064)−2.05 (n = 4, R2 = 0.993, P < 0.05) for females, and
DT = 12240 (T + 3.336)−2.05 (n = 4, R2 = 0.998, P < 0.05) for males.
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Bělehrádek’s functions fit the duration data well for each stage, with good coefficients
of determination (Table 1-3).

Table 1-3 Parameters for Bělehrádek’s
temperature function of stage duration
(days) in Eodiaptomus japonicus.

3.2 Individual variability and moulting probabilities fitted by GDF
Variability of post-EDT at certain stage groups can be evaluated by the distribution of
moulting rates from one stage group to the next. The fitted GDF showed the distribution of
moulting rates depended on temperature and the individual variability of development time
was highest at 10 ºC (Fig. 1-2).
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Fig. 1-2 Cumulative proportion of Eodiaptomus japonicus individuals moulting from one group of stages to the
next as a function of age within developmental stages. Dots represent observed data at 10 ºC (circles), 15 ºC
(diamonds), 20 ºC (squares), and 25 ºC (triangles). Naupliar stages were aggregated into two groups (N1−N3
and N4−N6) as were copepodid stages (C1−C3 and C4−C5) while male (M) and females (F) were shown
separately. The lines represent the expected data from the gamma density functions at 10 ºC (solid black), 15 ºC
(dotted black), 20 ºC (solid grey), and 25 ºC (dotted grey).

The values of the parameters of cumulative GDF gamcdf [x/α, β] are given in Table 1-4.
The cumulative proportion for each group of individuals against development time was
strongly fitted (R2 > 0.9) to the gamma function at all experimental temperatures.
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Table 1-4 Parameters (α, β and R2) with confidence bounds at 95 % of the gamma density function (gamcdf [x/α,
β]) fit to the median development time for four groups of stages of Eodiaptomus japonicus at 10, 15, 20 and 25
ºC.

3.3 Somatic growth
The prosome length of adult E. japonicus decreased with increasing temperature (Fig. 13). Females were always larger than males at each temperature (Kruskal−Wallis test, P <
0.05). The mean adult prosome length was 0.868, 0.839, 0.817 and 0.816 mm for males, and
0.947, 0.922, 0.924 and 0.904 mm for females at 10, 15, 20 and 25 ºC, respectively. The
relationship between the mean prosome length of adults (PL, mm) and temperature (T, ºC)
was expressed as:
PL = 1.077T −0.0547

(n = 4, R2 = 0.854, p < 0.05) for females, and

PL = 1.044T −0.0798

( n= 4, R2 = 0.946, p < 0.05) for males.
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Fig. 1-3 Mean prosome length of adult
males (open triangles and solid line) and
females (open circles and dotted line) of
Eodiaptomus japonicus reared at four
temperature conditions under food
satiation. Vertical bars indicate standard
deviations. Regression equations and
coefficients of determination are
indicated.

Fig. 1-4 Growth rates of male (solid symbols) and female (open symbols) copepodids of Eodiaptomus japonicus
reared at four temperatures under food satiation. The regression lines were expressed as: lnW = 0.05982DT –
1.305 (R2 = 0.969) at 10 ºC, lnW = 0.1195DT – 1.324 (R2 = 0.977) at 15 ºC, lnW = 0.1758DT – 1.424 (R2 =
0.947) at 20 ºC, and lnW = 0.286DT – 1.711 (R2 = 0.971) at 25 ºC, with W the dry weight, and DT the
cumulative development time of the copepod. The inset presents the relationship between instantaneous growth
rates (g, day-1) and tested temperatures (T, ºC) with an exponential regression (dotted line). See details in the
text.
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We calculated the instantaneous growth rate for E. japonicus at each of the four
temperatures tested. The natural log-transformed body weight of copepodites linearly
increased against the cumulative development time at all tested temperatures (Fig. 1-4). The
instantaneous growth rate (g, day-1), i.e., the steepness of the slope, exponentially increased
with increasing temperature (T, ºC), being 0.06, 0.12, 0.18 and 0.29 day-1 at 10, 15, 20 and 25
ºC, respectively (Fig. 1-4). The temperature function was expressed as:
g = 0.0268 e0.095T

(n = 4, R2 = 0.994, P < 0.05).

3.4 Reproduction
Reproductive parameters of E. japonicus were significantly affected by temperature,
with the exception of hatching success, which was high at all tested temperatures (i.e.,
98−100%, Table 1-5). CS exhibited the lowest and highest values at 10 and 15 ºC,
respectively. CS between 20 and 25 ºC did not vary significantly (post hoc Tukey−Kramer
test, df = 3, p > 0.05). EPR increased with increasing temperature, increasing 4.4-fold from
10 to 25 ºC. Inversely, EDT, ICD, and LT decreased with increasing temperature; EDT, ICD
and LT decreased from 10 to 25 ºC by 4.7-fold, 3.3-fold and 5.8-fold, respectively. Mean
adult longevity at 15 ºC was the longest, being 69 days, with the next being 45 days at 20 ºC
(Table 1-5). A similar value of around 30 days was observed at 10 and 25 ºC.
Table 1-5 Mean values and standard deviation (SD) of reproduction of Eodiaptomus japonicus from Lake Biwa
reared at 10, 15, 20 and 25 ºC.

The University of Shiga Prefecture, Japan
Xin LIU / Ph.D Thesis

23

Chapter 1
Cumulative egg production increased with increasing temperature (Fig. 1-5). At the end
of life, the total number of eggs produced by a female ranged from 20 to 190, 60 to 210 and
20 to 230 eggs female-1 at 15, 20 and 25 ºC, respectively. At 10 ºC few females were able to
produce more than two clutches during their lifetime. The maximum number of clutches
produced was observed at 25 ºC, with 17 clutches produced through the reproductive life of a
female. Individual variability of cumulative egg production was high and CV values were
over 40 % at all temperatures.

	
  
Fig. 1-5 Cumulative egg production for each Eodiaptomus japonicus female as a function of clutch number at
each of the four temperatures tested. Each point represents a clutch of an individual female. n is the number of
reproductive females observed. CV is the coefficient of variation for cumulative number of eggs produced by a
female during her entire lifetime (see details in the text).

Female PL and CS were not significantly correlated (n = 260, R2 = 0.028, P = 0.76, Fig.
1-6). The largest CS of 28 eggs clutch-1 was observed for a female whose PL was 1.0 mm at
15 ºC. Despite large body sizes at 10 ºC, the females produced small clutches—11−16 eggs
clutch-1.
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Fig. 1-6 Relationship between
clutch size (CS, egg clutch-1) and
prosome length (PL, mm) of
Eodiaptomus japonicus females at
four temperature conditions.	
  

3.5 Potential population growth
The population growth rate (r, day-1) of E. japonicus calculated from the laboratory
experiments increased linearly with increasing temperature (Fig. 1-7). The linear regression
equation was expressed as:
r = 0.0112T – 0.096

(n = 4, R2 = 0.956, P < 0.05).

This equation predicted that this copepod may cease population growth below 8.6 ºC.

Fig. 1-7 Population growth rate (r, day-1) of
Eodiaptomus japonicus reared at four
temperature conditions. The linear fit and its
coefficient of determination are provided.

4. Discussion
In the present study, embryonic and post-EDT of Eodiaptomus japonicus strongly
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depended on temperature, a common feature evident in other copepods (e.g., Landry, 1983,
Ban 1994, Devreker et al. 2007). Additionally, post-EDT was isochronous, except for the
shortest N1 and the longest female C5 stages, under sufficient food supply at all temperatures
tested. This pattern of development was also identical to that observed in the same species by
Kawabata (1989a) in the field and that observed in other calanoid copepod species, e.g.,
Acartia clause (Landry 1983), Eurytemora affinis (Ban 1994, Devreker et al. 2007), Calanus
helgolandicus (Bonnet et al. 2009), and Pseudocalanus newmani (Lee et al. 2003), reared in
the laboratory. The N1 stage of calanoid copepods is a non-feeding stage living on yolk
(Mauchline 1998) and thus a rapid moult to the next feeding-stage, N2, is needed. The preadult C5 stage is usually longer than other developmental stages because individuals need
time to mature their reproductive organs (Ban 1994, Devreker et al. 2007).

Fig. 1-8 Relationship between embryonic
development time (EDT, days) and
temperature (ºC) for freshwater copepods.
The black line represents the fitted function
on the median EDT of Eodiaptomus
japonicus obtained in the present study,
EDT = 1360(T + 2.424)-2.05, R2>0.9. Dark
and light regions represent ranges of EDT
against temperature for cold- and warmwater adapted species, respectively (Herzig
1983).

It has been shown that physiological responses of copepods to temperature vary among
species or local populations of the same species living along different latitudes (McLaren et
al. 1969, Landry 1975b, Herzig 1983). In marine copepods, EDT of cold-adapted species is
shorter than that of warm-adapted ones, especially at low temperatures (McLaren et al. 1969,
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Landry 1975b). From data obtained on several marine copepods, McLaren et al. (1969) found
that biological zero indicated as a of Bělehrádek’s temperature function for EDT was strongly
related to the average temperature of their habitat. For E. japonicus, biological zero for EDT
was −2.4 ºC. Based on Fig. 3 of McLaren et al. (1969), an average habitat temperature of ca.
17 ºC can be predicted, which is similar to the average temperature above 20 m in Lake Biwa
during the growing season for E. japonicus from May to October (i.e., 18 ºC, SPFES
unpublished data). For freshwater copepods, Herzig (1983) showed that temperature−EDT
curves for warm-water species could be separated from that for cold-water species. The
temperature−EDT curve obtained in the present study of E. japonicus lies at the lower edge
for warm-water copepods (Fig. 1-8).
In many previous studies, EPR increased with temperature up to a maximum level, but
decreased or even ceased beyond the maximum (Uye 1981, Rodríguez et al. 1995, Ianora
1998, Holste and Peck 2005, Dur et al. 2009, Jiménez-Melero et al. 2012). Such maximum
temperature levels differ between species (Holste and Peck 2005) and depend on factors other
than temperature, including female age (e.g., Parrish and Wilson 1978), food concentration
and quality (e.g., Kiørboe et al. 1985, Broglio et al. 2003), and the difference between in situ
and experimental temperatures (Kim 1995). The difference in egg production temperature
optima is not only species-specific but also population-specific (Holste and Peck 2005), and
is likely due to adaptation to local conditions. In E. japonicus, EPR increased with
temperature to the highest temperature tested, i.e., 25 ºC. This may suggest that the threshold
temperature for inhibiting EPR is over 25 ºC and supports the idea that this copepod is warmwater adapted.
On the other hand, the fact that the smallest CS observed in this study was produced by
larger females at 10 ºC may be explained as a low-temperature stress. In general, CS is
positively correlated with female body size in many temperate copepod species (cf., Uye et
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al. 1983, Hirche 1992, Ban 1994). However, no significant relationship between CS and body
size was found in the present study. The largest individual variability of the post-EDT at 10
ºC also supported this idea. Such individual development variability has been found to
increase when the environment is non-optimal (Carlotti and Nival 1991).
Although high hatching success was obtained at all the temperatures tested, i.e., > 98 %,
survival to adulthood varied among the temperatures and showed the lowest value at 10 ºC.
Reproductive activity was also very low at 10 ºC; only 40 % of pairs tested could reproduce
successfully, while 70 % could at higher temperatures, and 63 % of them produced only a
single clutch during their life. Finally, the temperature function of population growth rate (r)
predicted that population growth of this copepod may cease below 8.6 ºC. Somatic growth
was also predicted from the equation obtained in this study to be quite low at 10 ºC. These
results confirmed that 10 ºC is not optimal for E. japonicus and suggests delayed growth and
development during winter at ca. 8 ºC.
The limited spatial distribution of E. japonicus in the epilimnion of Lake Biwa has been
associated with poor food conditions (Okamoto 1984a, Kawabata 1987a). Nevertheless
copepods, as ectotherms, exhibit a strong relation between water temperature and
biogeographic range (Beaugrand et al. 2002, Beaugrand et al. 2009). Even in more restricted
areas such as a lake, adaptation to a specific spatial niche can be associated with temperature
preferences (Lampert 1989). For instance, besides the food-limitation hypothesis, the
residence of E. japonicus populations in the epilimnion can be satisfactorily explained by the
temperature responses obtained in this study. E. japonicus is restricted to above 20 m
throughout the growing season in the lake, where the average temperatures exceed 10 ºC
(Kawabata 1987a). In this study, we found that E. japonicus populations could no longer
increase at temperatures below 10 ºC even with sufficient food supply. There are also strong
interactions between these two environmental factors, as shown in Daphnia (Winder et al.
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2004) that need thorough examination. Finally, organisms with short life cycles, such as
copepods, may adapt through rapid evolution to fluctuating environments (Hairston and
Dillon 1990). To clarify the spatial distribution of E. japonicus in Lake Biwa, further
investigation of these aspects is required.
The cessation of growth below 10 ºC, suggests that temperature is an important force
limiting E. japonicus populations in winter. Over a 3-year investigation, (Kawabata 1987a)
found that the abundance of E. japonicus was low in winter and increased in late spring or
early summer when water temperature started to increase. According to the Bělehrádek’s
function calibrated on our data, it takes about 3 months for individuals to complete their
development at winter temperatures in Lake Biwa. This corresponds to the overwintering
period observed in the field (Kawabata 1987a).
The long overwintering period may incur high risks for E. japonicus from fish and
invertebrate predators. Few ovigerous females and mainly naupliar stages have been shown
to occur in winter (Kawabata 1987a). This can be associated with the fact that ovigerous
females suffer high predation from visually oriented predators during winter because they are
more easily perceived (Hairston 1987, Mahjoub et al. 2011). Nevertheless, there is no proof
of predation risk during winter in Lake Biwa, the predatory stages of Mesocyclops dissimilis
being infrequent in winter (Kawabata 1989b, 2006). The fact that E. japonicus overwintered
in naupliar stages (Kawabata 1987a) can be associated with growth cessation at low
temperature suggested by our results.
The best estimate of different climate scenarios predicts that global average surface
temperature will increase between 1.1 and 6.4 ºC, with an average rise of 2.8 ºC at the end of
the 21st century (IPCC 2007). Our study showed that the population growth rate of E.
japonicus was a positive linear function of temperature. In 2010, monthly average water
temperature varied from 7.8 to 22.3 ºC (SPFES, unpublished data), giving a population
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growth rate ranging between −0.009 and 0.15 day-1 from the function. The predicted increase
in temperature of 2.8 ºC will give water temperatures varying between 10.6 and 25.1 ºC at the
end of this century in Lake Biwa, resulting in a population growth rate ranging between 0.02
and 0.19 day-1. Global warming may improve the environment for E. japonicus, which will
be able to grow during winter. Additionally, we observed that the sex ratio is in favour of
females at temperatures over 20 ºC. IPCC scenarios result in a prediction for an extended
period of water temperatures over 20 ºC. In line with the present results, we predict that in the
lake, under sufficient food supply, the population density of E. japonicus will be positively
affected by the expected rise of temperature through a decrease of development times and an
increase in both the survival rates and the reproduction frequency within a female-biased
population. On the other hand, global warming may, in addition to raising water temperature,
also change lake environments by altering thermocline depths and nutrient inputs, and by
accelerating a decrease in dissolved oxygen (Magnuson et al. 1997). These physical changes
in turn affect the primary production of a lake. For instance, an 80-year survey showed that
climate change has contributed to diminishing Lake Tanganyika’s primary productivity
(Verburg et al. , O'Reilly et al. 2003). A decrease in primary production associated with a
decrease in food availability would negatively affect the total zooplankton abundance in Lake
Biwa, considering its strong correlation with total phytoplankton biomass (Hsieh et al. 2011).
Such complex interactions may occur in Lake Biwa and negatively affect the population of E.
japonicus. Further studies on the effect of food on the life cycle traits, thus, would be a
continuation of the present work. The crucial information obtained from such a study would
provide the necessary foundation for calibrating a mathematical model to enable testing of
several scenarios on the consequences of climate changes on this copepod: for example, the
match/mismatch hypothesis (Durant et al. 2007).
In conclusion, the responses of life history traits in E. japonicus to temperature

