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Abstract

Copepods play an important role in marine ecosystems, providing an important path-
way for energy from primary producers to consumers at higher trophic levels. Changes
in copepod abundance are observed, for instance, to affect the yields of commercially
important fishes. Additionally, copepods are important for biogeochemical cycles, par-
ticularly the carbon cycle. A part of the carbon that is fixed by phytoplankton in
the surface layers of the ocean and then ingested by copepods sinks rapidly into the
deep ocean in the form of fecal pellets. It is assumed that environmental changes, in
particular a rise in the sea temperature, will impact the life cycle dynamics of cope-
pods. Copepods are very sensitive to temperature variations. Temperature variations
can change the abundance of copepods directly through influencing their physiological
processes and indirectly through the bottom-up effect by weakening or strengthening
the temporal match between copepods and phytoplankton. Thus, concerns have been
raised that future climate warming will affect the abundance of copepods through the

direct and indirect effects.

In this thesis, I choose Acartia clausi, a key copepod species in the North Sea, as
a representative of copepods. Through developing a life cycle model for Acartia clausi
and coupling the developed model to a simple ecosystem model (including nutrient,
phytoplankton, and detritus) and to the water column model GOTM, I study the life
cycle dynamics of this species in the North Sea and project the potential responses
of phytoplankton and Acartia clausi to projected North Sea temperature rises with a

focus on the phenological changes.

I find that the ontogenetic development of Acartia clausi is more sensitive to vari-
ations in temperature and food concentration at lower temperatures than at higher
temperatures. This result helps to better understand the observed mismatch between

phytoplankton and Acartia clausi at the Stonehaven sampling station and implies that



future climate warming will greatly accelerate the development of Acartia clausi at the
beginning of the growing season. I find that only the production of rapidly hatching
subitaneous eggs should be considered in the life cycle model and the overwintering
strategy of Acartia clausi in the North Sea is by adults. The seasonal cycle of Acartia
clausi shows a marked seasonality in reproduction. In winter, due to low temperature
and insufficient food supplies, the abundance of Acartia clausi is low and the repro-
ductive activity of the overwintering adults ceases. In May, the overwintering adults
begin to produce the first egg cohort when the increase in the phytoplankton biomass
concentration can supply sufficient food. The adults produce eggs intensively and suc-
cessively during the short breeding season from March to June. Several cohorts are
produced during the short time and the developments of different cohorts overlap with
each other. When most individuals of the first cohorts reach adulthood, the adult
abundance reaches the annual maximum peak. From August onwards, the abundance

of Acartia clausi begins to decrease due to the food deficiency.

In the warming scenario in which the annual mean sea surface temperature (SST)
is increased by 1.2°C compared to the current level, the model results show that the
higher temperature modifies the seasonalities of phytoplankton and Acartia clausi.
Both the timings of the maximum phytoplankton biomass concentration peak and the
first egg cohort from Acartia clausi are advanced by 8 days. Because the seasonal cycles
of Acartia clausi and phytoplankton match more closely than under present environ-
mental conditions, the abundance of Acartia clausi increases. In the warming scenarios
in which the annual mean SST is increased by more than 2°C compared to the cur-
rent level, the temporal match between Acartia clausi and phytoplankton is disturbed.
The rising temperature increases the excretion rates of the overwintering adults, but
at the same time the phytoplankton biomass concentration remains low due to the
light limitation in winter. Because of the starvation, the abundance of overwintering
adults decreases. The abundance of the overwintering stocks is an important factor
determining the seasonal variation of Acartia clausi abundance. A severe reduction in
the abundance of overwintering adults will lead to the situation that there will not be
enough individuals to initialize the new seasonal cycle. Consequently, the abundance

of Acartia clausi decreases sharply.

This study provides a comprehensive understanding of the life cycle dynamics of

Acartia claust in the North Sea and it is the first time that an estimate of the future



change in Acartia clausi abundance is given. Since Acartia clausi is an important food
source for commercially important fishes, the knowledge obtained from this study is
helpful for a better understanding of the mechanisms driving the food availability of
fishes and is useful for developing a capacity to forecast the recruitment success of fishes

in a warmer environment.



Zusammenfassung

Copepoden spielen eine wichtige Rolle in marinen Okosystemen, indem sie Energie von
den Primérproduzenten zu den Konsumenten der hoheren trophischen Ebenen transfe-
rieren. Es wird beispielsweise beobachtet, dass Anderungen im Vorkommen von Cope-
poden die Ertrdge von kommerziell wichtigen Fischarten beeinflussen. Zusétzlich sind
Copepoden wichtig fiir biogeochemische Zyklen, im Besonderen fiir den Kohlenstoft-
kreislauf. Ein Teil des Kohlenstoffs, der von Phytoplankton in den oberflichennahen
Schichten des Ozeans gebunden und dann von Copepoden aufgenommen wird, sinkt
in Form von Kotballen schnell in den tieferen Ozean. Man nimmt an, dass Umwelt-
verdanderungen und im Besonderen steigende Ozeantemperaturen die Lebenszyklusdy-
namik von Copepoden beeintriachtigen werden. Copepoden sind sehr sensitiv gegeniiber
Temperaturdnderungen. Temperaturdnderungen konnen das Vorkommen von Copepo-
den direkt durch Beeinflussen ihrer physiologischen Prozesse verdndern, oder durch
den bottom-up Effekt indem die zeitliche Ubereinstimmung zwischen Copepoden und
Phytoplankton geschwicht oder verstiarkt wird. Aus diesen Griinden wurden Bedenken
gedauflert, dass eine zukiinftige Klimaerwarmung das Vorkommen von Copepoden durch

direkte und indirekte Effekte beeinflussen wird.

In dieser Arbeit wéihle ich Acartia clausi, eine Schliisselcopepodenart in der Nord-
see, als typischen Vertreter von Copepoden. Indem ich ein Lebenszyklusmodell fiir Acar-
tia clausi entwickele und dieses an ein einfaches Okosystemmodell (welches Nhrstoff,
Phytoplankton und Detritus enthélt) und ein physikalisches Modell koppele, untersuche
ich die Lebenszyklusdynamik dieser Art in der Nordsee und projiziere die moglichen
Reaktionen von Phytoplankton und Acartia clausi auf projizierte Temperaturen in der
Nordsee in die Zukunft, wobei ich einen Fokus auf die phénologischen Verdnderungen

lege.

Es stellt sich heraus, dass die ontogenetische Entwicklung von Acartia clausi bei



niedrigen Temperaturen sensitiver gegeniiber Temperaturschwankungen sowie Schwan-
kungen im Nahrungsangebot reagiert als bei hohen Temperaturen. Dieses Ergebnis hilft
den an der Probenstation Stonehaven beobachteten mismatch zwischen Phytoplankton
und Acartia clausi zu verstehen und impliziert, dass eine zukiinftige Klimaerwarmung
die Entwicklung von Acartia clausi zu Beginn der Wachstumsperiode stark beschleuni-
gen wird. Es zeigt sich, dass nur die Produktion von schnell schliipfenden subitaneous
Eiern [subitaneous eggs| im Lebenszyklusmodell beriicksichtigt werden sollte und dass
die Uberwinterungsstrategie von Acartia clausi in der Nordsee durch die Adulten er-
folgt. Der Jahreszyklus von Acartia clausi zeigt eine deutliche Saisonalitdt in der Fort-
pflanzung. Im Winter ist die Abundanz von Acartia clausi aufgrund niedriger Tempera-
turen und unzureichenden Nahrungsangebots niedrig und die Fortpflanzungsaktivitét
der tiberwinternden Adulten lasst nach. Im Mai beginnen die iiberwinternden Adulten
die erste Kohorte Eier zu produzieren sobald der Anstieg der Phytoplanktonbiomas-
senkonzentration ausreichend Nahrungsangebot liefert. In der kurzen Briitezeit von
Maérz bis Juni produzieren die Adulten intensiv und fortlaufend Eier. Innerhalb kurzer
Zeit werden mehrere Kohorten produziert und die Entwicklung der unterschiedlichen
Kohorten iiberlappt. Sobald die meisten Individuen der ersten Kohorte ausgewachsen
sind, erreicht die Abundanz der Adulten ihr Jahresmaximum. Ab August beginnt die

Abundanz von Acartia clausi aufgrund von Nahrungsmangel abzunehmen.

Im Erwérmungsszenario, in dem die mittlere Ozeanoberflichentemperatur (SST)
um 1.2°C gegeniiber gegenwirtigen Werten erhoht ist, zeigen die Modellresultate, dass
die hohere Temperatur die Saisonalitdt von Phytoplankton und von Acartia clausi
verdndert. Sowohl das Maximum der Phytoplanktonbiomassenkonzentration als auch
die erste Kohorte an Eiern von Acartia clausi treten 8 Tage frither auf. Da die Jah-
reszyklen von Acartia clausi und Phytoplankton zeitlich besser iibereinstimmen als
unter gegenwartigen Umweltbedingungen, steigt die Abundanz von Acartia clausi an.
Im Erwirmungsszenario, in dem die jédhrlich gemittelte SST um mehr als 2°C ge-
geniiber gegenwirtigen Werten erhoht ist, wird die zeitliche Ubereinstimmung zwischen
Acartia clausi und Phytoplankton gestort. Die steigenden Temperaturen erhéhen die
Exkretionsraten der iiberwinternden Adulten, zugleich bleibt jedoch die Phytoplank-
tonbiomassekonzentration aufgrund der winterlichen Lichtlimitierung niedrig. Da die
iiberwinternden Adulten verhungern, nimmt ihre Abundanz ab. Die Abundanz des
iiberwinternden Bestandes ist ein wichtiger Faktor bei der Bestimmung der saisonalen

Schwankung der Acartia clausi Abundanz. Eine starke Abnahme der Abundanz der



iiberwinternden Adulten wird zu einer Situation fiithren, in der es nicht ausreichend
Individuen geben wird um den neuen Jahreszyklus in Gang zu setzen. Folglich nimmt

die Abundanz von Acartia clausi stark ab.

Diese Untersuchung liefert ein umfassendes Verstdndnis der Lebenszyklusdynamik
von Acartia clausi in der Nordsee und erstmals wird eine Einschétzung der zukiinftigen
Anderungen der Acartia clausi Abundanz getroffen. Da Acartia clausi eine wichti-
ge Nahrungsquelle fiir kommerziell wichtige Fischarten darstellt, ist das aus dieser
Arbeit entstehende Wissen fiir ein besseres Verstdndnis der Mechanismen, die das
Nahrungsangebot von Fischen steuern, hilfreich und fiir die Entwicklung von Vor-
hersagemoglichkeiten des Vermehrungserfolgs von Fischen in einer wéarmeren Umwelt

niitzlich.
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Chapter 1

Introduction

1.1 Motivation

Copepods are a group of crustaceans. They form an important group of zooplank-
ton and are probably the most numerous multicellular organisms on Earth (Mauchline,
1998). Copepods play an important role in many marine ecosystems as grazers, provid-
ing an important pathway for energy from primary producers to consumers at higher
trophic levels, such as fishes and marine mammals. Changes in copepod abundance
are observed to affect the abundance of different fish species and induce regime shifts
in marine ecosystems. For example, climate variation induced changes in the abun-
dance of Acartia spp. and Pseudocalanus spp. in the Baltic Sea caused a shift in the
dominance of sprat and cod (Alheit et al., 2005; Méllmann et al., 2008). In the North
Sea, the reduction in the abundance of Calanus finmarchicus greatly reduced the re-
cruitment success of Atlantic cod (Beaugrand et al., 2003). These studies indicate that
the abundance of copepods is an important factor influencing the survival of fishes.
Copepods are additionally assumed to play an important role in biogeochemical cycles,
in particular the carbon cycle (Ducklow et al., 2001). A part of the carbon that is fixed
by phytoplankton in the surface layer and then ingested by copepods is rapidly trans-
ported into the deeper ocean through sinking of fecal pellets. This part of carbon can
thus be removed from the atmosphere for a long time period (>hundreds of years). An

increase or a decrease in the abundance of copepods will also affect the carbon export.
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Changes in copepod abundance are reported to be correlated with changes in tem-
perature (e.g., Planque and Fromentin, 1996; Reid et al., 2003). Directly, temperature
variations can change the copepod abundance through influencing their physiological
processes, such as the ingestion and the metabolism. The direct effects of the tem-
perature on copepods are well illustrated in previous studies (e.g., McLaren, 1978;
Huntley and Lopez, 1992). Indirectly, temperature variations can change the cope-
pod abundance through the bottom-up effect. The seasonal development of copepod
abundance depends on the temporal match between copepods and their food source:
phytoplankton. Phenology, or the life cycle dynamics of plankton (zooplankton and
phytoplankton), is very sensitive to climate variations because temperature is a key
parameter affecting the growth rate, body size and generation time of plankton. Phe-
nological changes of zooplankton and phytoplankton due to climate variations have
been observed in different marine ecosystems. In the subarctic North Pacific, for ex-
ample, the timing of the annual maximum biomass peak of Neocalanus plumchrus has
shifted dramatically between 1956 and 1998 (Mackas et al., 1998). In warm years (in
the 1990s) the timing of the maximum Neocalanus plumchrus biomass peak is 1.5 to
2 months earlier than that in cold years (in the 1970s). The climate variation induced

shifts in the seasonality of plankton in the North Sea were reported in Edwards and
Richardson (2004).

The energy balance of the climate system is disturbed by the increased atmo-
spheric concentration of greenhouse gases, which leads to a rapid warming of the at-
mosphere and ocean (IPCC, 2007). From the mid-1950s to the mid-1990s, the mean
sea temperature in the upper 300 m of the global oceans has been increased by 0.31°C
(Levitus et al., 2000). Because the situation that humans rely on fossil fuel as the main
energy source has not been changed, it is projected that in the future the warming
trend of oceans will continue. Future climate warming will have substantial impacts on
copepod communities (Richardson, 2008). One aspect is that the climate warming will
change the physiological processes of copepods and further cause a change in copepod
abundance. Another aspect is that copepods and phytoplankton might fail to response
to climate warming synchronously, which may cause a temporal mismatch between
them. The decoupling of the phenological relation might cause a decline in copepod
abundance. The concerns about changes in the copepod abundance is that the signal
will resonate to upper trophic levels, affecting the yields of commercially important
fishes.
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In this thesis, I choose Acartia clausi, a key copepod species in the North Sea
as a representative of copepods. Through modelling the life cycle dynamics of this
species, I want to get a better understanding about how climate warming will influence

copepods, directly and indirectly.

1.2 North Sea ecosystem

I focus on the North Sea for several reasons. Firstly, the North Sea is a biologically rich
and productive region. Studying the North Sea ecosystem is of significant biological
meaning. Secondly, the observations of the North Sea ecosystem are numerous. These
observations provide a good knowledge about the foodwebs and copepod communities.

Following, I will briefly introduce the ecosystem of the North Sea.