30

The University of Shiga Prefecture, Japan
Xin LIU / Ph.D Thesis

Chapter 1
observed in this study help us understand the population dynamics observed in the field
(Kawabata 1987a). According to field observations (Kawabata 1987a) and responses to
temperature predicted from the experiments in the present study under sufficient food supply,
this species may behave like a warm-water adapted species despite inhabiting a temperate
lake, such as Lake Biwa. Present data on life history traits will be used to calibrate the
individual-based model developed for egg-carrying copepods by Dur et al. (2013), and
consequently provide further insight into the population dynamics of this species in the lake.
Besides temperature, food supply is another important environmental factor that affects life
history traits and population dynamics of the copepod. Sometimes food availability can have
even more impact than temperature (Ban 1994). Thus, it is necessary in the future to
determine the food supply effect on E. japonicus and evaluate the interaction between
temperature and food conditions to predict changes in population dynamics due to global
warming and modern human impacts.
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CHAPTER 2:

Combined effects of temperature and food concentration
on growth and reproduction of Eodiaptomus japonicus
(Copepoda: Calanoida) from Lake Biwa (Japan)

This section is mainly based on the manuscript:
- “Combined effects of temperature and food concentration on growth and
reproduction of Eodiaptomus japonicus (Copepoda: Calanoida) from Lake
Biwa (Japan)” by Xin Liu, Delphine Beyrend, Gaël Dur and Syuhei Ban
published in Freshwater Biology.
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1. Introduction
Copepods are a key component in zooplankton communities and play a major role in
aquatic food webs as both primary consumers and secondary producers. Identifying the
drivers of copepod population dynamics is thus an important goal in lake ecosystem research.
Temperature and food concentration (FC) are known to strongly affect copepod life history
traits such as development time, survival rate, hatching success (HS) and clutch size (CS,
Herzig, 1983;

Huntley and Lopez 1992, Ban 1994, Jiménez-Melero et al. 2012).

Temperature is one of the most important factors determining the geographical distribution,
metabolism and lifespan of copepod species. The metabolic theory of ecology accurately
predicts how the lifespan of ectotherms varies with temperature within species and,
consequently, that global warming might substantially shorten lifespan (Munch and Salinas
2009).
Along with temperature, food condition is the most important factor determining
development and egg production rates (EPRs) in copepods (Ban 1994, Klein Breteler et al.
1995, Jiménez-Melero et al. 2012). CS (number of eggs laid by a female) is generally related
to female body size (Deevey 1960, Klein Breteler and Gonzalez 1988, Ban 1994); body size
in copepods depends on both temperature and FC (Ban 1994, Lee et al. 2003, Jónasdóttir et
al. 2005, Beyrend-Dur et al. 2011). CS can also be directly affected by food conditions.
Jiménez-Melero et al. (2012) observed an increase in the CS and stabilization in the third
clutch when females from a food-limited environment were exposed to new ad libitum food
conditions. Some studies of marine copepods have shown that copepods were always limited
by food in the field (Checkley 1980, Durbin et al. 1983) and egg production was immediately
limited by phytoplankton availability (Checkley 1980).
Many studies have focused on the effect of single environmental factors, such as
temperature, food or salinity, on estuarine copepods (Vuorinen et al. 1998, Cervetto et al.
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1999, Ishikawa et al. 1999, Lee and Petersen 2002, Beyrend-Dur et al. 2009), or even on the
combined effect of temperature and salinity (Roddie et al. 1984, Chinnery and Williams
2004, Devreker et al. 2004, Holste and Peck 2005, Devreker et al. 2007, Devreker et al. 2009,
Beyrend-Dur et al. 2011). Although previous studies have shown that growth and egg
production of some copepod species were more sensitive to food shortage than to temperature
variation (Ban 1994, Koski and Kuosa 1999), few studies have dealt with the combined effect
of these environmental factors on copepod development, growth and reproduction (Klein
Breteler and Gonzalez 1986, Koski and Kuosa 1999, Cook et al. 2007, Jiménez-Melero et al.
2012).
We assessed the combined effects of temperature and FC on growth and reproduction of
Eodiaptomus japonicus, the sole calanoid copepod living in Lake Biwa, the largest lake in
Japan. In Lake Biwa, E. japonicus plays a crucial role in transport of energy through the food
chain, being an important food source for fish with high economic value (Kawabata et al.
2002). Over the past five decades, the Lake Biwa ecosystem has experienced drastic changes
in trophic status, shifting from oligotrophic to eutrophic/mesotrophic as a result of
anthropogenic activities, and an increase of water temperature due to global warming
(Tsugeki et al. 2003, Hsieh et al. 2011). Despite the large fluctuations in such environmental
conditions, E. japonicus has been well adapted to this highly variable environment,
dominating the zooplankton community in the lake (Kawabata 1987a, Yoshida et al. 2001b).
Recently, Liu et al. (2014) determined the effects of temperature on the life history traits of E.
japonicus under sufficient food supply. The authors suggested that this copepod was warmwater adapted and did not grow below 10 ºC during winter, even with sufficient food supply.
Kawabata (1987a) suggested that natural populations of this copepod are exposed to severe
food shortages in the lake, especially in summer. However, how temperature influences the
effects of food availability is still unknown. Therefore we determined the effects of FC on the
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life history traits of E. japonicus reared at different temperatures to clarify how climatic and
anthropogenic environmental changes, such as global warming and eutrophication, can be
expected to affect the in situ growth and population dynamics of this copepod.

2. Methods
2.1 Field collection and stock cultures
Eodiaptomus japonicus females with an egg sac were sorted from zooplankton samples
collected with vertical plankton net hauls (diameter, 45 cm; mesh size, 200 µm) from 30 m to
the surface at a sampling site in the north basin of Lake Biwa (35°19'05.3''N, 136°09'67.8''E)
on 17 May and 11 September 2013. The copepods were then cultivated in 1-L jars filled with
autoclaved and filtered (Whatman GF/F) tap water as stock cultures. The stock cultures were
maintained at a constant temperature of 15 ºC under a photoperiod of 12L:12D with a light
intensity of 15.4 µmol m-2 s-1, and were fed on a 1:1 (cell:cell) fresh algal mixture of
Chlamydomonas reinhardtii (IAM C-9) and Cryptomonas tetrapyrenoidosa (NIES 282) at ca.
105 cells ml-1 total cell concentration. Culture medium was changed weekly and fresh food
suspensions were provided every 2 days. Algal cultures were grown in 1-L flasks at 20 ºC
under a photoperiod of 12L:12D with a light intensity of 125 µmol m-2 s-1. Prior to the
experiments, we maintained the stock cultures in the laboratory for at least two or three
generations to avoid biases due to inherent wild population variability (Laabir et al. 1995).
2.2 Experimental conditions
Prior to the experiments, animals were acclimatized for at least one generation at 15
and 25 ºC in autoclaved and filtered tap water with the same algal mixture as the stock
culture at each of the four FCs (i.e. 103, 5 × 103, 104 and 5 × 104 cells mL-1) in each of the 1-L
jars. Food algae were provided daily. Culture medium was changed twice and three times per
week at 15 and 25 ºC, respectively. Frequency of water renewal was adapted to limit bacterial
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growth and keep water clean from waste matter. All experiments were conducted under the
same light conditions as those of the stock cultures.
2.3 Experiments on post-embryonic development
To determine post-embryonic development time (post-EDT), we sorted 36−72 newly
hatched nauplii (N1) within 12 h from a minimum of six females acclimatized at each
experimental condition of the 2 × 4 factorial design of temperature and FC as described
above. Each nauplius was placed in a 10-mL well of a polystyrene tissue-culture plate
(TR5000, Trueline, Romeoville, Illinois, U.S.A.) at the same food and temperature conditions
to which the mothers had been exposed. Each one was observed under a dissecting
microscope (SZX12, Olympus, Tokyo, Japan) at ca. 200× magnification twice per day at 15
ºC and four times per day at 25 ºC to check exuviae or dead animals, until the adult stage was
reached. Time zero was defined as the time when N1 hatched from an egg.
2.4 Reproduction experiments
For the experiments on reproduction, females with an egg sac were sorted from the
zooplankton samples and incubated under each of the eight treatments (ca. 50 females per
treatment). Then, N1s hatched within 12 h in each treatment were reared in 1-L jars (ca. 500
ind. in a jar) under the same temperature and food conditions as their mothers. When the
animals reached the pre-adult copepodid 5th stage (C5), a female and a male were transferred
to a 30-mL jar filled with 20 mL of the same medium and food algae as described above.
Reproductive parameters were recorded daily until death of the female. Duration from
moulting to adult female (AdF) death was expressed as female longevity. Dead males were
removed and replaced by a new male from the stock cultures acclimatized at the same food
and temperature conditions as the female. The culture medium and food algae were changed
in the same manner as in the post-EDT experiments.
We determined the following reproductive parameters: HS (percentage of nauplii
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hatched to number of eggs in a clutch), embryonic development time (EDT, time taken from
egg laying to hatching of the nauplii), CS (number of eggs per clutch), interclutch duration
(ICD, time between spawning of clutch ‘x’ and spawning of clutch ‘x + 1’), latency time (LT,
time between hatching or fall of clutch ‘x’ and spawning of clutch ‘x + 1’), and EPR (number
of eggs produced by a female per day) calculated from CS/ICD in each clutch. The few
clutches that included unfertilized eggs (i.e. presenting no delimitation of the egg
membranes; <6.1% of total clutches produced) were not taken into account for estimation of
HS.
2.5 Body size measurements
The prosome lengths (PLs) of individuals from the first (C1) to the last (C5) juvenile
stage were estimated by measuring the exuviae with an eyepiece micrometre under a
dissecting microscope (SZX12, Olympus) at 900× magnification. Using exuviae is a very
convenient method to distinguish individual stages and to measure the body size of these live
small animals (Twombly and Burns 1996, Lee et al. 2003). The PL of adults was measured
after death on individuals preserved in neutral 5% formalin.
2.6 Data transformation and statistical analysis
The gamma density function (GDF) allowed us (I) to calculate median development
time (MDTi, days) of each developmental stage in copepods (Souissi and Ban 2001), that is
time at which 50% of individuals have moulted to a certain stage i; and (II) to predict
moulting probability. The cumulative proportion of individuals moulting to each stage was
plotted against days from hatching using the gamcdf [x/α, β] function included in the curve
fitting toolbox of MATLAB software (The MathWorks Inc. 2009) to obtain estimates of the
maximum-likelihood and confidence limits of the GDF parameters; that is the shape
parameter (α) and the scale parameter (β).
Development variability in each stage was estimated with the coefficient of variation
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(CV %) for each experimental condition. CV was calculated as follows:
CV = σ / µ × 100
where σ is standard deviation and µ is the mean value of the development time.
To evaluate somatic growth from C1 to adult stage, the body dry weight (W, µg) was
calculated from the PL (mm) using the following exponential equation (Kawabata and Urabe
1998):
W = e (2.59lnPL+2.6995).
The body dry weight was plotted against MDT (days), and fitted with a von
Bertalanffy’s function (Fitzhugh 1976):
WBer = A(1 − Be−kMDT)m
where A is the asymptotic value for body weight at time t → ∞, interpreted as average value
of body weight, B is a scaling parameter, k (day-1) is the growth coefficient, and m is the
inflection parameter for Richards function (m = 3 in this case). The values of B and k were
estimated by nonlinear least squares as a loss function in the curve fitting toolbox of the
MATLAB software (The MathWorks Inc. 2009).
Life table parameters were calculated from life history traits of the copepod, and the
population growth rate (r, day-1) was derived from Euler−Lotka’s equation and calculated
iteratively:
ϖ

∑l m e
x

x

−rx

=1

x=ia

where ia is the age at maturity, lx is the proportion of individuals surviving at day x, mx is the
number of offspring produced by a female at day x, and ω is female longevity.
Generalised linear models (GLM) were used to test the differences between each life
history trait, that is the duration of aggregated stages (N1−N6, C1−C3 and C4−C5), postEDT until adult, PL, EDT, CS, EPR, ICD, LT and longevity, among the eight temperature and
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food treatments. When the GLM showed an interaction between the two factors, we
performed a Kruskal−Wallis test to evaluate the differences among the food treatments at
each temperature. A log-linear model was employed for testing the effects of temperature
(Temp), food concentration (Food) and developmental stage (Stage) on frequency of dead
and live individuals (Survival). This log-linear model included four main effects (Temp,
Food, Stage and Survival), six two-variable interactions (Temp × Food, Temp × Stage, Temp
× Survival, Food × Stage, Food × Survival and Stage × Survival), four three-variable
interactions (Temp × Food × Stage, Temp × Food × Survival, Temp × Stage × Survival and
Food × Stage × Survival) and one four-variable interaction (Temp × Food × Stage ×
Survival). The variable ‘Temp’ had two categories (15 and 25 ºC), the variable ‘Food’ had
four categories (103, 5 × 103, 104 and 5 × 104 cells mL-1), the variable ‘Stage’ had 11
categories (N1−C5), and the variable ‘Survival’ had two categories (dead and alive). The
saturated (full) model included all main effects, all two-way, three-way and four-way
interactions. Potential differences among developmental stages in the response to increasing
food on mean PL (i.e. homogeneity of slopes) were tested with analysis of covariance
(ANCOVA). Post hoc tests (Tukey−Kramer test) were conducted when ANCOVA showed a
significant difference of the slopes among the stages. Regression analysis against the logtransformed FCs was carried out for growth coefficient (k) and population growth rate (r) to
test the differences between the slopes and zero. The differences in k between sexes were
tested using ANCOVA. All statistical analyses were performed with IBM SPSS Statistics
software (IBM Inc. 2011) and MATLAB software (The MathWorks Inc. 2009).

3. Results
3.1 Post-embryonic development
The cumulative proportion for each developmental stage against the days from hatching
was well fitted by the GDF for all temperature and food treatments (R2 > 0.8) (e.g. adult stage
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shown in Fig. 2-1, Table 2-1). At 15 ºC, the MDTs of adult males (AdMs) reared at ≥5 × 103
cells mL-1 ranged between 28.7 and 31.0 days, whereas at 103 cells mL-1 the MDT was 37.3
days. In contrast, the MDTs of AdFs were similar at all food treatments, being 31.4−35.0
days (Table 2-2). At 25 ºC, the MDTs of AdMs and females strikingly decreased with
increasing FC, ranging from 13.7 to 23.9 days and from 14.3 to 27.7 days, respectively (Table
2-2). GLMs showed that temperature and FC significantly influenced post-EDT for both
males and females (Table 2-3). On the other hand, interactions between the two factors were
found in females, but not in males; the post-EDTs in females were significantly different
among the food treatments at 25 ºC (Kruskal−Wallis test, d.f. = 3, H = 19.42, P < 0.001), but
not at 15 ºC (Kruskal−Wallis test, d.f. = 3, H = 3.48, P = 0.323).

Fig. 2-1 Cumulative proportions of Eodiaptomus japonicus individuals moulting to adult stage against days
from hatching. Dots represent observed data at food concentrations (FCs) of 103 (circles), 5 × 103 (diamonds),
104 (squares) and 5 × 104 (triangles) cells mL-1 at 15 ºC (T15) and 25 ºC (T25). Males (M) and females (F) are
shown separately. The lines represent the expected data from the gamma density functions at FCs of 103 (solid
black), 5 × 103 (black dots), 104 (solid grey) and 5 × 104 (grey dots) cells mL-1. Function parameter data are
shown in Table 2-1.
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The CV tended to decrease towards older stages (Table 2-2). The highest variation of
post-EDT was always observed in the second naupliar stage (N2) (Table 2-2). CV of adult
post-EDT strongly depended on FC at both experimental temperatures, especially at 25 ºC,
ranging from 4.3 to 24.3% for males and from 7.5 to 26.0% for females. The highest
variation was observed at the lowest FC for males, but with females, it occurred at 15 ºC at
the medium FC, that is 104 cells mL-1 (Table 2-2).
Table 2-1 Parameters (α, β and R2) with 95% confidence limits at of the gamma density function (gamcdf [x/α,
β]) fitted against days from hatching to adult male (M) and female (F) Eodiaptomus japonicus at each
temperature and food treatment.

The shortest stage duration (SD) was observed in the N1 stage among developmental
stages of all treatments (Table 2-2). SD tended to increase with developmental stage,
especially under low FCs at both temperatures. GLM of SD showed that all SDs in three
aggregated stage groups were significantly different among temperature and food treatments
(Table 2-3). The interaction between the two factors was significant in early (C1−C3) and late
(C4−C5) copepodid stages of females but not in naupliar stages (N1−N6) and late copepodid
stages (C4−C5) of males (Table 2-3). Because of the interaction between the two factors, the
SD differences in C1−C3 and C4−C5 females among FCs were tested with the
Kruskal−Wallis test. A significant effect was found at each temperature (d.f. = 3, H = 17.73
and 42.71 in C1−C3, 12.82 and 15.85 in C4−C5 female, at 15 and 25 ºC, respectively, P <
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0.01), indicating that the effect of FC on SD differed with temperature in C1−C3 and C4−C5
females, but not in N1−N6 and C4−C5 males.
Table 2-2 Median development time (MDT, days), its coefficient of variation (CV %), stage duration (SD,
days), number (n) and proportion of survivors (%) for different stages of Eodiaptomus japonicus reared in eight
different treatments. Sex ratios (female/male) of adult stage and the survival rates from hatching to each
developmental stage are also indicated.

Sex ratios (female/male) at each treatment are shown in Table 2-2. The proportion of
males was higher than the proportion of females except at the lowest FC at 15 ºC (Table 2-2).
At 25 ºC, the opposite occurred; the proportion of females was higher than that of males
except at the lowest FC (Table 2-2). Survival rates until adult stage did not exceed 42% in
any treatment, except for those at 5 × 103 and 104 cells mL-1 at 15 ºC where a survival rate of
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>70% was recorded (Table 2-2). In all the treatments, the death of individuals mostly
occurred during the naupliar stages. Our log-linear model showed that temperature, FC and
stage affected the frequency of dead and live individuals. Interaction was also observed,
indicating that food effect was different at different temperatures for each stage (Table 2-4, P
< 0.001). The most severe mortalities were found at the lowest FC, especially at 25 ºC (Table
2-2).

Fig. 2-2 Prosome length (PL, mm) of developmental stages from C1 to adult in Eodiaptomus japonicus males
(solid symbols after C5) and females (open symbols after C5) at food concentrations of 103, 5 × 103, 104 and 5 ×
104 cells mL-1 at 15 (circles and solid lines) and 25 ºC (triangles and dashed lines). Vertical bars indicate
standard deviations. Inset: PL (mm) of adult E. japonicus males (filled circles and black solid line) and females
(open circles and grey solid line) at 15 ºC and males (filled triangles and black dashed line) and females (open
triangles and grey dashed line) at 25 ºC reared under different food treatments. Vertical bars indicate standard
deviations.
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Table 2-3 Generalized linear models (GLM)
show the effect of temperature (Temp) and
food concentration (Food) on stage
durations (N1−N6, C1−C3, C4−C5), postembryonic development time (post-EDT)
and prosome length (PL) of Eodiaptomus
japonicus for each experimental condition.
Males (M) and females (F) were
considered separately in stage duration of
C4−C5, post-EDT and PL.

PL of C1 increased with increasing FC similarly at both temperatures (Fig. 2-2),
although the differences were quite small: just 6% larger in the highest FC compared to the
lowest one (Fig. 2-2, Table 2-3). Adult body size of both males and females also increased
with increasing FC at both temperatures, being 11 and 10%, respectively, larger in the highest
FC than those in the lowest one (Fig. 2-2, Figure 2-3). GLM showed an interaction between
food and temperature in adults, but not in C1 (Table 2-3). The Kruskal−Wallis test showed
that the differences of PL in adults were statistically significant among FC at each
temperature (d.f. = 3, H = 21.8 and 19.95 in males, 14.38 and 20.22 in females, at 15 and 25
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ºC, respectively, P < 0.01). The relationship between FC and PL was not the same at all
stages (Figure 2-3, Table 2-5). ANCOVA showed that the slopes at every developmental stage
were not homogeneous at 15 and 25 ºC (d.f. = 6 and 20, F = 4.45, P < 0.01 for 15 ºC; and d.f.
= 6 and 20, F = 4.67, P < 0.01 for 25 ºC). Post hoc tests showed that at 15 ºC the slopes for
AdM and AdF were significantly different from those of C3 (Figure 2-4a). At 25 ºC, the slope
for C1 was significantly different from those of AdM and AdF (Figure 2-4b).

Fig. 2-3 Prosome length (µm) of juvenile (C1−C5) and adult stages (AdM, male; AdF, female) of Eodiaptomus
japonicus over a food concentration gradient at 15 (A) and 25 ºC (B). Lengths are mean values and lines
represent statistically significant regressions (see Table 2-5).

Fig. 2-4 Results of the multiple comparison of slopes following the ANCOVA testing the potential differences
between stages in the response of prosome length to increasing food concentration at 15 (A) and 25 ºC (B).
Estimated slope values and standard deviations (horizontal bars) are indicated. The same letters indicate
statistically non-significant differences between the developmental stages with post-hoc test at p < 0.05.

The University of Shiga Prefecture, Japan
Xin LIU / Ph.D Thesis

45

Chapter 2
Table 2-4 Results of the log-linear
model for a four-way analysis: effect of
temperature (Temp), food concentration
(Food) and developmental stage (Stage)
on frequency of dead and live
individuals (Survival) of Eodiaptomus
japonicus.

Table 2-5 Parameter estimates (Estim.)
for regression of prosome length of
Eodiaptomus japonicus on food
concentration for each post-larval stage
(see Figure 2-3) at 15 and 25 ºC. For
every regression, the intercept (a) and
coefficient of linear regression (b) are
provided. Values of P < 0.05 are shown
in bold.

3.2 Somatic growth rate
Body dry weight changes in both males and females of E. japonicus from the time of
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hatching were well described by the von Bertalanffy’s function for all treatments (Fig. 2-5,
Table 2-6). Regression analyses showed that the growth coefficient (k, day-1) increased
significantly with log-transformed FCs (cells mL-1) for both males and females at 25 ºC (n =
4, t for the slope = 3.472 in males and 4.302 in females, P < 0.05), but not at 15 ºC (n = 4, t
for the slope = 0.343 in males and 1.278 in females, P > 0.05) (Fig. 2-6). At 25 ºC, ANCOVA
showed that the differences of k between the sexes were not statistically significant (d.f. = 1
and 13, F = 0.13, P = 0.727).

Fig. 2-5 Body dry weights of Eodiaptomus japonicus in copepodid stages as a function against the cumulative
development time of each stage. Dots represent observed data at food concentrations of 103 (circles), 5 × 103
(diamonds), 104 (squares) and 5 × 104 (triangles) cells mL-1 at 15 (T15) and 25 ºC (T25). Males (M) and
females (F) are shown separately. The lines represent the expected data from the Bertalanffy’s functions at food
concentrations of 103 (solid black), 5 × 103 (black dots), 104 (solid grey) and 5 × 104 (grey dots) cells mL-1.
Function parameter data are presented in Table 2-6.
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Table 2-6 Parameters (A, B, k, and R2) with 95% confidence limits at of von Bertalanffy’s function for
Eodiaptomus japonicus in copepodid male (M) and female (F) individuals under different experimental
conditions.

Fig. 2-6 Growth coefficient (k, day-1) of
Eodiaptomus japonicus of males (filled
circles and black solid line) and females
(open circles and black dashed line) at
15 ºC and males (filled triangles and
grey solid line) and females (open
triangles and grey dashed line) at 25 ºC
reared under different food treatments.

3.3 Reproduction
Hatching success of E. japonicus exceeded 97% in all experimental treatments, except
for a value of 78.9% at 103 cells mL-1 at 15 ºC (Table 2-7). EDTs were significantly different
between the two temperatures, but not among FCs, averaging 3.9 and 1.7 days at 15 and 25
ºC, respectively (Fig. 2-7, Tables 2-7 and 2-8). CS increased with FC at both temperatures
(Fig. 2-7), being 2.2-fold higher in the highest FC than those in the lowest one. Although
GLM showed that CS was significantly different among FCs and temperatures with
interactions between them, the increasing trends were quite similar between the two
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temperatures (Fig. 2-7, Table 2-8). The Kruskal−Wallis test also showed significant CS
differences among the FCs at both temperatures (d.f. = 3, H = 151.56 and 124.36 at 15 and 25
ºC, respectively, P < 0.05).
Table 2-7 Mean and standard deviations (s.d.) of reproductive parameters in Eodiaptomus japonicus reared
under eight different treatments.

Interclutch duration ranged from 5.91 to 9.36 days and from 2.48 to 2.85 days among
the FCs at 15 and 25 ºC, respectively (Fig. 2-7, Table 2-7). Both temperature and FC
significantly affected ICD with interactions between the two factors (Table 2-8). The
Kruskal–Wallis test showed that ICDs were significantly different among the FCs at both 15
and 25 ºC (d.f. = 3, H = 36.31 and 13.02 at 15 and 25 ºC, P < 0.01), although the variations
were larger at 15 ºC than at 25 ºC.
Latency times showed a similar trend as ICD, varying between 2.52 and 6.12 days at 15
ºC, and between 1.22 and 1.96 days at 25 ºC (Fig. 2-7, Table 2-7). The Kruskal–Wallis test
showed that LTs were significantly different among the FCs at both temperatures (d.f. = 3, H
= 42.88 and 24.74 at 15 and 25 ºC, respectively, P < 0.05).
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Fig. 2-7 Reproductive parameters of Eodiaptomus japonicus reared under four food concentrations (FC, cells
mL-1) at 15 (circles) and 25 ºC (triangles). The regression lines are for the experiments at 15 (solid lines) and 25
ºC (dashed lines), respectively. Acronyms are as follows: EDT (embryonic development time, days), CS (clutch
size, eggs clutch-1), LT (latency time, days), ICD (interclutch duration, days), Longevity (longevity of females,
days), EPR (egg production rate, eggs female-1 day-1). Vertical bars indicate standard error.
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Table 2-8 Generalized linear
models (GLM) show the effect of
temperature (Temp) and food
concentration (Food) on embryonic
development time (EDT), clutch
size (CS), egg production rate
(EPR), interclutch duration (ICD),
latency time (LT) and Longevity of
female Eodiaptomus japonicus
reared in different experimental
conditions.

Finally, EPR calculated from CS and ICD, increased with increasing FC at both
temperatures (Fig. 2-7), increasing by 4.0-fold and 2.2-fold at 15 and 25 ºC, respectively,
from the lowest FC to the highest one. No interaction between the two factors on EPR was
found (Table 2-8). Average longevity of E. japonicus females always exceeded 2 months at
15 ºC and was about a month at 25 ºC regardless of FC (Fig. 2-7, Table 2-7). Longevity was
significantly different between the temperatures, but not among the FCs (Table 2-8).
3.4 Population growth rate
Population growth rate (r, day-1) in each experimental treatment, calculated from life
history parameters of E. japonicus with Euler-Lotka’s equation, increased with increasing FC
at both temperatures (Fig. 2-8). Regression analysis showed that r significantly increased
with log-transformed FCs at 25 ºC (n = 4, R2 = 0.877, t for the slope = 3.783, P < 0.05), but
not at 15 ºC (n = 4, R2 = 0.435, t for the slope = 1.241, P > 0.05).
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Fig. 2-8 Estimated population growth rate
(r, day-1) of Eodiaptomus japonicus
reared under different food treatments at
15 (filled symbols and solid line) and 25
ºC (open symbols and dashed line).