Hydrography The North Sea is a shallow marginal sea of the North Atlantic Ocean.
From the south to the north, the bottom depth of the North Sea increases gradually
from less than 30 m to 200 m (De Wilde et al., 1992). Strong westerly winds, the
inflow of the North Atlantic water as well as strong tidal currents work together and
lead to a complicated hydrographical structure (De Wilde et al., 1992). The basic
ocean circulation pattern in the North Sea is cyclonic (Turrell et al., 1992). The mean
residence time of the water in different parts of the North Sea ranges between 1 and 2

years (Eisma, 1987).

There are roughly three main water masses in the North Sea: the North Atlantic
water mass, the continental coastal water mass and the mixed central North Sea water
mass (Otto et al., 1990). The North Atlantic water, entering from the north through
the Shetland-Orkney region and from the south through the English Channel, forms
the North Atlantic water mass. The North Atlantic water mass is characterized by clear
water with high salinity, moderate temperature. The climatological monthly mean SST
in the regions where the North Atlantic water mass dominates is 6-8°C in winter and
12-14°C in summer. The water with low salinity, high nutrient concentration from the
continental coasts and the Baltic Sea forms the continental coastal water mass. The
climatological monthly mean SST in the regions where continental coastal water mass
dominates is 2-4°C in winter and 17-19°C in summer. The North Atlantic water mass

and the continental coastal water mass mix in the North Sea and form the mixed central
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North Sea water mass. The climatological monthly mean SST in the central North Sea

is 5-6°C in winter and 13-16°C in summer.

Stratification of the water column is a significant hydrographical character in the
North Sea (De Wilde et al., 1992). The formation of the temporal thermostratification
due to the solar heating of the upper water layers in summer is common in the north
and central North Sea but in the shallow south North Sea, strong tidal mixing prevents

the stratification of the water column (Otto et al., 1990).

Trophic levels A variety of organisms, commonly grouped as microbes, phyto-
plankton, zooplankton, benthos, fish, marine mammals and sea birds form the biota
of the North Sea. The interactions and trophic relations between these organisms are
extremely complex. The classic diagram of the trophic relations of these organisms
in the North Sea is that phytoplankton production supplies energy for herbivorous
zooplankton, herbivorous zooplankton serve as a major food source for higher trophic
levels, and the detritus from phytoplankton, zooplankton and organisms of the higher
trophic levels is the food source for the benthic system (Steele, 1974). The North Sea
can be divided into three subregions (southern, central and northern) by the 50, 100 m
contour lines based on the physical environments such as temperature and the stability
of the water column (De Wilde et al., 1992) as well as the general distribution patterns
of phytoplankton (Reid et al., 1990) and zooplankton (Fransz et al., 1991). In the
following, I will introduce briefly the first and the second trophic levels.

Phytoplankton production from photosynthesis in the surface layer is the main
energy source for the North Sea ecosystem. In the three subregions of the North Sea, the
amount of net phytoplankton production that is available for heterotrophs is different
(De Wilde et al., 1992). In the southern North Sea, the annually averaged value is
200 ¢ C m~2, in the central North Sea, the value is 250 g C m~2 and in the northern
North Sea, the value is 100-200 g C m~2 (Reid et al., 1990). Two types of phytoplankton
production are generally distinguished: bloom production (diatoms, due to high nitrate
levels) occurring in early summer and regenerated production (flagellates, due to high

ammonia levels) occurring later in the year (Smetacek, 1984).

Phytoplankton production sustains a large abundance of zooplankton. Herbivo-
rous copepods form the major portion of zooplankton (Fransz et al., 1998; Nielsen and

Munk, 1998), contributing substantially to the diet of fishes (Nielsen and Munk, 1998).

4
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The main part of the copepod stocks is composed by three most commonly occurring
groups: Acartia spp., Pseudocalanus elongatus and Calanus finmarchicus (Fransz et
al., 1991).

Calanus finmarchicus is a large sized copepod species and is most commonly
found in the oceanic regions (Fransz et al., 1991). The persistence of its population
in the North Sea depends heavily on the replenishment by oceanic influx (Glover,
1957). Because of the change in the North Sea temperature, the abundance of Calanus
finmarchicus is decreasing (Beaugrand et al., 2003). Pseudocalanus elongatus is a
copepod species that lives in both oceanic and coastal regions. It is regarded as one of

the most typical copepod species in the North Sea (Rae and Rees, 1947).

Acartia spp. is a group of copepod species belonging to the genus Acartia. Several
species of this genus can be found in the North Sea: Acartia clausi, Acartia discaudata,
Acartia bifilosa and Acartia tonsa (Fransz et al., 1991). The latter three species are
considered as brackish water species, which are rare in the open North Sea and gen-
erally accumulate in the estuaries. Acartia clausi is the largest species in body size in
this genus (Bradford, 1976). It does not resident in waters with low salinity. In the
North Sea, Acartia clausi is widely distributed and has a considerable abundance. In
the northwestern North Sea along the Scottish coast, Acartia clausi was observed to
dominate the local zooplankton abundance in most of the observation years (Lindley

et al., 1995).

Research focus I focus on Acartia clausi for several reasons. Firstly, Acartia spp. is
one of the dominant copepod groups in the North Sea. Studying the life cycle dynamics
of one species from this copepod group is meaningful. Secondly, Acartia clausi is widely
distributed in temperate waters and is a food source for commercially important fishes
(Porumb, 1973). Knowledge of Acartia clausi can be applied to better understand the
mechanism driving the food availability of fishes. Thirdly, the role of Acartia clausi
played in North Sea ecosystems might become more and more important in the future
because in the Baltic Sea, Acartia spp. were observed to become more abundant when

sea temperature rises (Mollmann et al., 2008).

In this thesis, I model the life cycle dynamics of Acartia clausi and project the
responses of this species to future climate warming with a focus on changes in its

phenology and abundance. In particular, I am interested in the question whether the
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temporal synchrony between the seasonal cycle of Acartia clausi and phytoplankton
will be disturbed by future climate warming. I study the responses of Acartia clausi
to climate warming by taking into account the life cycle dynamics because climate
warming impacts zooplankton through changing their important biological processes

and some of the biological processes occur only in specific life cycle stages.

1.3 Research aims

I conduct the research in two steps. In the first step, I study the life cycle dynamics of
Acartia clausi in the North Sea. In the second step, I project the potential responses

of phytoplankton and Acartia clausi to projected North Sea temperature rises.
Specifically, I want to address the following questions:
e How is the sensitivity of the ontogenetic development of Acartia clausi to the

variations in the temperature and food concentration at different temperature

conditions?

e Which reproductive pattern can best explain the observed seasonal variation of
Acartia clausi abundance and which kind of overwintering strategy of Acartia
clausi should be considered when modelling the life cycle dynamics of this species

in the North Sea?
e How does the life cycle dynamics of Acartia clausi look like in the North Sea?

e What are the potential responses of phytoplankton and Acartia clausi to future

climate warming? And what are the mechanisms behind?

1.4 Thesis outline

In Chapter 2, I introduce the observed seasonal variations of SST, the chlorophyll

concentration and Acartia clausi abundance at the Stonehaven sampling station.
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In Chapter 3, I develop a life cycle model for Acartia clausi to study the sensitivity
of the ontogenetic development of Acartia clausi to the variations in the temperature

and food concentration at different temperature conditions.

In Chapter 4, I model the seasonal variation of Acartia clausi abundance under
different reproductive patterns and I discuss which kind of the reproductive pattern
should be considered when modelling the life cycle dynamics of Acartia clausi and

what is the possible overwintering strategy of this species in the North Sea.