4. Discussion
In this study, we demonstrated that growth and reproduction of E. japonicus were
significantly influenced by FC and temperature. Kawabata (1989a) suggested the probability
of food shortage for E. japonicus from Lake Biwa through quasi-in situ enrichment
experiments. The present study using factorial-designed laboratory experiments supports the
hypothesis of Kawabata (1989a) and additionally demonstrates temperature-mediated food
effects.
Embryonic development time and duration of the first naupliar stage (N1) of E.
japonicus were not affected by FC, whereas they both depended on temperature as shown in
previous studies (e.g. Landry, 1975), including ours under sufficient food supply (Liu et al.
2014). Probably food shortage does not influence yolk investment in an egg, although
reproductive investment decreased with decreasing food uptake (Guisande and Harris 1995).
In general, early naupliar stages of calanoid copepods survive on their oil sacs or yolk until
the mandible is sufficiently developed to start feeding (Mauchline 1998). The early feeding
naupliar stages vary between species (Sekiguchi 1974). In E. japonicus, the N1 stage is a
non-feeding stage (Kawabata 1989a, Liu et al. 2014), as confirmed by complementary
observation of empty guts in the N1 stage in the course of the present study. Therefore, EDT
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and the duration of the N1 stage in this copepod are simply a function of temperature
regardless of FC.
In this study, E. japonicus showed high mortality rates in the naupliar stages, especially
at lower FCs, while mortality was quite low in copepodid stages, as reported for other
copepod species (Kimmerer and McKinnon 1987, Lee et al. 2003). Williamson et al. (1985)
showed that adults of the freshwater copepod Diaptomus pallidus exhibited a higher survival
rate than that of nauplii under food-limited conditions. The marine copepod Pseudocalanus
newmani exhibits higher survivals in later developmental stages under starved conditions
(Tsuda 1994). In general, clearance rates in naupliar stages are lower than those in copepodid
stages (Berggreen et al. 1988, Merrell and Stoecker 1998), and nauplii cannot capture food as
efficiently as copepodites since grazing ability is improved ontogenetically with the
development of feeding appendages and swimming behaviours (Paffenhöfer and Lewis
1989). Energy storage, as lipid and wax esters, is greater in copepodites than in nauplii and
allows them to moult successfully even under food-limited conditions (Kattner and Krause
1987, Hagen 1988, Lee et al. 2006). Furthermore, nauplii do not seem to accumulate lipid
stores even in the presence of excess phytoplankton (Håkanson 1984).
In the present study, the highest survival rates observed during development until
adulthood were observed at medium FCs, that is 5 × 103 and 104 cells mL-1 at 15 ºC,
equivalent to ca. 1.29 and 2.57 mg C L-1, respectively, while the variation over all the
experimental FCs ranged from 0.26 to 12.86 mg C L-1. Survival rates exceeded 80% at the
medium food levels (i.e. 1.0 mg C L-1 in the experimental ranges from 0.05 to 2.5 mg C L-1),
as have been observed in other freshwater copepods (Hart 1996). On the other hand, fungal
parasitism has been shown to be an important contributor to mortality of copepods cultured in
the laboratory (Burns 1984, Kimmerer and McKinnon 1990, Hart 1996). Zeller et al. (2004)
suggested that two freshwater copepods, Eudiaptomus gracilis and Eudiaptomus graciloides,
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suffered from fungal infection and exhibited low survival rates at high temperature (i.e. 24
ºC). However, we did not find any evidence of parasitic infections on or in the experimental
animals during the present study. An increase in mortality with temperature has often been
observed in copepods (Jamieson 1986, Jamieson and Burns 1988, Amarasinghe et al. 1997,
Devreker et al. 2004, Zeller et al. 2004, Devreker et al. 2005). Williams and Jones (1994)
showed that mortality of the copepod Tisbe battagliai increased with reduction in food supply
and was enhanced with a rise in temperature from 15 to 25 ºC. Similar results were obtained
with E. japonicus in the present study, suggesting that increases in water temperature might
induce high mortality when E. japonicus faces severe food shortages in the field.
Adult body size of copepods has been shown to increase asymptotically with increasing
FC (Hart 1996), and also to increase with decreasing temperature in the presence of excess
food (Jamieson and Burns 1988, Ban 1994, Lee et al. 2003). Nevertheless, the combined
effects of these two factors are poorly understood. According to results of laboratory
experiments using a mixture of algae with more than a 20-fold difference in FC at four
temperatures from 5 to 20 ºC, adult size of Temora longicornis was more influenced by
temperature than by FC, while that of Pseudocalanus elongatus was equally affected by both
factors for the same ranges of temperature and FC (Klein Breteler and Gonzalez 1988). It has
been shown that the food effect on adult body size and weight of Calanus chilensis is greater
than that of temperature without an interaction between food and temperature ranges
experienced in situ (Escribano et al. 1997). Ban (1994) showed that female body size in
Eurytemora affinis decreased by up to 32% under food-limited conditions at 15 ºC, but only
declined by 10% when temperature increased from 10 to 20 ºC with sufficient food supply,
suggesting that FC was more influential than temperature with respect to copepod body size.
A temperature increase from 10 to 25 ºC, which is typical of the range occurring in Lake
Biwa, induced only a 5% decrease of adult E. japonicus PL under excess food supply (Liu et
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al. 2014), while in the present study food limitation induced a 4% and 16% reduction of body
size under sufficient food supply at 15 and 25 ºC, respectively. This suggests a temperaturemediated food effect on body size of the copepod, implying that body size of adult E.
japonicus is potentially more influenced by food shortage at temperatures >15 ºC.
Adult body sizes of E. japonicus reared under sufficient food supply in the present study
were larger than those of individuals collected from Lake Biwa, while those reared under
limiting food levels were similar in size (Kawabata 1987a, Kawabata and Urabe 1998).
Therefore, natural populations may experience a limited food supply at times as suggested by
Kawabata (1989a). On the other hand, large zooplankton have been shown to be selected by
visually oriented predators, such as planktivorous fish (Svensson 1997), and copepods
usually represent the principal prey for small planktivorous fish (Plounevez and Champalbert
1999, Turner 2004). Thus, predation by fish might affect the body size distribution of the
copepods in the field. E. japonicus is known to be an important food resource for the
dominant planktivorous fish, Plecoglossus altivelis, in Lake Biwa (Kawabata et al. 2002).
Stomach content analysis of P. altivelis showed an almost 90% occurrence of E. japonicus
(Kawabata et al. 2002). Although E. japonicus in our study grew larger at higher FCs, the
occurrence of the larger individuals, which are more easily perceived by fish (Mahjoub et al.
2011), in the lake might be limited by this top-down control even under excess food.
Unfortunately, we do not have any reliable data for the impact of fish predation on the
copepods in the lake. According to long-term analysis over the last four decades, total
zooplankton abundance has shown a positive correlation with phytoplankton biomass in Lake
Biwa (Hsieh et al. 2011). These results and those of previously published studies indicate that
food availability may control zooplankton community dynamics in the lake.
In the present study, the growth coefficient (k) increased significantly with increasing
FC at 25 ºC but not at 15 ºC, which may be attributed to temperature-mediated metabolic cost
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(Lampert 1977b, Gillooly et al. 2001, Alcaraz et al. 2013). In several marine copepods it has
been shown that oxygen consumption rates increase with increasing temperature (i.e. 1−25
ºC) (Castellani et al. 2005, Alcaraz et al. 2013, Cruz et al. 2013). For example, oxygen
consumption in Oithona similis was 0.03 and 0.42 µL O2 µg C-1 day-1 at 4.6 ºC and 25 ºC,
respectively (Castellani et al. 2005), while in Centropages chierchiae, it was ca. 0.03 and
0.15 µL O2 µg C-1 day-1 at 8 and 24 ºC, respectively (Cruz et al. 2013). It has also been shown
that the Q10 of metabolic rates in several marine copepods was 2−3 (Lee et al. 2003, Isla and
Perissinotto 2004, Castellani et al. 2005). As a result of physiological processes, temperature
mediates food effects on carbon assimilation, and it plays an important role in the efficiency
of a diet supplied to animals (Lampert 1977a, Jamieson 1986, Klein Breteler and Gonzalez
1986, Jamieson and Burns 1988, Klein Breteler et al. 1995, McKinnon 1996). Net production
efficiencies (NPEs) in Daphnia pulex were more influenced by food shortage at higher
temperature; when FCs decreased from 2.0 to 0.1 mg C L-1, the NPEs decreased from 85 to
60% and from 75 to 10% at 15 and 25 ºC, respectively (Lampert 1977b). Therefore, food
effects on individual growth might only rarely be found in cold water due to the low
metabolic cost. Further study of the metabolism of E. japonicus (e.g. respiration rate) will be
required to clarify this kind of a relationship.
The CSs of E. japonicus exhibited similar trends against FC at the two tested
temperatures, whereas ICDs were significantly influenced by the two factors and their
interactions. Consequently, EPR increased with increasing FC at both temperatures, always
being higher at 25 ºC than at 15 ºC. Probably this difference may be attributed to prolonged
and more variable ICDs at 15 ºC due to delayed spawning from the previous hatching of
nauplii, that is longer LT as EDT was independent from FC. Since LT represents a part of
oocyte maturation time (Watras and Haney 1980, Williamson and Butler 1986), prolonged LT
was attributed to longer maturation time due to less food uptake and low temperature
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(Castellani et al. 2005, Jiménez-Melero et al. 2012).
Finally, population growth rate (r) of E. japonicus calculated from the life history
parameters increased significantly with increasing FC at 25 ºC, but not at 15 ºC. This implies
that r is more influenced by food shortage at higher temperatures than at 15 ºC, as was
observed for somatic growth. Considering the probable food limitation of this copepod
species in Lake Biwa deduced from the comparison between body sizes of adults in our
laboratory studies (Liu et al. 2014, this study) and the field, both growth and population
dynamics of this copepod might be affected by food shortage in the lake.
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CHAPTER 3:

Effects of long-term acclimatization on metabolic
plasticity of Eodiaptomus japonicus (Copepoda:
Calanoida) using optical oxygen meter

This section is mainly based on the manuscript:
- “Effects of long-term acclimatization on metabolic plasticity of
Eodiaptomus japonicus (Copepoda: Calanoida) using optical oxygen meter” by
Xin Liu and Syuhei Ban in preparing to submitted to Journal of Plankton
Research.
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1. Introduction
Metabolism provides a basic information for understanding the first principle to link the
biology of aquatic organisms to the ecology of populations and ecosystems (Brown et al.
2004), and plays an important role in the cycling of organic matter in aquatic ecosystems
through assimilation (Lampert 1977b, Teuber et al. 2013). It also used to describe
zooplankton activities in biogeochemical models (Pahlow et al. 2008).
Copepods are the dominant zooplankton in aquatic food webs and the major link
between primary production and higher trophic levels (Mauchline 1998). Previous studies on
physiology of copepods can help ecologists tracing nutrient pathways and energy balance
contributed to growth and reproduction, and consequently the population dynamics responses
to environmental change (Kiørboe et al. 1985). It is necessary to understand the mechanisms
of physiological plasticity in copepods for managing both natural populations and
aquaculture stocks, and therefore huge studies have been published (Bradley 1978b, Hart and
McLaren 1978, Penry and Frost 1991, Roche-Mayzaud et al. 1991, Mayzaud and Razouls
1992, Mayzaud et al. 1992, Lee and Petersen 2003).
It is well know that temperature is one of the most important factors determining
somatic growth and reproduction of copepods (Landry 1975a, Jiménez-Melero et al. 2007,
Beyrend-Dur et al. 2011, Liu et al. 2014), because temperature mostly influences metabolic
rates in any kinds of aquatic organisms (Brown et al. 2004). Local adaptation for the
metabolic rates involves beneficial interactions between genotypes and surrounding abiotic
factors in copepods, being especially shown in extremely environmental factors, e.g. lower
and higher temperatures than those in the habitats where the copepods colonize (Bradley
1978b, a, Edmands and Deimler 2004). The fact that boreal copepods cannot live at
extremely high temperatures would imply that their physiology and biochemistry differ
markedly from those of temperate forms (Hirche 1984).
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Metabolic rates in various copepod species have been determined in the laboratory as
respiration rates (Kiørboe et al. 1985, Lee et al. 2001, Castellani et al. 2005, Cruz et al. 2013).
It has been shown that respiration rates in copepods are generally related to surrounding
temperature (Lee et al. 2001, Castellani et al. 2005, Alcaraz et al. 2013, Cruz et al. 2013) and
body mass (Ikeda 1970, 1985, Ikeda et al. 2001, Brown et al. 2004). Despite of huge number
of studies on metabolic plasticity of aquatic organisms, there are few studies focused on the
metabolic responses after an acclimatization, and the results were controversial even in an
acclimation (i.e. short-term adaptation) (Sastry 1979, Hop and Graham 1995, Gaudy and
Thibault-Botha 2007). For instance, respiration rates in Arctic cod Boreogadus saida was
shifted downward after long-term acclimatization (five months) compared to those after
short-term acclimation (two weeks) (Hop and Graham 1995). In marine copepods, metabolic
responses on temperature would be different between summer and winter populations that
would experience under different temperature regimes during their developments (Halcrow
1963, Mayzaud 1973, Kawall et al. 2001, Gaudy and Thibault-Botha 2007). Whereas,
Robinson and Williams (Robinson and Williams 1993) found that short-term acclimation did
not bias temperature responses of the respiration rates in Antarctic nano- and microplankton
communities. Clarke (1993) emphasized that seasonal acclimatization of metabolic rates was
a meaningless concept in his short review.
It is quite difficult to measure the oxygen consumption of mesozooplankton due to its
small body mass and low oxygen demand especially at low temperatures (Lee et al. 2001,
Alcaraz et al. 2013, Cruz et al. 2013). The methods mostly used for directly measuring
oxygen consumption in zooplankton were Winkler titration method (Marshall et al. 1935,
Williams and Jenkinson 1982, Nakamura and Turner 1997, Lee et al. 2001, Castellani et al.
2005) and oxygen electrode method (Roff 1973, Møhlenberg and Kiørboe 1981, Kiørboe et
al. 1985, Ploug et al. 2008, Rosa et al. 2009, Geslin et al. 2011, Rosa et al. 2012), and the
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method for indirectly measuring the amount of enzymes related to respiration, e.g. lactate
dehydrogenase or pyruvate kinase in electron transfer system (ETS) (Devol 1979, Drits et al.
1993, Gómez and Hernández-León 1996). All of them involve sensitive and tedious
procedures and require huge number of animals tested (ca. 200 ind. in each experiment)
during entire measurements (Nakamura and Turner 1997, Castellani et al. 2005).
Among those of the published methods, the Winkler technique is the most-spread and
precise method using a closed-bottle by measuring dissolved oxygen based on chemical
determination at the start and end of the incubation for calculating respiration rates by an
animal in an experimental vessel (Edmondson and Winberg 1971). Many modifications have
been subjected for this method (Urabe and Watanabe 1990, Nakamura and Turner 1997, Lee
et al. 2001, Castellani et al. 2005), which aim to improve the accuracy, for example, in a
modified-Winkler method using a small chamber of 2.5-mL, detection limit for measuring
dissolved oxygen concentration can be reached 20 µLO2 L-1 with coefficient of variation of
0.1% (Urabe and Watanabe 1990), and then accuracy of the respiration rate was 10-3 µLO2
ind-1 h-1 when 15 individuals were incubated for 6 hours in an experiment.
Apart from the modified-Winkler technique, Cartesian diver method in a variable
pressure system using the sensitive tool on enclosed micro-respirometry for measuring
oxygen consumption in very small aquatic animals such as rotifer is the most accurate
method; the detection accuracy drops down to 10-5 µLO2 ind-1 h-1 (Klekowski 1971), but
requires the time for learning some measuring skills and tedious works for reading the diver’s
position (Epp and Lewis 1979, 1980, Downing and Rigler 1984).
It has been shown that the measurements for the first few hours need to be rejected
because oxygen consumption was high due to increasing activity of experimental animals
(Teuber et al. 2013). It is possible in an open-flow system (Franke 1977) but impossible in a
closed-bottle method (Downing and Rigler 1984), i.e. Winkler titration and Cartesian diver
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methods described above. Although dissolved oxygen concentration can be continuously
monitored using an oxygen electrode even in a closed-bottle system, since the electrode
consumes oxygen by itself, thus it needs further corrections for using it as a measuring
instrument (Harris et al. 2000).
Recently, a contactless optical spot-fiber oxygen sensor was developed to measure
dissolved oxygen concentration in water. It is relatively precise (1 µLO2 L-1) and easier to
measure, and less number of experimental animals required than those for any of the
traditional methods. It is being popular to measuring oxygen consumption of copepod using
this new device but only in large species (Bode et al. 2013, Teuber et al. 2013, Kiko et al.
2015). Considering all of these merits to measure oxygen concentrations, we designed an
optical oxygen sensor system to determine the oxygen consumption rates in our target median
size copepod (<17 µg dry weight) in more precise and less procedures than those in the
previous methods.
The calanoid copepod Eodiaptomus japonicus was focused on in this study. It is an
endemic species in Japan, and has been known that dominated in zooplankton community all
year round in Lake Biwa (Kawabata 1987a). It has been shown to play a crucial role in
transport of energy through the food chain, and important as food source for fish with high
economic value in this lake (Kawabata et al. 2002). Previous studies showed that this
copepod expressed extremely high population growth rate at high temperature under
sufficient food supply (Liu et al. 2014), indicating temperature-mediated metabolic
responses. Severely food effect was also shown at higher temperatures of more than 15 ºC
(Liu et al. 2015), and might be attributed to temperature-mediated metabolic cost in the
copepods (Lampert 1977b, Gillooly et al. 2001, Alcaraz et al. 2013).
The aim of this study is to determine temperature function of respiration rate in E.
japonicus acclimatized at two different temperature conditions using an optical spot-fiber
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oxygen sensor system. Net growth efficiency (K2) was usually calculated from proportion of
carbon budget, i.e. ratio of carbon weight of net production (somatic growth and/or
reproduction) to assimilated carbon weight (net production and metabolic loss by respiration)
in zooplankton (Kiørboe et al. 1985, Ikeda et al. 2001, Lee et al. 2001). Both of global
metabolic and growth models were judged by K2 and provide a basis for assessing energy
flux and associated material cycling by zooplankton assemblages in aquatic ecosystem (Hirst
and Lampitt 1998, Ikeda et al. 2001). We therefore calculated K2 in our target copepod for
evaluating metabolic costs under different environmental conditions.

2. Methods
2.1 Field collection and stock cultures
Females with egg sac in Eodiaptomus japonicus were sorted from zooplankton samples
collected with vertical plankton net hauls (mouth diameter, 45 cm; mesh size, 200 µm) from
30 m to the surface at a sampling site situated in north basin of Lake Biwa (35º18'8.6''N,
136º09'8.8''E) from 25 July 2014 to 16 September 2015. The copepods were then cultivated
in 1-L jars filled with tap water filtered with a glass-fiber filter (Whatman, GF/F), autoclaved
and well-oxygenated (FTW) as stock cultures.
In order to determine difference of metabolic plasticity in E. japonicus between two
different acclimatizations, two stock cultures maintained at 15 (T15) and 25 ºC (T25) until at
least two generations prior to the experiments, under same photoperiod of 12L:12D with light
intensity of 15.4 µmol m-2 s-1, and food concentration at ca. 105 cells mL-1 of 1:1 (cell:cell)
fresh algal mixture of Chlamydomonas reinhardtii (IAM C-9) and Cryptomonas
tetrapyrenoidosa (NIES 282). FTW was changed weekly, and fresh food suspensions were
provided every 2 days. Algal cultures were grown in 1-L flasks at 20 ºC under a photoperiod
of 12L:12D with a light intensity of 125 µmol m-2 s-1 in each algal medium of C and VT for
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C. reinhardtii and C. tetrapyrenoidosa, respectively (Provasoli and Pintner 1959, Ichimura
1971, Starr 1973).

2.2 Experimental procedure
Metabolic rate was expressed as respiration rate in oxygen consumption over time.
Oxygen consumption rates of adult males and females sorted from T15 and T25 was
measured at 8, 10, 15, 20, 25, 28 and 30 ºC to determine the difference of metabolic
responses on temperature between the different acclimatized individuals. The temperature
range experienced by wild E. japonicus in Lake Biwa is 8−25 ºC (Liu et al. 2014). The
extreme temperatures of 28 and 30 ºC were also carried out to evaluate a tolerance to
extremely high temperatures. Adult male and female were separately measured to avoid
energy lose due to moving and mating activities (Dur et al. 2011). Additionally, oxygen
consumption rates in copepodid stages of C3, C4 and C5 from T15 were measured at 15 and
25 ºC to determine effect of body mass on its respiration rates. All of the experiments lasted
at least 12 hours with 2−4 replicates under dark condition. More than 80% of initial
concentrations of dissolved oxygen (DO) remained at the end of all experiments. Animals
were not fed during entire period of the experiments.
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Fig. 3-1 Schematic diagram on a water-bath and closed-bottle unit for measuring oxygen consumption of
copepods using a fiber-optic oxygen meter in an incubator.

Experimental setup is shown in Fig. 3-1. Five gas-tight glass bottles were situated in a
water bath in an incubator (CN-25C, Mitsubishi, Tokyo, Japan) to keep constant and same
temperature among these five bottles. All experimental bottles were cleaned with an ultra
sonic cleaner (HZ-630, AS ONE, Osaka, Japan) without using any antibiotics. The DO
concentration in each bottle was measured using a fiber-optic oxygen meter (Firesting O2,
PyroScience, Aachen, Germany), fitted with a spot-fiber oxygen sensor (SPFIB, PyroScience,
Aachen, Germany), that allowed semi-continuous (every 1 minutes) measurements using four
oxygen sensors (two for experimental bottles with animals and remaining two for control
bottles without animals) with a submersible temperature sensor (TSUB21, PyroScience,
Aachen, Germany) in the last one bottle. An oxygen sensor spot (OXSP5, PyroScience,
Aachen, Germany) was glued to the inner wall of each experimental bottle to non-invasively
and non-destructively measure the dissolved oxygen concentration by the oxygen sensors
from the outside of the bottles. This new technology for measuring dissolved oxygen is based
on red light irradiances detected with a spot-fiber oxygen sensor up to the detection limit of
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dissolved oxygen, 1 µLO2 L-1, and the coefficients of variations are 0.02−0.2%
(http://www.pyro-science.com).

Fig. 3-2 Dissolved oxygen (DO) concentration (µLO2 L-1) decreased with incubation time (h) in each
experimental and control bottle. Each dot (blue and red in two experimental bottles, green and orange in two
controlled bottles) indicated the DO concentration detected by a fiber-optic oxygen meter every one minute.
Fitted lines (grey in experimental bottles and black in controlled bottles) represented the linear regression of DO
concentration against incubation time for six hours after four hours from the start of the incubation.

Experimental animals were sorted from each stock culture, transferred to a 20-mL vial
filled with FTW and exposed with gradually changing temperatures from those in the stock
cultures (15 or 25 ºC) to those in the experiment (8−30 ºC) during at least 12 hours in an
incubator, in order to avoid temperature shock. Then, they were gently washed at three times
with FTW at each experimental temperature, to remove remaining algae and bacteria from
the stock culture. Finally, 2−4 individuals were placed into a gas-tight experimental glass
bottle (3-mL) filled with FTW, and monitoring the DO concentrations was started. Despite
the excellent precision of DO detection in the oxygen meter, unstable DO concentrations
were monitored during a couple of hours from the start of the incubation, because of low near
infrared-emission under high DO concentrations (>4.5 mLO2 L-1) due to its principle, so that
the high variation of DO (±0.2%) was detected (Fig. 3-2). DO concentrations in the
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experimental bottles also fluctuated during the first few hours of the incubation probably due
to increasing activity of animals as pointed out by Teuber et al. (2013). Therefore, the data for
the following analyses were taken after four hours from the start of the incubation. After that,
DO concentrations linearly decreased with incubation time, always more rapidly in
experimental bottles compared to those in controls (Fig. 3-2). The periods for estimating
oxygen consumption rates with regression analysis were 3 to 12 hours depending on
temperature and size of the animals tested. In each experiment, differences between slopes of
the regression lines in experimental bottles and a slope in control ones were tested with
analysis of covariance (ANCOVA). When the differences were not statistically significant,
the results were discarded, not used for the following calculations. At the end of the
experiments, the animals were preserved with 5% neutral sugar formalin, and then the
prosome length was measured with an eyepiece micrometer under a dissecting microscope
(SZX12, Olympus, Tokyo, Japan) at magnification of 900×.

2.3 Data transformation and statistical analysis
The weight-specific respiration rate (R, µLO2 mg-dry-weight-1 h-1) was estimated from
the slope of linear regression line of oxygen concentration in both experimental and control
bottles against incubation time using following equation:
R = (∆Oexp − ∆Oc) × V × 1000 / N / W′,
where ∆Oexp and ∆Oc are coefficient of oxygen consumption (µLO2 L-1 h-1) as each slope of
the regression lines in the two experimental bottles and average slope in the two control
bottles, respectively, with least square method, and V is volume of experimental bottle (L).
The detection accuracy of a slope is 0.1 µLO2 L-1 h-1, therefore the accuracy of DO
consumption was at least 10-4 µLO2 ind-1 h-1 when four individuals were incubated in a 3-ml
experimental bottle. N and W′ are number of animals in an experimental bottle and average
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body dry weight (µg), respectively. Body dry weight of each experimental animal (W, µg)
was calculated from its prosome length (PL, mm) using a following exponential equation;
W = e (2.59lnPL + 2.6995)

(Kawabata and Urabe 1998).

Therefore, the accuracy of R can be expressed with at least 10-2 µLO2 mg-dry-weight-1 h-1.
Rs with temperature range between 8 and 28 ºC were fitted to an exponential
temperature function with least square method after natural log-transformation of R. The
magnitude of the acceleration of the metabolic rate is generally characterized by Q10 value,
the ratio of rates resulting from a temperature increase of 10 ºC (Downing and Rigler 1984),
calculated from the equation:
Q10 = (RT2 / RT1)10 / (T2 − T1),
where RT1 and RT2 are the rates of the studied process at temperature T1 and T2 (in ºC),
respectively.
In order to evaluate the physiological efficiency of E. japonicus at different
environmental conditions, the net growth efficiency (K2, %) for well-fed and food-limited
individuals at 15 and 25 ºC was calculated using following equation;
K2 = G × 100 / (G + M),
where G is the somatic growth of copepodites, and calculated with
G = (WC6 – WC1) × 0.447,
where WC1 and WC6 is the body dry weight (µg) of first and sixth (adult) copepodid stages
(C1 and C6), respectively. Body weights of the individuals were used at algal density of 103
(food-limited) and 5 × 104 (well-fed) cells mL-1 at 15 and 25 ºC in the previous study (Liu et
al. 2015). M is the total respiration loss during copepodid development and calculated from
the equation;

.
Wci and Dci are the body dry weight (µg) and the stage duration (day), respectively, in each
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copepodid stage i (ω = 6) at each different condition as G. RQ is respiratory quotient of 0.97
for protein metabolism (Lee et al. 2001). The two factors of 0.447 and 0.536 were used for
converting µg body dry weights and µL oxygen consumptions into carbon weights,
respectively.
Differences of R among acclimatizing temperatures, experimental temperatures and
genders in adult were tested with generalized linear model (GLM). Kruskal−Wallis test was
employed to test the difference of Rs in adults at 30 ºC between different acclimatizing
treatments, between the two experimental temperature treatments of 28 and 30 ºC, and
between the two experimental treatments of 15 and 25 ºC in copepodid stages. Regression
analysis of R against W was made to test the difference between the slope and zero at 15 and
25 ºC. All statistical analyses were performed with SPSS (IBM Inc. 2011) and MATLAB
(The MathWorks Inc. 2009) software.

3. Results
Body weights of copepodid and adult stages in Eodiaptomus japonicus (C3−C6) used
for measuring oxygen consumption ranged from 3.079 to 16.186 µg (Table 3-1). On average,
coefficients of oxygen consumption ranged from 25.6 to 204.8 µLO2 L-1 h-1 in experiments,
while from 5.1 to 101.2 µLO2 L-1 h-1 in controls (Table 3-1). In all cases, the oxygen
consumption rates were 1.5–12.8 fold greater in experimental bottles than those in control
ones. Oxygen consumptions in control bottles (∆Oc × V) increased with temperature probably
due to contaminated bacteria (Fig. 3-3). It had 10-fold difference at each temperature, varied
from 0.004−0.05 µLO2 h-1 to 0.03−0.4 µLO2 h-1 at 8−30 ºC.
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Table 3-1 Average coefficients of oxygen consumption in experimental bottles including Eodiaptomus
japonicus (Stage C3−C6) at seven experimental temperatures (Exp temp, ºC) for two acclimatization
temperatures (Acclim. temp, ºC). Sex, M in male, F in Female; Rep no., number of replicates, Ind no., numbers
of animal used in an experimental chamber; It, incubation time performed for linear regression analysis (h); W,
body dry weight (µg ind-1), ∆Oexp and ∆Oc, coefficient of oxygen consumption in experimental and control
bottle, respectively (µLO2 L-1 h-1). Ranges represent in a parenthesis.
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Fig. 3-3 Oxygen consumption rates in
control (∆Oc × V, solid symbols, µLO2
h-1) at each experimental temperature,
(see details in Methods). Two
regression lines were drawn using
maximum (black line) and minimum
values (grey line) at each temperature.

Weight-specific respiration rates (R, µLO2 mg-dry-weight-1 h-1) of adult E. japonicus
exponentially increased with increasing temperature from 8 to 28 ºC for both males and
females acclimatized at both 15 and 25 ºC (Fig. 3-4). Average R varied from 1.64 to 10.78
and 1.55 to 9.77 µLO2 mg-dry-weight-1 h-1 for males and females, respectively, acclimatized
at 15 ºC, while 1.71 to 11.13 and 1.98 to 10.10 µLO2 mg-dry-weight-1 h-1 for those
acclimatized at 25 ºC. Rs at 30 ºC deviated from the exponential phase, being significantly
lower than those at 28 ºC for the animals acclimatized at both 15 and 25 ºC (Kruskal−Wallis
test, df = 1, H = 8 and 7.35 at 15 and 25 ºC, respectively, P < 0.05). Rs at 30 ºC for the
animals acclimatized at 15 ºC were slightly lower than those for the animals acclimatized at
25 ºC, though the difference was not statistically significant (Kruskal−Wallis test, df = 1, H =
2.91, P = 0.088). Generalized linear model (GLM) showed that Rs were significantly
influenced by experimental temperature, but not by acclimatization and gender without any
interactions (Table 3-2).
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Fig. 3-4 Ln-transformed weight-specific respiration rates (R, µLO2 mg-dry-weight-1 h-1) of Eodiaptomus
japonicus acclimatized at 15 ºC (T15, triangles) and 25 ºC (T25, circles) at seven experimental temperatures
(solid symbols in male and open symbols in female). The regression lines of R against temperature except for 30
ºC (black in T15 and grey in T25, solid in male and dashed in female). Error bars indicate standard deviation.