In Chapter 5, I study the life cycle dynamics of Acartia clausi in the North Sea and
project the potential responses of Acartia clausi and phytoplankton to future climate

warming.

In Chapter 6, I summarize the whole thesis and propose the next steps in obser-

vational studies and model applications.



Chapter 2

Observations at the Stonehaven

sampling station

2.1 Introduction

The Stonehaven sampling station locates in the northwestern North Sea (Figure 2.1).
The water depth at this station is 48 m. An introduction to the hydrographical con-
ditions at the Stonehaven sampling station is available in Bresnan et al. (2009) and
Bresnan (2012).

Hydrographic parameters, nutrient concentrations, and the abundances of phyto-
plankton and zooplankton species have been measured weekly (if weather conditions
allow, 47 times per year on average) at the Stonehaven sampling station since January
1997. The long time series and high temporal resolution observations provide an insight
into the seasonal cycle of the phytoplankton and zooplankton species. The SST data,
surface chlorophyll o concentration data (in mg chl m™3, in the following called the
chlorophyll concentration) and vertically integrated Acartia clausi abundance (in indi-

2 covering the two life cycle stages: copepodite and adult) data measured

viduals m™
during the period from 1999 to 2010 are available for this thesis. The data are provided
by Dr. Eileen Bresnan and Ms Tracy McCollin from Fisheries Research Services Marine
Laboratory, Aberdeen, UK under the Open Government Licence (Open Government

Licence, 2013).
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Figure 2.1: The location of the Stonehaven sampling station (red dot, coordinate:
56°57.8’N, 02°06.2'W).

2.2 Analysis methods

The seasonal variations of SST, chlorophyll concentration and Acartia clausi abun-
dance show strong interannual variabilities. The timing of the maximum chlorophyll
concentration peak and Acartia clausi abundance peak, and the extents of their grow-
ing seasons are different from year to year. In order to display the observation data,
I use the non-parametric analysis method box-and-whisker plot (McGill et al., 1978).
The bottom and top of the filled box are the first and third quartiles. The tips of the
upper and lower whiskers mean the lowest datum that is still within 1.5 interquartile
range of the lower quartile, and the highest datum that is still within 1.5 interquartile
range of the upper quartile, respectively. The circles mean the median values and the

crosses mean outlier values that can not be included between the whiskers.

The climatological mean timing and amplitude of the maximum chlorophyll con-
centration peak and Acartia clausi abundance peak are defined in several steps. Taking
the chlorophyll concentration for example, the process is that firstly the timing and
amplitude of the maximum chlorophyll concentration peak of each individual year are

defined. Then, I average the timing of each observation year as the climatological mean
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timing and average the amplitude of each observation year as the climatological mean

amplitude. The same process is applied to Acartia clausi abundance.

2.3 Results

Sea surface temperature There is a strong interannual variability in the seasonal
variation of SST. But the general seasonal pattern is similar for all years: the annual
minimum SST occurs, on average, in late February/early March with the value of
around 6°C, and the annual maximum SST occurs in August/September with the
value of 12-14°C (Figure 2.2). The annual mean SST at the Stonehaven sampling

station during the observation period is 9.6°C.
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Figure 2.2: The monthly mean SST from 1999-2010 at the Stonehaven sampling station.

Chlorophyll concentration The seasonal variation of the chlorophyll concentration
and the climatological mean timing and amplitude of the maximum chlorophyll concen-
tration peak are shown in Figure 2.3a. The chlorophyll concentration at the Stonehaven
sampling station is characterized by an apparent spring bloom. High chlorophyll con-
centrations are recorded from week 15 to week 25 with values ranging from 2 to 3
mg chl m™ (median values). The climatological mean timing of the chlorophyll con-
centration peak is in week 21 at a level of 5.7 mg chl m™3. From week 26, the chlorophyll
3

concentration begins to decrease gradually but the value is still above 1 mg chl m~

(median values). After week 40, the value of the chlorophyll concentration is below 1

10
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mg chl m=3. At the beginning of the year, the chlorophyll concentration can reach 1
mg chl m™3 after week 12. Before week 12, the chlorophyll concentration remains at a

low level.

11



Chapter 2. Observations

individuals/m?

individuals/m?

Figure 2.3: Weekly mean of the surface chlorophyll concentration (a), the vertically

integrated copepodite abundance (b), the vertically integrated adult abundance (c)

from 1999-2010. Additionally shown are: the climatological mean timing and amplitude

of the maximum surface chlorophyll concentration peak in (a), green dot; the maximum

vertically integrated copepodite abundance peak in (b), magenta dot; the maximum
vertically integrated adult abundance peak (c), red dot.
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Acartia clausi abundance  The seasonal variations of the copepodite and adult
abundance, and the climatological mean timing and amplitude of the maximum cope-
podite and adult abundance peak are shown in Figure 2.3b, c. The high copepodite
abundance is recorded from week 23 to week 36. During this period, it is possible for
the value of copepodite abundance to be higher than 0.5x10° individuals m~2. The
climatological mean timing of the maximum copepodite abundance peak is in week
29. The climatological mean amplitude of the maximum copepodite abundance peak
is 2.5x10° individuals m~2. From the beginning of the year to week 20 and from week

40 to the end of the year, the copepodite abundance remains low.

The high adult abundance is recorded from week 27 to week 35. During this
period, the adult abundance can reach higher than 0.5x10° individuals m~2. The cli-
matological mean timing of the adult abundance peak is in week 30. The climatological
mean amplitude of the maximum adult abundance peak is 1.5x10° individuals m~—2.
From beginning of the year to week 24 and from week 36 to the end of the year, the

adult abundance remains at a low level.

Interpretation of the dataset There is an apparent temporal mismatch between
the seasonal variations of the chlorophyll concentration and Acartia clausi abundance.
The Acartia clausi copepodite and adult abundance increase after the high chlorophyll
concentration. In order to better illustrate this feature, I normalize the chlorophyll
concentration of each year by dividing the seasonal variation of the chlorophyll con-
centration of each year with its own amplitude of the maximum peak. By doing this,
I intend to exclude the noises caused by the interannual variability in the chlorophyll
concentration. I also normalize the copepodite abundance with the same method. The
results are shown in Figure 2.4. The earliest timing of the maximum chlorophyll con-
centration peak at the Stonehaven sampling station during the observation period is in
week 15 (beginning of March). But for Acartia clausi, before week 21 (end of April)
there is hardly any chance that the copepodite abundance can reach 10% of the am-
plitude of its maximum peak. This indicates that there is a time lag of about 6 weeks
between the maximum chlorophyll concentration and the initialization of the seasonal

variation of Acartia clausi abundance.

13
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Figure 2.4: The normalized seasonal variations of the chlorophyll concentration (a) and
Acartia clausi copepodite abundance (b)
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Chapter 3

Influences of temperature and food
concentration on the ontogenetic

development of Acartia claus?

3.1 Motivation

In order to project the impact of the climate variation on copepods, the effects of the en-
vironmental factors on the ontogenetic development of copepods have to be considered.
Temperature and food availability are the main environmental factors determining the
development of copepods. The effect of temperature on the development of copepods
has been well described in previous studies. Huntley and Lopez (1992) analyzed the
growth rates of 33 copepod species and suggested that temperature alone could explain
more than 90% of the variations in their growth rates. But there are also some stud-
ies showing that the copepod development is often limited by food availability. For
example, in the North Sea, the growth rates of copepods were found to decrease in
summer when the food availability was deficient (Klein Breteler and Gonzalez, 1982).
In the Dutch Oosterschelde estuary, it was observed that the development rates of Acar-
tia clausi and Temora longicornis were reduced during summer (Bakker et al., 1988).
From these studies, it seems that the influences of the two factors on the development

of copepods vary in different situations.
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Chapter 3. Development of Acartia clausi

In this chapter, I develop a life cycle model for Acartia clausi and simulate its
development time from egg to adult in different environmental conditions. With this
model, I also conduct sensitivity experiments to study the sensitivity of the development
of Acartia clausi to variations in the temperature and food concentration at different
temperature conditions. By doing this, I aim to get a better understanding of the
observed time lag between the seasonal variations of the chlorophyll concentration and

Acartia clausi abundance at the Stonehaven sampling station.

3.2 Acartia claust life cycle model

There are already some studies about modelling the development of copepods. A life
cycle model for Pseudocalanus spp. in the Baltic Sea was established by Fennel (2001).
The model simulated the life cycle of Pseudocalanus spp. by resolving both the biomass
and abundance of five ontogenetic life cycle stages. An advantage of this kind of model
is that biological processes are described for each life cycle stage so that the effects of
the environmental conditions on the life cycle dynamics of copepods can be considered.
Based on the basic model structure from Fennel (2001), Stegert et al. (2007) introduced
new parametrizations for some biological processes and calibrated a life cycle model
for Pseudocalanus elongatus in the North Sea. These model studies provided a good
opportunity to get a better understanding of the life cycle dynamics of copepods when

in situ observations which cover the whole copepod life cycle were absent.

The structure of the current Acartia clausi life cycle model is adopted from Fen-
nel (2001). The biological processes of Acartia clausi are parametrized according to the
information published in literature. The parameter values which are difficult or impos-
sible to obtain from the previous studies are estimated with the laboratory experimental
data from Klein Breteler and Schogt (1994). Here, I first introduce the model structure
and parametrizations of different biological processes. The dataset and the estimation

of the uncertain parameter values are introduced later.
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3.2.1 Equation system

The life cycle of Acartia clausi is composed of 13 life cycle stages: egg, nauplius (NI-
NVI), copepodite (CI-CV), adult (CVI). In the model, I simplify this life cycle into
four life cycle stages because in the observations, one generally regards the life cycle
stages with similar morphological characters and behaviors as one ‘integrated’ life cycle
stage. The life cycle model of Acartia clausi adopts four life cycle stages: egg, nauplius,
copepodite, adult. For convenience, I label them as i=1, 2, 3, 4, respectively. For each

life cycle stage the biomass [Z = (Zy,Zs,Z3,Z4)| (in mmol N m~3) and abundance
[[f = (Al,AQ,Ag,A4)] (in individuals m~3) are resolved. The prognostic equations

(equation 3.1) of the model are as follows:

0Z S

= = M7 (3.1)
OA .

L = MA

315 A )

where the non-linear matrices (Mz and M,) are:

Y1 — Ti2 0 0 0
— 0 0
M, — + T2 e — To3 ’
0 +To3 Y3 — T34 0
0 0 + 734 Y
O1—Tip 0 0 0
+ — 0 0
My — T1,2 05 T2,3
0 +To3 @3 — T34 0
0 0 + T34 Qua

In the non-linear matrices, the term v; = (gi, + gi . ) —1; —n; means the source terms or
loss terms of the biomass: ingestion (g;,,gi,, When i = 2,3,4), egestion and excretion
(I; when i = 2, 3,4), and mortality (n; when i = 1,2, 3,4); the term ¢; = —r; represents
mortality (n; when ¢ = 1,2,3,4), which is the loss term of the abundance. In the
non-linear matrices, the life cycle stage transition rates (7,; = ¢;; or k; ;) represent
hatching (¢12) or moulting (k23 or k34). Note that in this chapter, I do not consider
the reproduction of adult. I model only the development from egg to adult. The

reproduction of adult is introduced and discussed in Chapter 4.
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3.2.2 Parametrizations of biological processes

The parametrizations of ingestion, life cycle stage transition, egestion and excretion,
mortality are introduced in the following sections. During my introduction of the
parametrizations of these biological processes, I also introduce how I choose the values

of some parameters and provide references.

3.2.2.1 Ingestion

Ingestion is the most important biological process that determines the development
time. Acartia species are omnivorous (Hu et al., 2012). Acartia clausi feeds on phyto-
plankton as well as on small detritus (slowly sinking dead organic matters) (Uye, 1981;
Mayzaud et al., 1998). T use the terms Dy and P to present the two food sources: small

detritus and phytoplankton. The ingestion rate (g;) is calculated with equation:

9i = YGip T Gip,

Gir = G i(P) LA(T) (V) 5 32
o, = Gy (D) SAT) fs(V) 52

In Equation 3.2, the ingestion rates (g;, and g;,_, for i=2,3,4) that describe the amount
of food ingested per day are influenced by three factors: the food concentration (f;(P),
f1(Dy)), temperature (fo(7")) and the individual body weight (f3(1#)). The terms

Jimarp a0 @i, are the maximum grazing rates on phytoplankton and detritus.

Following, I will first introduce how I choose the values for g, and g, and
then introduce the parametrizations of fi(P), fi(Ds), f2(T) and f3(W). The values
Of Gimax, a0d gy, are taken from previous observations. Katechakis et al. (2004)
investigated the ingestion rate of Acartia clausi when it was fed with the saturated
food concentration and measured the maximum ingestion rate to be 0.5640.14 d*.
This value agrees with the measurement of the ingestion rate of adult from another
Acartia species (Acartia tonsa) in White and Roman (1992), in which the maximum
ingestion rates for nauplius, copepodite and adult were measured to be 2.8 d7!, 1.8
d=! and 0.56 d=! when Acartia tonsa was fed with the saturated food concentration.

Because Acartia clausi and Acartia tonsa are genetically similar species, and both

18



Chapter 3. Development of Acartia clausi

observations were made under saturated food concentrations, I set the value of g, ,
(i=2,3,4) referring to White and Roman (1992). Small detritus is a food source of low
quality. According to Mayzaud et al. (1998), the ingestion rate of Acartia clausi is
higher when it was fed with small detritus than when it was fed with phytoplankton.
But no actual values were measured in previous studies. In the model, I assume the

values of g;,.. ~to be 2 times higher than the values of g,

Food dependent ingestion Mayzaud et al. (1998) studied the ingestion of Acartia
clausi under different food concentrations and found that the ingestion of this species
followed a Holling type 2 (Holling, 1965) response to different food concentrations. In

this model, the food dependent ingestion is calculated with following equation:

Pa

P) = —— .
f1(P) Po ke (3.3)
D2
D) = ——=
(D) Do+ k.

where the terms kp and kp, are the half saturation coefficients for phytoplankton and
small detritus, and « is a curve factor. In Mayzaud et al. (1998), the value of the half
saturation coefficient (kp) for phytoplankton was measured to be ranging from 170 to
200 pug protein 171, If 16% of protein can be regarded as nitrogen (Geider and Roche,
2002) and using gram to mole conversion of nitrogen, the value of kp then equals to
1.9-2.3 mmol N m~3. Here, I set the value of kp to be 2.3 mmol N m~3. Mayzaud et al.
(1998) also measured the half saturation coefficient for small detritus and found that
when Acartia clausi was fed with small detritus, the ingestion rate increased linearly
with the small detritus concentration without reaching a saturation. The reason was
that the small detritus was a food source of low quality. In this model, I thus set the
half saturation constant for small detritus (kp,) to be 2.5 times larger than that for
phytoplankton (kp). The value of the curve factor («) is estimated with the observation

data, I will come to this issue later.