Table 3-2 Results of generalized linear
models (GLM) for a three-way analysis:
effects of acclimatization (Acclim.),
temperature (Temp) and gender (Sex)
on weight-specific respiration rates of
Eodiaptomus japonicus.

Rs in copepodid and adult stages from C3 to C6 were always higher at 25 ºC than those
at 15 ºC, while exhibited low correlation with W (r2 < 0.03) (Fig. 3-5). Statistical analyses
showed that the slopes were not significantly deviated from zero at both temperatures (n = 30
and 28, t = 0.875 and 0.446 at 15 and 25 ºC, respectively, P > 0.05), indicating that R was
independent from W. Rs were significantly different between these two temperatures
(Kruskal−Wallis test, df = 1, H = 21.77, P < 0.001).
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Fig. 3-5 Weight-specific respiration rates (R, µLO2 mg-dry-weight-1 h-1) of Eodiaptomus japonicus in copepodid
stages C3 (diamonds), C4 (squares), C5 (circles), C6 male (triangles) and C6 female (stars) at 15 (solid
symbols) and 25 ºC (open symbols) against the body dry weight (W, µg). Fitted lines represent linear regression
of R against W at 15 (solid line, r2 = 0.027) and 25 ºC (dashed line, r2 = 0.005).

Since there were no significant differences of R between the acclimatizations and
independence from body weight, all data were pooled, and the relationship between R and
temperature (T, ºC) could be expressed as an exponential function at the temperature range of
8−28 ºC;
R = 0.8072 e0.0897T (n = 144, r2 = 0.995).
The value of Q10 calculated was 2.3 when temperature increasing from 15 to 25 ºC.

Fig. 3-6 Estimated net growth efficiencies (K2, %) for food-limited (grey bars) and well-fed (black bars)
Eodiaptomus japonicus males (A) and females (B) at 15 and 25 ºC.

The University of Shiga Prefecture, Japan
Xin LIU / Ph.D Thesis

73

Chapter 3
Finally, we estimated net growth efficiency (K2) from carbon accumulation and
metabolic loss in E. japonicus. K2 in well-fed individuals were 47−49% in males and
49−52% in females at both 15 and 25 ºC, while K2 in food-limited ones for both males and
females were 44% at 15 ºC but decreased to 27−28% at 25 ºC (Fig. 3-6).

4. Discussion
Small-volume of experimental chamber have to need for measuring respiration rates in
micrometer-sized animals such as micro- to mesozooplankton so that the oxygen reduction
can be determined with good precision (Downing and Rigler 1984). In the traditional
methods, however, relatively large chambers (60−250 mL) were often used because large
number of animals needed in an experiment (Ikeda 1971, Nakamura and Turner 1997,
Castellani et al. 2005). Even in a new method using an optical contactless oxygen sensor,
10−60 mL chambers were used due to larger size of the copepods tested (>33 µg dry-weight)
(Bode et al. 2013, Teuber et al. 2013, Kiko et al. 2015). In this study, we used a 3-mL gastight glass bottle for the measurements and successfully detected the oxygen consumption of
our small copepod Eodiaptomus japonicus, and the precision was ten-fold higher (10-4 µLO2
ind-1 h-1) than those obtained with the modified-Winkler technique using similar size
experimental bottles, as described in the introduction section (Urabe and Watanabe 1990).
The volume of 3-mL was suitable and convenient size for handling and checking small to
median sized animals under a dissecting microscope, and provided enough space for the
animals to swim freely in a bottle.
On the other hand, a large number of individuals are required in order that the
respiration rates of zooplankton are as precisely measured as possible with traditional
procedures. For example, since respiration rate in a small marine copepod Oithona similis
was 0.01 µLO2 ind-1 h-1 at 19 ºC (Nakamura and Turner 1997), more than hundred individuals
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needed for measurement. However, the density of experimental animals tends to bias the
results. In marine zooplankton, the respiration rates have been shown to increase with
increasing the densities of experimental animals in a container (Satomi and Pomeroy 1965).
In Daphnia magna, crowding seemed to enhance respiration, though such kind of crowding
effect was not found in marine calanoid Calanus finmarchicus (Zeiss 1963). Therefore, it is
better to conduct the respiration experiments with as small number of animals tested as
possible in an experiment. A single individual measurement has been conducted just in large
marine copepods whose body dry weights were >360 µg ind-1, e.g. Gaetanus pileatus,
Eucalanus hyalinus, Rhincalanus nasutus (Teuber et al. 2013). Few studies for single
individual measurements have been made in median or small sized copepods (<5 µg dry
weight) with the methods other than the micro-Winkler and Cartesian diver methods.
In our method, the respiration rates were calculated from the differences between the
coefficients of oxygen consumption in the experimental bottles and the control ones (∆Oexp
and ∆Oc) (see Methods), so that the detection limits for respiration rates in an experimental
animal might be related to those in the control. The oxygen consumption rates in control (i.e.
∆Oc × V) due to microbes (i.e. bacteria) increased with increasing temperature (see Fig. 3-3).
Altough the large variations of ∆Oc might indicate contamination of microbes into the
incubation bottles at different levels in each of the experiment in spite of careful procedure,
the values of ∆Oc were enough small to detect the difference from those in the experimental
bottles with animals in this study. Since ∆Oexp needs to enough exceed ∆Oc for calculating
respiration rates of the animals, conservative detection limits for calculating the respiration
rates should be more than the largest values of oxygen consumption rates in control (∆Oc ×
V), >0.03−0.4 µLO2 h-1. According to the previous studies, oxygen consumption rates in
small to median sized copepods (>3 µg dry weight) were mostly ranged 0.01−1.6 µLO2 ind-1
h-1 depending on temperature (5−30 ºC) (Raymont and Gauld 1951, Gauld and Raymont
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1953, Conover 1960, Ikeda 1971, Newrkla 1978, Isla and Perissinotto 2004, Bode et al. 2013,
Teuber et al. 2013). This implies that a couple of individuals in an experimental chamber
should be needed in our method proposed in this study. To measure it from a single
individual, careful procedure, e.g. preperaing FTW, handling the animals during the whole
procedure, and using antibiotics if necessary. In our preliminary experiments, respiration
rates of adult female in Arctodiaptomus dorsalis (ca. 10 µg dry weight) could be successfully
measured in a single individual with more careful procedure (author’s unpublished data).
Further studies for measuring oxygen consumption rates from a single individual might be
possible in clarifying the individual variability of metabolic rates in micro- and
mesozooplankton.
It has been shown that the respiration rates varied considerably with incubation period
(Kamler 1969). Starvation due to long-term incubation could induce variability of respiration
rates in copepods (Comita 1968, Conover and Corner 1968, Ikeda 1971, Thor 2003). For
example, some species reduced their respiration rates under starvation, e.g. Diaptomus
siciloides, Diaptomus leptopus, Mixdiaptomus laciniatus, Temora stylifera (Comita 1968,
Abou Debs 1984), whereas those in Calanus cristatus and Acartia tonsa increased 2−3 days
after the prolonged starvation (Ikeda 1971, Thor 2003). Short incubation period could be
therefore beneficial for precise measurements in active zooplankton that are less tolerant to
prolonged starvation during the incubation (Harris et al. 2000). A large number of individuals
tested and long-term incubation for measuring respiration rates with the traditional methods
induces mortality in experimental animals during the incubation, e.g. 2 % of individuals dead
during measurements using 600 individuals in some marine copepods (Raymont and Gauld
1951). Bacteria associated with copepod carcass have been shown to increase within just 15
minutes after the copepod death (Elliott et al. 2010). If experimental animals would die
during the incubation, the respiration rates might be over estimated due to enhancement of
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bacterial production (Del Giorgio et al. 1997).
Apparent seasonal variation of temperature responses in respiration rates has been
shown in marine copepods Centropages spp., suggesting effects of acclimatization to the
seasonal thermal conditions (Gaudy and Thibault-Botha, 2007). The E. japonicus population
was mostly distributed in the epilimnion of Lake Biwa (Kawabata 1987a), where the
temperatures seasonally varied between 8 and 25 ºC (Liu et al. 2014). We found that E.
japonicus acclimatized at two constant temperatures, i.e. spring (15 ºC) and summer
temperatures (25 ºC) experienced by the copepod in the lake, during two generations in the
laboratory showed almost the same temperature responses on respiration rates within in situ
temperature range. This suggests that both spring and summer populations in the lake show
the same responses to temperature changes. Bradley (1978b) has shown that copepods could
not need to change genetically throughout the year if the range of individual tolerance would
be sufficiently wider than the seasonal variation. Although two generations might be short for
acclimatizing the copepods in a certain temperature, it is enough long for the wild population
to be exposed to wider than 10 ºC of temperature changes because of just four generations
during the growing season in Lake Biwa (Kawabata 1989a). Additionally, this implies that
temperature function of respiration rate obtained in this study can be applicable to the wild
population in any seasons.
Metabolic rates have been shown to be depressed when surrounding temperatures
exceeded over the tolerance ranges, e.g. that is >20 ºC in Daphnia pulex (Lampert
1977a), >19 ºC in Boeckella dilatata (Green and Chapman 1977), ca. 10 ºC in Calanus
glacialis, >11 ºC in Metridia longa (Hirche 1987), and 8 ºC in Cyclops bicuspidatus
(Laybourn-Parry and Strachan 1980). Bradley (Bradley 1978b) showed that acclimatization
at higher temperatures than usual in Eurytemora affinis could lead to greater tolerance at high
temperatures. Harpacticoid copepod Tigriopus japonicus could also tolerate higher
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temperatures than usual once it would be acclimated to the high temperatures (Damgaard and
Davenport 1994). In Daphnia magna, one-generation acclimatization at higher limit
temperature of tolerance prolonged the period until immobilization due to heat shock
(Yampolsky et al. 2013). In the present study, the weight-specific respiration rates (R) in the
both temperature acclimatized animals declined over 28 ºC, but the depression of R at 30 ºC
seemed to be more relaxed for the copepods acclimatized at 25 ºC though not significantly
different from those of the copepods acclimatized at 15 ºC.
Q10 in a given species has been shown to vary with its habitat temperature to which it is
adapted (Rao and Bullock 1954), being 2−3 for some marine copepods (Lee et al. 2001, Isla
and Perissinotto 2004, Castellani et al. 2005). Q10 of E. japonicus from Lake Biwa was 2.3,
being similar values as those from other temperate species. For example, it is ca. 2.5 from
copepods inhabited northwest coast in Morocco (33ºN, 10ºW) (Nival et al. 1974), 2.2−3.4
from estuarine species of Pseudodiaptomus hessei in Mpenjati Estuary, South Africa
(38º58'E, 30º17'S) (Isla and Perissinotto 2004), and 2−3.8 from freshwater species of
Diaptomus spp. in Fargo, USA (47ºN, 97ºW) (Comita 1968). On the other hand, Q10 of 1.4−2
for three tropical species collected from eastern tropical Atlantic (10ºN, 20ºW) (Kiko et al.
2015), and the median value of Q10 from 11 tropical species in Mindelo Bay (17ºN, 25ºW)
was 1.8, being smaller than those for temperate species (Teuber et al. 2013). These imply that
Q10 values of >2.0 was obtained from temperate species but not from tropical one. This may
be related to large seasonal fluctuation of water temperatures in temperate regions. High Q10
values in copepods might indicate high sensitivity on temperature (Mauchline 1998).
Therefore, copepods having higher Q10 might adapt wide range of temperature fluctuation in
higher latitudes, while copepods having lower Q10 might adapt narrow range in lower
latitudes.
In this study, no relationship between R and body weight among copepodid and adult
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stages (C3−C6) in E. japonicus was found. Generally, in copepods, a negative correlation
between R and body dry weights having two to three orders differences between naupliar and
adult stages (Comita 1968, Champalbert and Gaudy 1972, Fernández 1978, Vidal 1980). The
differences of body dry weight between C3 and adult in E. japonicus was just 3.4-fold (Liu et
al. 2014). This narrow range of the difference in body weights of the animals used in this
study may lead independency from the body weight on R.
Temperature is the most influential factor on determining net growth efficiency (K2) in
copepods due to higher metabolic costs or carbon losses for respiration at higher temperatures
(Ikeda et al. 2001, Lee et al. 2001). Besides temperature, food quantity is second influential
factor for K2 in zooplankton (Lampert 1977b), because metabolic costs, i.e. respiration rates,
are also associated to food quantity (Kiørboe et al. 1985). Abou Debs (1984) showed that
metabolic costs of Temora stylifera significantly increased with food concentration. On the
contrary, those in Oithona nana (Lampitt and Gamble 1982), Calanus pacificus (Vidal, 1980)
and Diaptomus oregonensis (Richman 1964, Comita 1968) did not appear to be directly
depended on the food concentration. In two cladocerans Bosmina longirostris and Daphnia
galeata, the respiration losses increased with increasing food concentrations (Urabe and
Watanabe 1990). These response curves in the two cladocerans were slightly different, and
those in the smaller B. longirostris were less conspicuous. Although the food effects on
metabolic costs seem to give some controversial results among species, the increases of
respiration rates with increasing food concentration are considered to be associated with
energetic cost required for biochemical processes with feeding known as specific dynamic
action (SDA) (Kiørboe et al. 1985, Urabe and Watanabe 1990). Kiørboe et al. (1985) also
showed that respiration rates in A. tonsa were relatively constant during first 8 hours of
starvation but rapidly declined after that, and suggested that SDA is largely associated with
biosynthesis rather than feeding cost. In this study, experimental animals were exposed no
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food condition for 7−16 hours, but this short-term starvation condition had never influenced
respiration in the experimental animals throughout the monitoring the DO concentrations in
the experimental bottles (see Fig. 3-2). K2 in the food-limited individuals calculated in this
study therefore would be conservative, if it could be lowered at the food-limited condition.
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CHAPTER 4:

Long-term trends in biomass and production of
Eodiaptomus japonicus (Copepoda: Calanoida) in Lake
Biwa, related to eutrophication and global warming