Temperature dependent ingestion For the temperature dependent ingestion, a

modified Gaussian function is used:

T — Topt

FAT) = o~y )

(3.4)
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where the term 75, is the optimum temperature for grazing, and 7} and 75 are two
reference temperatures. The shape of Equation 3.4 is controlled by the values of T}
and T,. Direct measurements of the relation between temperature and the ingestion
rate are rare. Instead, I use the relation between temperature and the egg production
rate to estimate the temperature dependent ingestion because the egg production rate
of copepods can be used to estimate ingestion conditions (Dagg, 1977). Sullivan and
McManus (1986) investigated this relation and found the maximum egg production
rate of Acartia clausi occurred at 15°C. In Uye (1981), the egg production rate of
Acartia claust under saturated food conditions was measured to be high at 14.7-17°C,
all exceeding 60 eggs female d~*. The two observations are quite close. Here, I set the
value of T,,; to be 15°C following Sullivan and McManus (1986). The values of 77 and

T, are estimated with the observation data. I will come to this issue later.

Body weight dependent ingestion To parametrize the inhibition effect of cuticle
of copepods on ingestion (this phenomenon was observed and reported in McLaren

(1986)), I follow the model design from Stegert et al. (2007). A parabolic function is

used:
1 for VVZ S ‘/meZ
- ) 2
f3(VV2) = 1- (%) for sznl < Wz S Wmaxi (35)
0 for Wiae, < Wi

where the term W, is the mean individual body weight, calculated as the ratio between
the total biomass (Z;) and the total abundance (A4;), the terms W,,;,,, and W,,,,,, are the
minimum individual body weight and the maximum individual body weight. The values
of Winin, and W,,,,. are listed in Table 3.1. Equation 3.5 controls that individuals are
able to ingest at a maximum rate up to the minimum individual body weight (W, ,,.),
and when the mean individual body weight exceeds the minimum individual body

weight, the ingestion rates decrease gradually down to zero at the maximum individual

body weight (W,,az,)-

3.2.2.2 Egestion and excretion

Egestion and excretion are two loss terms of the biomass. The ingested food is partly

used for growth, and the rest is lost through egestion (faecal pellets) and metabolism.

20



Chapter 3. Development of Acartia clausi

In the model, I consider the egestion and excretion of nauplius, copepodite and adult
(i=2,3,4).

Egestion  Egestion is formulated as (1 — 8p)gi, + (1 — fp,)gip,, Where the terms
Bp and f[p, are the assimilation efficiencies for phytoplankton and small detritus. The
value of Bp are given following Mayzaud et al. (1998). Mayzaud et al. (1998) observed
that the assimilation efficiency for phytoplankton ranges from 0.76 to 0.78. In the
model, I use the median value of 0.77 for Sp. About the value of Bp,, there is no direct
measurement. In Mayzaud et al. (1998), the assimilation efficiency for the mixed
food (phytoplankton:small detritus=1:1) was measured to be around 0.49. Taking the
assimilation efficiency for phytoplankton into account, I calculate that the assimilation
efficiency for small detritus is 0.16. This low value agrees with the general understanding

that small detritus is a food source of low quality.

Excretion Excretion is formulated as ;@107 ~Trer)/10 where the term ¢; is the excre-
tion rate, (10 is a measure of the variation in the excretion rate when there is a 10°C
temperature rise, and 7.y is a reference temperature. The value of ¢; is given following
Gaudy et al. (2000). The ammonia excretion rates of Acartia clausi copepodite and
adult were measured in Gaudy et al. (2000) to be 2.484-0.62x10~* ug atom N h~* ind !
at 10°C, salinity 35. Taking the reference individual body weight of copepodite and
adult (shown in Table 3.1) into account, the range of the ammonia excretion rate for
copepodite is 3.97-4.95% d~!, and for adult is 1.06-1.3% d~!. In the model, I set

I and the excretion rate of adult to be

the excretion rate of copepodite to be 4.0% d~
1.3% d~!. Since there were no measurements of the excretion rate of nauplius, I set the
value of the excretion rate of nauplius to be 4.0% d~! referring to the excretion rates
of copepodite and adult. In Gaudy et al. (2000), they also measured the excretion
rate at 20°C, salinity 35 to be 5.5641.74x10™* ug atom N h~! ind~!. According to the
definition of Q10, I calculate that the value of Q10 for Acartia clausi ranges from 1.26

to 3.97. In the model, I set the value of Q10 to be 2.58.

3.2.2.3 Life cycle stage transition

Life cycle stage transition means the biological processes: moulting (i93 and ¢34) and

hatching (k12).
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Moulting  Moulting is the consequence of growth. When copepod individuals of
early life cycle stage grow to a certain point and reach a threshold body weight, they
moult to the next life cycle stage. The parametrization of moulting includes in the
model the transfer of biomass (Z;) and abundance (A;) from nauplius to copepodite
and from copepodite to adult. I use an individual body weight dependent sigmoidal

function to calculate the moulting rate:
vijg = mijfa(Ws) (3.6)

where fq(W;) is

(Wifwrefi)Q
LW = T,
0 when Wep, > W;

when Wyep, < W,

In Equation 3.6, the term m;; is the maximum moulting rate with value of 1 d™*,
the term Wy, is the reference individual body weight, and k,,, is a curve factor. The
equation controls that the moulting is inhibited before the individual body weight (W)
reaches the reference individual body weight (W,.y,), and from the reference individual

body weight, the moulting rate increases gradually to 1 d—!.

Hatching  The hatching of copepod eggs is controlled by the temperature. With
Bélehrdek’s empirical function (Bélehradek, 1935), the hatching time (time needed for
hatching) can be estimated (McLaren et al., 1969). General formulation of Bélehrdek’s
empirical function is D = a(T — b)¢, where D is the hatching time of egg (in day), a
is a fitting factor (in d °C™'), and ¢ is a dimensionless constant. The parameters a
and ¢ control the sensitivity of the equation to the variations in the temperature, b is
a reference temperature (in °C) referring to ‘biological zero’ temperature at which the

metabolic activity of eggs stops.

The relation between temperature and hatching time is well studied in eggs of
Acartia spp. (McLaren et al., 1969; McLaren, 1978; Uye, 1980). There are two observa-
tions in the North Atlantic about Acartia clausi egg development, one is from McLaren
et al. (1969) in Nova Scotia (D = 1163(T + 8.2)%%) and the other is from McLaren
(1978) in L. Striven, west coast of Scotland (D = 1442(T +10.49)2%). T use the latter
empirical equation to parametrize the hatching rate because it is observed in the sea

area very close to the North Sea.
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Bélehrdek’s empirical function expresses the relation between hatching time and
temperature. In the model, I need to convert the hatching time-temperature relation
into hatching rate-temperature relation. Two steps are conducted for this purpose.
Firstly, the hatching time under different temperatures are calculated with the empirical
function. Then, the relation between the reciprocal of the hatching time (the hatching

rates) and temperatures are fitted with equation:
Ri2 = M2 eXp(n (T - Tscale)) ) (37)

where the term 7' is temperature and n is a fitting factor. Ti.q. is a reference temper-
ature. The value of Tj.q. is 20°C. The value of n is decided by fitting the equation 3.7

to reproduce the hatching rate.