This section is mainly based on the manuscript:
- “Long-term trends in biomass and production of Eodiaptomus japonicus
(Copepoda: Calanoida) in Lake Biwa, related to eutrophication and global
warming” by Xin Liu, Gaël Dur, Shinsuke Oomae, Takashi Morita, Yoichiro
Sakai and Syuhei Ban in preparing the publication.
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1. Introduction
Freshwater lakes have been considered as a sentinel for anthropogenic influences, such
as eutrophication and global warming (Williamson et al. 2009). Eutrophication dramatically
influenced phytoplankton biomass and community structure in freshwater lakes (Anneville
and Pelletier 2000, Anneville et al. 2002, Dokulil and Teubner 2005), and often extended up
to higher trophic levels, through the food web dynamics (Molinero et al. 2006, Anneville et
al. 2007, Hsieh et al. 2011). On the other hand, IPCC (2014) reported that water temperatures
in freshwater lakes increased due to global warming during the last 5 decades. It has been
shown to influence phytoplankton biomass (Winder et al. 2009, Hsieh et al. 2010) and
zooplankton communities in lake ecosystems (Hampton et al. 2008, Hsieh et al. 2011). For
example, global warming resulted in the changing vertical distribution of phytoplankton in
Lake Superior through the varying physical structure of water column (Fahnenstiel and
Glime 1983), and the warmer winters and spring recorded since 1988 led to an earlier clearwater phase due to zooplankton grazing in Lake Geneva (Anneville et al. 2002). In Lake
Baikal, cladocerans increased with increasing temperature regardless of algal biomass
(Hampton et al. 2008). In a temperate Lake Neusiedler See, both phyto- and zooplankton
biomasses showed significantly increasing trend during last 39 years due to shortened ice
cover period (Dokulil and Herzig 2009).
Lake Biwa (35.1°N, 136.1°E) is the largest and oldest lake in Japan. The lake waters are
supplied as water resources for 14 million peoples living in the Kansai area (Yoshida et al.
2001b). It has been subjected to many human activities, including eutrophication from early
1960’s to mid 1980’s and global warming from 1980’s (Kawabata 1987a, Yoshida et al.
2001b, Hsieh et al. 2010). Eutrophication in freshwater lakes had induced large summer
phytoplankton blooms and influenced a negative impact on the traditional use of the lakes
(Anneville and Pelletier 2000). In a lot of lakes in Europe, US and Japan, including Lakes
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Geneva, Mjøsa, Constance, Washington and Biwa, a restoration plan for reduction of
phosphorus input from a point source effluent into the lakes has been done after 1980’s
through an act for environmental loading reduction, resulting in re-oligotrophication
proceeded during the last 4 decades (Edmondson 1970, Einsle 1983, Løvik and Kjellberg
2003, Tsugeki et al. 2003, Anneville et al. 2007). Those of the changes in physical and
chemical conditions due to eutrophication and global warming might induce the
reorganization of plankton communities in lake ecosystems (Hsieh et al. 2010, Hsieh et al.
2011).
Copepods are the dominant planktonic crustaceans and play a major link between
primary production and higher trophic levels in aquatic ecosystems (Mauchline 1998). They
are usually used as an indicator for responses to the long-term environmental changes
because they are sensitive to environmental fluctuation (Anneville et al. 2007, Peterson
2009). The calanoid copepod Eodiaptomus japonicus is dominant zooplankton for at least
over 50 years in spite of environmental variability in Lake Biwa (Hsieh et al. 2011). Because
of its high abundance and importance as a food resource for commercial fish (Kawabata et al.
2002), this copepod plays a key role in the food web of this lake. A lot of studies had been
focused on this key species in order to understand its biology and ecology in the lake
(Okamoto 1984a, Kawabata 1987a, Nagata and Okamoto 1988, Kawabata 1989a, 1993,
Kawabata 1995, Yoshida et al. 2001a, Liu et al. 2014, Liu et al. 2015).
Previous studies have been shown that total zooplankton abundance exhibited a
significantly positive correlation with phytoplankton biomass in several freshwater lakes
(Dokulil and Herzig 2009, Hsieh et al. 2011), but some long-term studies suggested that
phytoplankton abundance could not better explain variation of zooplankton community
biomass in lake ecosystems (Hampton et al. 2008, Hsieh et al. 2011). No significant
correlation between copepod density and phytoplankton biomass has been shown in North
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Sea (Wiltshire et al. 2008). In general, copepods can not only feed on nano- to micro-sized
particulate organic matters, including phytoplankton and detritus, but also attack micro-sized
zooplankton, e.g. rotifers and ciliates, as potential foods (Poulet 1983). Abundances of the
potential food resources with temperature fluctuation may induce complex effects on the
dynamics and production in copepods.
It is necessary to, therefore, establish an efficient indicator to estimate in situ food
conditions and population growth for the copepods. Seasonal variations in body size of a
copepod in a water column depend on both temperature and food conditions, i.e. quantity and
quality (Klein Breteler and Gonzalez 1988, Ban 1994, Lee et al. 2003, Jónasdóttir et al. 2005,
Beyrend-Dur et al. 2011). Copepod body size decreases with increasing temperature under
satiated food condition, and therefore the deviation from the body size predicted from the
body size – temperature equation represents food effect at a given temperature. In other
words, in situ food conditions can be evaluated from the differences between in situ and
predicted body sizes.
In this study, we determined in situ food indices estimated from differences between
body size of the copepods collected from the lake and those predicted from the equations
obtained from laboratory experiments (see Chapter 1 and 2) and ambient temperatures. Then,
we calculated in situ growth rates and production during the last 4 decades, and finally
evaluated how the copepod responded to the eutrophication and global warming in the lake.
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Fig. 4-1 The data analyses used in this study
was the zooplankton sample collected from
Station 4 of Shiga Prefecture Fisheries
Experimental Station (SPFES) in Lake Biwa.

2. Methods
2.1 Field collection and long-term data sets in in situ E. japonicas population
Long-term data sets of body size distribution and biomass in Eodiaptomus japonicus
collected from a station in north basin of Lake Biwa from January in 1971 to December in
2010 by the Shiga Prefectural Fisheries Experimental Station (SPFES) were used for the
following analyses. Zooplankton was collected monthly with a discrete vertical haul using a
Kitahara closing net (mouth diameter, 25 cm; mesh size, 95 µm) from four depth strata
(0−10m, 10−20m, 20−40m and 40−75m) at St. 4 (35º18'34.2'' N, 136º07'19.1''E, 77m deep)
located in north basin of Lake Biwa (Fig. 4-1). Adult males and females, copepodites and
nauplii of E. japonicus were counted from 0−10 m and 10−20 m samples, because the most
E. japonicus population was distributed in the epilimnion (above 20 m) of the lake (Kawabata
1987a). Body sizes of each category of the sexes and developmental stages were measured
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with an eye-piece micrometer attached to a binocular microscope, and converted to dry
weights with appropriate weight-length regression equations (see Chapter 1). Biomass (g dry
weight m-2) in a 20 m water column was calculated from the following equation;
Biomass = ΣNiWi′

(i = nauplii, copepodites, adult males and females),

where N and W′ are number of individuals in a 20 m water column and average body dry
weights of each development category i, respectively.
At each sampling occasion, a vertical temperature profile was recorded from the surface
to the bottom using a thermistor thermometer or a Conductivity Temperature and Depth
system (CTD). Those temperature data were provided from SPFES.

2.2 Parameter estimation and data analyses
Water temperatures recorded at each sampling occasion were different from those
experienced by the copepods during their development in the field. According to previous
field (Kawabata 1989a) and laboratory studies (see Chapter 1 and 2), the generation time of
E. japonicus seasonally varied 1−3 months in a year. Then, we calculated the average water
temperature experienced by the copepods collected at each sampling occasion during their
development with an appropriate rule, i.e. when temperature in the date for collecting the
copepods was <10 ºC, an average temperature in the last two and this months was used for
following analysis, when it is 10 to 20 ºC, average in the last and this months was used, and
when it is >20 ºC, just this month temperature was used (Table 4-1).

86

The University of Shiga Prefecture, Japan
Xin LIU / Ph.D Thesis

Chapter 4
Table 4-1 An example for predicting rule of estimated water temperature (ºC) experience by Eodiaptomus
japonicus during its development in Lake Biwa.

Most of the freshwater calanoid copepods have been known to be omnivores, i.e. they
cannot only eat phytoplankton but also micro zooplankton, such as rotifers and ciliates
(Poulet 1983). Therefore, chlorophyll a concentration or phytoplankton carbon stock, that is
usually used as a food indicator for zooplankton (Lampert 1977a, Kiørboe et al. 1985, Koski
and Kuosa 1999), is not necessarily good indicator for food conditions in E. japonicus.
Potential growth in calanoids can be obtained from traditional growth experiments in the
laboratory under satiated food condition (see Chapter 1). So, we can predict the food
conditions from a ratio of a body size at a given food-limited condition to the maximum or
potential body size at food satiated ones. A food index (f) was consequently calculated as
PLobs / PLmax, where PLobs was the median value of prosome length (PL, mm) observed from
field samples, and PLmax was the potential PL predicted from the following equation
determined under food satiated condition (see Chapter 1) and ambient temperature (T, ºC)
that the copepods exposed during the development,
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PLmax = 1.077T −0.0547.
Specific growth rate (k, day-1) at those of different conditions (Liu et al. 2015) was also
plotted against f at those of the same conditions, in order to clarify the relationship between k
and f at different temperatures, and consequently the long-term fluctuation of k of this
copepod in the lake. Then, the multiple linear regression analyses were employed for
estimating parameter as the equation with multi-predictors as follows (Vadstein et al. 2004):
k = a1 + a2 f + a3 T + a4 f T,
where k is specific growth rate determined at 8 different temperature (T) and food (f)
conditions in the previous study (Liu et al. 2015). The f values were calculated from the body
size of adult females raised in each experimental condition to potential body size at a certain
temperature under satiated food concentration. a1, a2, a3 and a4 were regression coefficients
estimated using the regress function included in the statistics tool box of MATLAB software
(The MathWorks Inc. 2009).
Then, monthly production (Pm, g m-2 d-1) was calculated from
Pm = B × k × dm,
where B was the E. japonicus biomass (g dry weight m-2), k was the specific growth rate (day1

), and dm was the days of each month. Finally, annual production (Pa, g dry weight m-2 y-1)

was calculated from
Pa = ΣPmj (j = 1, 2, ..., 12),
where Pmj was the monthly production in month j.

2.3 Statistical analyses
Food index f and specific growth rate k against long-term year series were fitted with a
non-linear smooth spline curve fitting analyses in the curve fitting tool box of MATLAB
software (The MathWorks Inc. 2009). Regression analysis of annual average temperatures
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against calendar year was carried out in order to test the difference between the slope and
zero. The same analyses were also performed for k against f at different temperatures. All
analyses were performed with IBM SPSS Statistics software (IBM Inc. 2011).

3. Results
Average water temperature throughout a 0−20 m water column in Lake Biwa showed
seasonal fluctuation, varying between 5 and 25 ºC in each year during the last 4 decades (Fig.
4-2a). The slope of regression of annual average water temperature was significantly different
from zero (n = 40, r2 = 0.377, t for the slope = 4.855, P < 0.001), indicated a significant
warming trend of this lake at 0.036 ºC year-1 during the last 4 decades in the lake (Fig. 4-2b).

Fig. 4-2 Monthly variation of average water temperature (ºC) in epilimnion (0−20m) at St. 4 in Lake Biwa from
1971 to 2010 (data from SPFES) (A), and long-term trend in annual average temperature and a regression line
indicated significant relationships (B) (Temperature = 0.0356Year − 56.61, r2 = 0.377, n = 40, t = 4.855, P <
0.001).
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Fig. 4-3 Monthly variation of Eodiaptomus japonicus biomass (g m-2) at St. 4 in Lake Biwa from 1971 to 2010.
Regression curve showed the fluctuation trend in a ten years window.

Biomasses of Eodiaptomus japonicus varied between 0.01 and 6.97 g m-2 during the last
4 decades in Lake Biwa, being mostly less than 2 g m-2 before 1985. The biomasses increased
from 1985 but declined during 1990’s, and then showed increasing trend after 1995 (Fig. 43).

Fig. 4-4 Monthly variation in median prosome length (PLobs, mm) of adult female in Eodiaptomus japonicus
collected at St. 4 in Lake Biwa from 1971 to 2010 (solid line), and predicted maximum prosome length (PLmax,
broken line) according to the equation, PLmax = 1.077T −0.0547 (see Chapter 1) at ambient temperature (T, ºC).

The predicted potential body size (PLmax) of adult female showed clearly seasonal
fluctuation due to temperature variation in a year (Fig. 4-4). PLmax showed a narrow variation
range of 0.903−0.979 mm during the last 4 decades, whereas the in situ body size (PLobs)
varied in a wide range of 0.760−0.984 mm. PLobs were mostly smaller than PLmax during the
last 4 decades (Fig. 4-4).
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Fig. 4-5 Monthly variation of food index (f, PLobs/PLmax) in Eodiaptomus japonicus at St. 4 in Lake Biwa from
1971 to 2010. Regression line showed the fluctuation trend in a ten years window.

Food index (f) of E. japonicus varied between 0.804 and 1.049 with large seasonal
fluctuation during the last 4 decades (Fig. 4-5). Seasonal fluctuations, 0.825–1.009, were
mostly larger than annual variations, 0.872–0.951. It seemed decadal fluctuations in f values
were found, and the most prominent ones in early 1980’s and the late 2000’s with a suddenly
depress in the early 2000’s.

Fig. 4-6 Relationship between
specific growth rate (k, day-1) and
food index (f) in Eodiaptomus
japonicus at 15 (solid circles) and
25 ºC (open circles). Regression
lines showed the significant linear
relationship between k and f at the
two temperatures (solid line in 15
ºC and broken line in 25 ºC).

The specific growth rates (k, day-1) linearly increased with increasing f values at both 15
and 25 ºC (Fig. 4-6), and the regression equations were
k = 0.4774 f − 0.3189 at 15 ºC (n = 4, r2 = 0.200, t = 9.320, P = 0.043),
k = 1.7028 f – 1.3562 at 25 ºC (n = 4, r2 = 0.949, t = 16.140, P = 0.020).
Then, k can be expressed with the two parameters of f and T, assuming the slopes linearly
increase with increasing temperature,
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k = –1.3607 f – 0.1037 T + 0.1225 f × T + 1.237 (n = 8, r2 = 1, SSE < 0.001)

(4-1).

Fig. 4-7 Monthly variation of estimated specific growth rate (k, day-1) in Eodiaptomus japonicus at St. 4 in Lake
Biwa from 1971 to 2010. Regression line shows the fluctuation trend in a ten years window.

Then, the k values of E. japonicus population in the lake were estimated according to
equation (4-1) (Fig. 4-7). The k values estimated varied between 0.011 and 0.273 day-1 with
large seasonal fluctuations during the last 4 decades. The seasonal fluctuations, 0.039–0.204
day-1, were larger than variation of annual mean values, 0.092–0.140 day-1. The fitted curve
showed that k increased during the early 1970’s and being almost constant after the following
years.

Fig. 4-8 Year-to-year variation of annual production (Pa, g m-2 y-1) in Eodiaptomus japonicus at St. 4 in Lake
Biwa from 1970 to 2010.

Finally, we calculated the annual production (Pa) of E. japonicus during the last 4
decades in Lake Biwa (Fig. 4-8). Pa varied from 11.7 to 140.6 g m-2 y-1, and showed
increasing trend after 2000. An average Pa during the last 4 decades was 54.4 g m-2 y-1.