3.2.2.4 Mortality

The parametrization of the mortality rate is difficult because the mechanism regulating
the mortality rate is poorly understood. There are several reasons that could cause
deaths of copepods: disease, starvation and predation by higher trophic levels. In the
model, I use a constant mortality rate plus a body weight dependent mortality rate to
take these factors into account. The constant mortality rate accounts for disease and
predation related death and the body weight dependent mortality rate accounts for
starvation related death. Starvation mortality is an important non-predatory source
of death (Lynch, 1983). I use a body weight dependent mortality to parametrize this
effect because Threlkeld (1976) suggested that the survival time of zooplankton under
conditions of starvation could be calculated with the excretion rate and the fraction of
initial body weight that could be lost prior to death. According to the Chossat’s rule
(Kleiber, 1961), in the absence of predators, the mortality rate can be 100% when the
body weight is decreased by half due to starvation. In the model, I parametrize the
body weight dependent mortality based on this rule. The function used to calculate

the mortality rate is

W;
N = (Tmam - Ti) Wy eXp<_fci ) +7; ) (38)
Wrefi

where the term 7,4, is the maximum mortality rate with the value as 1 d=!, r; is the

constant mortality rate of different life cycle stages, f., is a curve constant, controlling
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the shape of the body weight dependent mortality rate, and w; is a switch controlling

for which life cycle stage the body weight dependent mortality rate is activated.

Acartia clausi is a broadcast spawner, which lays eggs directly into the outside
environment. The mortality of its eggs is very high. For this reason, I set the mortality
rate of eggs to be 15% d~!. The constant mortality rates of nauplius, copepodite and
adult are set to be 0.4% d=!, 0.36% d~! and 0.36% d~*, respectively according to the
observed levels in the North Sea in Hay et al. (1988).

3.2.2.5 Parameter values

Depending on the sources of the values, four groups of parameters are discerned. The
first group is the parameters with robust values taken from previous literature. These
parameters are weights of different life cycle stages and parameters used to parametrize
the well investigated biological process, the hatching of egg. The second group is the
parameters whose values are derived from results of the laboratory experiments that
study particular biological processes of Acartia clausi. These parameters are the main
part of the model parameters. These parameters include the half saturation coefficient
in the food dependent ingestion, the optimum temperature for ingestion, (Q10, the ex-
cretion rates and the constant mortality rates. The third group is the parameters, whose
values are derived from the observations that are related to the other Acartia species
or general information on copepods with reasonable assumptions. These parameters
are the maximum ingestion rates and the body weight related mortality rates. The
fourth group is the parameters whose values are estimated with the laboratory obser-
vation data. They are curve factors in the food dependent ingestion and the reference

temperatures in the temperature dependent ingestion.

The values of the reference, maximum and minimum individual body weights are

listed in the Table 3.1. The values of the other parameters are summarized in Table 3.2.
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Source data (dry weight per individual)

Citation Egg NI NIIT NIII NIV NV NVI Unit
Hay et al. (1988) 0.1 0.1 0.149 0.212 0.285 0.387 0.517 g
Parameter values in this study
Life cycle stage Egg Nauplius

pg ind~! mmol Nind™* pg ind~! mmol N ind ™!
Wies 0.1 5.03e-07 0.275 1.38e-06
Winin - - 0.1 5.03e-07
Winaz - - 0.51 2.58e-06
Source data (dry weight per individual)
Citation C1 C2 C3 C4 Cb5 Male Female Unit
Hay et al. (1988) 0.338 0.703 1.407 2.388 4.305 6.326 7.724 JIEes
Parameter values in this study
Life cycle stage Copepodite Adult

pg ind~! mmol N ind ™! pg ind™*  mmol N ind ™!

Wiet 1.83 9.2e-06 7.03 3.5e-05
Winin 0.517 2.6e-06 5.31 2.7e-06
Winae 4.305 2.2e-05 8.0 4.0e-05

Table 3.1: The reference, minimum and maximum individual body weights for each life cycle stage. The dry weight in unit ug per
individual is converted to mmol N per individual by assuming that 40% of the dry weight is carbon and using the gram to mole
conversion of carbon and the Redfield ratio (C:N=6.625).
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Parameters 2 Zo Z3 4 Unit
Ingestion

G - 2.8 1.8 0.58 d-!

Gy, - 5.6 3.6 1.16 d-t

kp - 2.3 2.3 2.3 mmol N m~3
kp, - 5.75 5.75 5.75 mmol N m~3
! - 2.75 2.75 2.75 -

Topt - 15 15 15 °C

Ty - 1 1 1 °C

T, - 6.5 6.5 6.5 °C

Moulting

K, - 1.2e-06 1.3e-06 5.0e-06 mmol N ind~*
Hatching

Tscate 20 - - - °C

n 0.1085 - - - °C~!

mio 1 - - - d!

Egestion and excretion

Bp - 0.77 0.77 0.77 -

Gi - 4.0% 4% 1.3% d-!
Q10 - 2.58 2.58 2.58 -
Trey - 10 10 10 °C
Mortality

Jes - 9.5 9.5 9.5 -
Tmaz 100% 100%  100%  100%  d~*
T 15%  4.0%  36% 36% d!
w; 0 1 1 1 -

Table 3.2: The parameter values in the life cycle model of Acartia claus.

3.3 Model application and results

The life cycle model is coded with the numeric computing language, Matlab (Matrix
Laboratory). I use the high order solver (ODE 45) of the ordinary differential equation
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to solve the prognostic equations of each life cycle stage.

In order to estimate the values of the curve factor («) in the food dependent in-
gestion (Equation 3.3) and the reference temperatures (77 and Ts) in the temperature
dependent ingestion (Equation 3.4), I simulate the model in constant environmental
conditions (temperature and food levels) according to the laboratory experimental se-
tups from Klein Breteler and Schogt (1994). Three groups of simulations are conducted.
The first group is at 5°C under the food concentration of 1.4 and 2.6 mmol N m—2 (food
concentration equals to 111 and 206 ug C 171, firstly, I use gram to mole conversion of
carbon to convert the unit pug C 17! into mmol C 17! and then Redfield ratio C:N=6.625
to convert the unit mmol C 17! into mmol N m™3); the second group is at 10°C, 1.0
and 1.6 mmol N m~3 (79 and 127 ug C 171); the third group is at 15°C, 1.0 and 1.4
mmol N m™2 (79 and 111 ug C 17!). Because in the laboratory experiments in Klein
Breteler and Schogt (1994), only algae were fed to Acartia clausi, in this chapter, I
apply only phytoplankton as food source.

In each simulation, the ontogenetic development time of one single cohort (1000
individuals m—3) from egg to adult is simulated. The development time is determined
when half of the population reaches the adulthood. The time step of the model is 3600

model seconds. I run all simulations for 200 model days.
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Figure 3.1: The generation development time from the model results (solid red line)

and experimental data (dashed blue line). For the observation, the standard deviation

of the development time is displayed with blue solid line. The magenta crosses at 5°C,

1.4 mmol N m~2 mean missing data. In Klein Breteler and Schogt (1994), at 5°C, 1.4

mmol N m~3, Acartia clausi cohort failed to develop to the life cycle stages CVI and

CV before died out. When the observation data were not available, Klein Breteler and
Schogt (1994) provided estimations with a fitting function.