4. Discussion
During the last 4 decades, body sizes of in situ Eodiaptomus japonicus adult females
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varied 29%, whereas the potential body sizes predicted from the ambient temperature
assuming sufficient food supply just 8%. The difference of the body size variation between in
situ and the potential ones supported the idea that food was the most important factor affected
somatic growth of copepod (Ban 1994, Koski and Kuosa 1999, Liu et al. 2015). In Lake
Biwa, E. japonicus could never reach to the potential growth in the most occasions during the
last 4 decades, suggesting that the copepod population in the lake was always suffered with
food shortage even in the eutrophication period in 1970’s and 1980’s (Hsieh et al. 2011).
Anneville et al. (2007) showed that copepods were exposed to interspecies competition in
Lake Geneva. In Lake Biwa, E. japonicus was less abundant in the zooplankton community
even in the eutrophication period, whereas potential superior competitors, e.g. Daphnia spp.
and predator, i.e. Mesocyclops sp., were relatively abundant at that time (Hsieh et al. 2011).
Those of results suggested that the food shortage and low biomass in E. japonicus during the
eutrophication period might be due to the complexity of competition and predator-prey
interactions in zooplankton communities in the lake.
Zooplankton biomass was positively correlated with food supply and it also will reduce
food resources due to their grazing (Holeck et al. 2008). Unstable f values in E. japonicus
were found during the last 4 decades in Lake Biwa. The large depression of f in the early
2000’s implied that the copepods might be suffered with extremely food shortage. On the
contrary, relatively high f values were shown in the early 1980’s and the late 2000’s,
indicating the high food supply for the copepods. The former period was identical to the end
of the eutrophication period in this lake, when the chlorophyll a concentrations were the
maximum level in the lake, ca. 8 µg L-1 (Hsieh et al. 2010). Whereas, the later period was in
the reoligotrophication period, when the chlorophyll a concentrations were ca. 2 µg L-1
(Hsieh et al. 2010). These results coincided with the knowledge of omnivorous copepod
feeding habit, suggesting that food supply for E. japonicus in the lake cannot necessarily
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explained by just phytoplankton biomass.
Annual productions of E. japonicus were relatively stable until 2000, but gradually
increased after that in Lake Biwa. Since year-to-year variation of specific growth rates was
relatively stable, the trend in the production was related to that of the biomass. In North Sea,
global warming seems to be related to high survival rates of copepods especially in Autumn
(Wiltshire et al. 2008). More abundant copepodid larvae of Arctodiaptomus spinosus survived
in winter led the higher winter biomass in a temperate lake (Dokulil and Herzig 2009). Hsieh
et al. (2010) suggested that global climate change might enhance increasing lake water
temperature in Lake Biwa through atmospheric forcing especially in winter. In the previous
studies, the naupliar abundance of E. japonicus always increased in spring when the large
well-fed and over-wintering females produced large number of offsprings in Lake Biwa
(Kawabata 1987a, 1989a). Global warming might positively affect the population growth in
spring due to the greater survivals of over-wintering population in the lake (Liu et al. 2014).
In Lake Biwa, Mesocyclops sp. often impacted upon its preys, i.e. E. japonicus nauplii,
and can reduce their number (Kawabata 2006). Planktivorous fish is also potential predator
for copepods, especially large females and ovigerous females (Jeppesen et al. 2003). Topdown control by such predators has been shown in a lot of water bodies from freshwater to
marine ecosystems (McQueen et al. 1986, McQueen et al. 1989). Plecoglossus altivelis has
been shown to be the most efficient predator on E. japonicus in Lake Biwa; occurrences of
this copepod in its stomach contents represented 88% of total fishes tested, and 91% of them
was adult stage (Kawabata et al. 2002). The predation pressure by Mesocyclops sp. and P.
altivelis might depress the E. japonicus population size in Lake Biwa. The high predation
pressure on the copepod may result in decreasing population size, and consequently lead high
phytoplankton abundance (Jeppesen et al. 1997).
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Table 4-2 Average annual productions (Pa, g m-2 y-1) of Eodiaptomus japonicus in Lake Biwa during the last 4
decades, and Pa predicted from the temperature (3 ºC plus annual average during the last 4 decades) and food
condition (6% less than the current value) at the end of 21st century (IPCC 2014).

At the end of the 21st century, the best estimate of climate scenarios predicts that the
average surface temperature in temperate lakes will increase 3 ºC in Asian region (IPCC
2014). In Lake Biwa, the annual mean temperature in epilimnion during the last 4 decades
was 14.2 ºC (Table 4-2), the current annual mean food index was 0.915 for E. japonicus
community, and consequently the specific growth rate was 0.111 day-1 in this lake calculated
from equation (4-1). If considering the average biomass of 1.15 g m-2 during the last 4
decades in Lake Biwa, mean annual production (Pa) of E. japonicus predicted from the
annual mean temperature and food index was 46.9 g m-2 y-1. Additional 3 ºC plus the annual
mean temperature predicted from a global warming scenario, i.e. 17.2 ºC induces larger Pa,
57.5 g m-2 y-1 compared to the present state (Table 4-2). The Nutrient-PhytoplanktonZooplankton (NPZ) models can be coupled to atmospheric General Circulation Models of the
Earth’s climate change, allowing forecast the potential future states of plankton production of
aquatic system (Richardson 2008). Results from the NPZ models predicted that global
primary production would slightly decline, ca. 6 %, due to the warming (Bopp et al. 2001).
Assuming that the food index will reduce to 0.860 at the end of this century, Pa predicted
declines to 40.2 g m-2 y-1 (Table 4-2). These results suggest that the warming would be
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beneficial for E. japonicus population in the lake under current nutritional status, while it
would induce disadvantage assuming to depress the food conditions due to declining primary
production induced by the warming.
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1. Chapter 1
Effects of temperature on life history traits of the dominant calanoid, Eodiaptomus
japonicus were examined to evaluate its population dynamics in Lake Biwa (Japan).
Embryonic and post-embryonic development times and reproduction were determined in the
laboratory at four temperature conditions (10, 15, 20 and 25 ºC) and ad libitum food
condition. Post-embryonic development time of E. japonicus from hatching to adult female
decreased with increasing temperature from 67.9 to 15.1 days. Males reached the adult stage
1 to 6 days earlier than the females. Only 15% of the individuals survived until the adult
stage at 10 ºC, while 40% did so at >15 ºC. Egg production also depended on temperature. A
power function of temperature on instantaneous growth rate predicted a value of <0.06 d-1
when water temperature was below 10 ºC, suggesting that E. japonicus retards its growth
during winter. The null value obtained at 8.6 ºC for the computed population growth rate
supports the idea of an overwintering strategy. Responses of life history traits to temperature
suggested that in conditions where there was no food limitation E. japonicus in Lake Biwa
would be able to take advantage of the rise of temperature predicted in the context of global
climate change.

2. Chapter 2
Life history traits of the freshwater calanoid copepod Eodiaptomus japonicus from Lake
Biwa were examined in the laboratory. Four different food concentrations (103, 5 × 103, 104
and 5 × 104 cells mL-1) and two temperature conditions (15 and 25 ºC) were used to clarify
the combined effects of those two factors on life history traits. More than a 70% survival rate
was observed at the two medium food concentrations at 15 ºC, although survival was <42%
at all six of the other food-temperature combinations. Post-embryonic development times to
adult stage in males and females were affected by both food concentration and temperature;
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median development times ranged from 28.7–37.3 and 31.4–35.0 days at 15 ºC and 13.7–
23.9 and 14.3–27.7 days at 25 ºC, respectively for males and females. An interaction between
the two experimental factors was found only for females: i.e., food shortage was most acute
at 25 ºC. Clutch sizes also increased with food concentration at both temperatures and
interaction occurred between those two factors. Egg production rates increased with
increasing food concentration similarly at both temperatures without an interaction effect.
Adult body size increased with increasing food concentration at both temperatures: for
example, average female prosome length increased from 0.865 mm to 0.922 mm at 15 ºC and
from 0.799 mm to 0.904 mm at 25 ºC. Somatic and population growth rates calculated from
the experimental data increased with food concentration but the increase was more important
at 25 ºC. These responses to food concentration and temperature suggested that both growth
and population dynamics of this copepod might be more influenced by food shortage at
temperatures >15 ºC. Adult body sizes under food limited conditions in this study are in the
lower range of those observed in situ, while those predicted from in situ temperatures,
assuming non-limiting food conditions, were always larger than those of natural populations.
Therefore, food shortage appears to be the most important factor affecting both growth and
reproduction of E. japonicus in Lake Biwa.

3. Chapter 3
Oxygen consumption rates (R, µLO2 mg-dry-weight-1 h-1) of freshwater copepod
Eodiaptomus japonicus collected from Lake Biwa were determined in a temperature range of
8−30 ºC (i.e. 8, 10, 15, 20, 25, 28 and 30 ºC) using an optical oxygen meter after two
different temperature acclimatizations. Average R in adult stage varied from 1.64 to 10.78 and
1.55 to 9.77 µLO2 mg-dry-weight-1 h-1 with experimental temperatures for males and females,
respectively, acclimatized at 15 ºC, while 1.71 to 11.13 and 1.98 to 10.10 µLO2 mg-dry-
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weight-1 h-1 for those acclimatized at 25 ºC. R exponentially increased with increasing
temperature from 8 to 28 ºC and deviated from the exponential phase at 30 ºC for the animals
acclimatized at both 15 and 25 ºC. No significant differences of R from acclimatizations and
genders were shown without any interactions. Rs in various copepodid stages acclimatized at
15 ºC were always higher at 25 ºC than those at 15 ºC, but not correlated with body weight at
both temperatures. According to these results, relationship between R and experimental
temperature (T, ºC) ranged from 8 to 28 ºC could be expressed as an exponential function; R
= 0.8072 e0.0897T (r2 = 0.995, P < 0.05) for C1 to C6. Q10 between 15 and 25 ºC could be
calculated as 2.3. Net growth efficiencies (K2) calculated in well-fed individuals were
47−52% at both 15 and 25 ºC, whereas those in food-limited ones were 44% at 15 ºC but
decreased to 27−28% at 25 ºC. The low K2 in the food-limited animals at 25 ºC may imply
that the metabolic cost at higher temperatures induces lowering the growth rate under foodlimited environment.

4. Chapter 4
In order to evaluated the eutrophication and global warming impacts on secondary
production during the last 4 decades in Lake Biwa, we analysed long-term (1971−2010) data
sets in the body size and biomass of the dominant calanoid copepod Eodiaptomus japonicus
with the laboratory studies. An efficient food index f was calculated from the ratio between in
situ and potential body size of this copepod to evaluate the food supply levels for E.
japonicus in the lake, showing a large fluctuation during the last 4 decades. Then, the specific
growth rate k was also calculated from an equation with multiple factors of f and ambient
temperature (T, ºC): k = –1.3607 f – 0.1037 T + 0.1225 f × T + 1.237 (n = 8, r2 = 1, SSE <
0.001), showing less oscillation even in the eutrophication period in 1970’s and 1980’s.
Finally, we calculated the annual production (Pa) of E. japonicus from the biomass and k
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during the last 4 decades. The productions calculated were relatively stable until the late
1990’s, but tended to increase after 2000, related to biomass trend. According to the global
warming scenarios, we predicted average Pa at the end of this century. Average Pa could
increase from 46.9 to 57.5 g m-2 y-1 due to 3 ºC temperature raise at the end of this century, if
in situ population would be exposed to current nutritional status, while Pa might be depressed
by food shortage if the primary production would be reduced at 6% due to global warming.
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Appendix

Appendix 1
C media
To 950 ml of distilled water, add the elements. Bring the final volume to 1L with distilled water. Use 1 mol HCl
to regulate pH to 7.5. Autoclave (120°C 20 min).

Elements

Stock solution

Ca(NO3)2·4H2O

15 g/100 ml

1 ml

KNO3

10 g/100 ml

1 ml

β-Na2glycerophosphate·5H2O
(Disodium β-Glycerophosphate)
MgSO4·7H2O

5 g/100 ml

1 ml

4 g/100 ml

1 ml

Vitamin B12b

0.01 mg/100 ml

1 ml

Biotinb

0.01 mg/100 ml

1 ml

Thiamine HCl

1 mg/100 ml

1 ml

P IV metalsa

-

3 ml

Tris (hydroxymethyl) aminomathane

50 g/1000 ml

a
b

Quantity

10 ml

See P IV metals
Store in refrigerator or freezer

Add 1.5 g agar to 100 ml of medium to give a solid medium.
Reference
Ichimura, T. (1971) Sexual cell division and conjugation-papilla formation in sexual reproduction of Closterium
strigosum. In Proceedings of the Seventh International Seaweed Symposium, University of Tokyo Press, Tokyo,
pp. 208-214.
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Appendix 2
VT media
To 950 ml of distilled water, add the elements. Bring the final volume to 1L with distilled water. Use 1 mol
NaOH to regulate pH to 7.5. Autoclave (120°C 20 min).

a
b

Elements

Stock solution

Quantity

Ca(NO3)2·4H2O

11.78 g/100 ml

1 ml

β-Na2glycerophosphate·5H2O
(Disodium β-Glycerophosphate)

5 g/100 ml

1 ml

MgSO4·7H2O

4 g/100 ml

1 ml

KCl

5 g/100 ml

1 ml

Vitamin·B12b

0.01 mg/100ml

1 ml

Biotinb

0.01 mg/100 ml

1 ml

Thiamine HCl

1 mg/100 ml

1 ml

P IV metalsa

-

3 ml

Glycylglycine

50 g/1000 ml

10 ml

See P IV metals
Store in refrigerator or freezer

Reference
Provasoli, L. and I. J. Pintner. (1959) Artificial media for fresh-water algae: problems and suggestions. In The
Ecology of Algae. Spec. Pub. No. 2,, Eds. by Tryon, C. A., Jr. & Hartmann, R. T., Pymatuning Laboratory of
Field Biology, University of Pittsburgh, Pittsburgh, pp. 84-96.
Starr, R. C. (1973) Special methods-dry soil samples. In Handbook of Phycological Methods. Culture Methods
and Growth Measurements, Ed. by Stein, J. R., Cambridge University Press, Cambridge, pp. 159-167.
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Appendix 3
P IV metals
To 450 ml distilled water, add the elements. Bring the final volume to 500 ml with distilled water.

Elements

Stock solution

Quantity

Na2 EDTA·2H2O

-

0.5 g

FeCl3·6H2O

1.96 g/100 ml

5 ml

MnCl2·4H2O

0.36 g/100 ml

5 ml

ZnSO4·7H2O

0.22 g/100 ml

5 ml

CoCl2·6H2O

0.04 g/100 ml

5 ml

Na2MoO4·2H2O

0.025 g/100 ml

5 ml

Reference
Provasoli, L. and I. J. Pintner. (1959) Artificial media for fresh-water algae: problems and suggestions. In The
Ecology of Algae. Spec. Pub. No. 2,, Eds. by Tryon, C. A., Jr. & Hartmann, R. T., Pymatuning Laboratory of
Field Biology, University of Pittsburgh, Pittsburgh, pp. 84-96.
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