The model results of each simulation and the experimental data from Klein
Breteler and Schogt (1994) are displayed in Figure 3.1. The food dependent inges-
tion is tested at the same temperatures with different food concentrations. At 5°C, the
difference of the development time between model result and experimental data is less

than 5 days under the lower food concentration (1.4 mmol N m~3) but at the higher
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food concentration (2.6 mmol N m~3), the model result is not in a reasonable range
compared with the experimental data. At 10 and 15°C, the model results are in a
reasonable range compared with the experimental data under both higher food concen-
trations (10°C, 1.6 mmol N m~3; 15°C, 1.4 mmol N m~3) and lower food concentrations
(10°C, 1.0 mmol N m~3; 15°C, 1.0 mmol N m~3). This means that the parametrized
food dependent ingestion in the model has better performance at 10 and 15°C than at
5°C. The food dependent ingestion is parametrized with Equation 3.3, in which the half
saturation coefficient is the key parameter. The value of the half saturation coefficient
is 2.3 mmol N m~3. This value is given according to the observation in Mayzaud et al.
(1998). They did the laboratory experiments at 14-15°C. It appears that the observed
value of the half saturation coefficient is overestimated when applied to 5°C. This may
lead to an underestimation of the development time, especially when the model is ap-
plied to simulate the development time in the conditions with low temperatures and

high food concentrations.

In this thesis, I intend to model the life cycle dynamics of Acartia clausi in the
North Sea. The annual range of SST in the open North Sea is 5-16°C (Janssen et al.,
1999; Becker and Schulz, 2000) and the food concentrations exhibiting as surface chloro-
phyll concentrations ranges from 1 to 4 mg chl m™3 (equals to 0.62-2.48 mmol N m—3
when assuming that 1 mg Chl=50 mg C (Radach and Pétsch, 1997) and using the
gram to mole conversion of carbon and the Redfield ratio to convert the unit mg C to
mmol N) in the central and northern North Sea (Radach and Pétsch, 1997). When
SST is low, e.g. in winter, the food concentration is also low. The experimental setup
of low temperature, high food concentration (5°C, 2.6 mmol N m™3) is rare in reality.
Since the value of the half saturation coefficient adopted from Mayzaud et al. (1998) is
sufficient in representing the experimental data at 10 and 15°C and the measurement
of the value of the half saturation coefficient at low temperatures is rare in previous
literature, I keep the value from Mayzaud et al. (1998). In order to reduce the differ-
ence between the development time under higher and lower food concentrations at low

temperatures, I set the value of a to be 2.75.

The values of T} and Ts in the temperature dependent ingestion are estimated by
comparing the model results to the experimental data in the conditions with similar
food concentrations and different temperatures. The experimental data show that

when the temperature increases from 5 to 10°C (from 5°C, 1.4 mmol N m~3 to 10°C,
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1.6 mmol N m~3), the development time is decreased by 69 days and when temperature
rises from 10 to 15°C (10°C, 1.0 mmol N m~3; 15°C, 1.0 mmol N m~3), the development
time is decreased by 20 days. This implies that under similar food concentrations, the
development time decreases with rising temperature. I choose the values for 77 and T5

to be 1 and 6.5°C, which can reproduce the experimental data.

3.4 Sensitivity experiments

In this section, I study the sensitivity of the development of Acartia clausi to varia-
tions in the temperature and food concentration at different temperature conditions
with sensitivity experiments. The sensitivity experiments are conducted based on two
scenarios: 6°C, 1.4 mmol N m™2 (REF1) and 12°C, 1.4 mmol N m—® (REF2). I choose
the temperatures to be 6°C and 12°C because at the Stonehaven sampling station, in
March the monthly mean SST is around 6°C and in August/September the monthly
mean SST is 12-14°C. Two group of sensitivity experiments are conducted. The first
group is to increase or decrease the temperature by 1°C: STI1 (Sensitivity experiment:
the Temperature is Increased in scenario 1), STD1 (Sensitivity experiment: the Tem-
perature is Decreased in scenario 1), STI2 and STD2. The second group is to increase
or decrease the food concentration by 10%: SFI1 (Sensitivity experiment: the Food
concentration is Increased in scenario 1), SFD1 (Sensitivity experiment: the Food con-
centration is Decreased in scenario 1), SF12 and SFD2. In each sensitivity experiment,
the development time is calculated. In the following table, I give a summary of the

simulations conducted in this section.
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Simulation | Condition

REF1 6°C, 1.4 mmol N m—3
Reference scenarios

REF?2 12°C, 1.4 mmol N m—3

STI1 7°C, 1.4 mmol N m—3

STD1 5°C, 1.4 mmol N m~3
Temperature£1°C

STI2 13°C, 1.4 mmol N m~3

STD2 11°C, 1.4 mmol N m—3

SFI1 6°C, 1.54 mmol N m~3

SFD1 6°C, 1.26 mmol N m~3
Food concentration+10%

SFI2 12°C, 1.54 mmol N m~3

SFD2 12°C, 1.26 mmol N m~3

Table 3.3: An overview of the setups of the sensitivity experiments in Section 3.4.
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Figure 3.2: Percentage changes of the development time when a decrease (dark bar)
or an increase (light bar) are made to the temperature and food concentration. In
the upper panel, the temperatures in REF1 and REF2 are increased or decreased
by 1°C, from left to right, the bars mean (STI1-REF1)/REF1, (STD1-REF1)/REF1,
(STI2-REF2)/REF2 and (STD2-REF2)/REF2; in the lower panel, the food concen-
tration in REF1 and REF2 are increased or decreased by 10%, from left to right,
the bars means (SFII-REF1)/REF1, (SFD1-REF1)/REF1, (SFI2-REF2)/REF2 and
(SFD2-REF2)/REF2.

The results of the sensitivity experiments are shown in Figure 3.2. The results
show that under the same food concentration, the percentage changes of the devel-

opment time induced by temperature changes are higher at 6°C than that at 12°C.
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At different temperatures, the percentage changes of the development time induced
by changes in food concentrations are also higher at 6°C than at 12°C. The results
suggest that the development of Acartia clausi is much more sensitive to variations in
the temperature and food concentration at low temperature conditions than at high

temperature conditions.

3.5 Summary and discussion

In this chapter, I develop a life cycle model for Acartia clausi to study the sensitivity
of the development of Acartia clausi to variations in the temperature and food concen-
tration at different temperature conditions. The life cycle model is developed using a
similar model structure as in Fennel (2001). The biological processes of Acartia clausi

are parametrized according to the information published in literature.

The model is applied to simulate the development time from egg to adult in differ-
ent environmental conditions and the model results are compared to the experimental
data from Klein Breteler and Schogt (1994). The model results show that the model
is able to reproduce the experimental data at 10 and 15°C under both the high and
low food concentrations. At 5°C, the model is able to reproduce the observed devel-
opment time under the low food concentration but under the high food concentration,
the model result is not in a reasonable range compared to observations. The reason
for this discrepancy is that the current value for the half saturation coefficient in the
food dependent ingestion, which is taken from Mayzaud et al. (1998), was measured at
14-15°C. When applied this value to model the development time in the condition with
low temperature and high food concentration, the development time may be underes-
timated. More measurements of the ingestion of Acartia clausi at low temperature are

needed in order to improve the model performance.

The results of the sensitivity experiments show that the development of Acartia
clausi is more sensitive to variations in the temperature and food concentration at low
temperature conditions than at high temperature conditions. This model result can be
used to better understand the observed mismatch between the seasonal variations of
the chlorophyll concentration and Acartia clausi abundance at the Stonehaven sampling

station. The earliest timing of the annual maximum surface chlorophyll concentration
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peak observed at the Stonehaven sampling station during the observation period is in
week 15. But before week 21 it is unlikely that the Acartia clausi copepodite abun-
dance can reach 10% of the abundance of its annual maximum peak (chance is less than
0.5%). The main reason for this mismatch is that the low temperature (5-7°C) during
the spring phytoplankton bloom suppresses the development of Acartia clausi. This
phenomena was also reported in Colebrook (1982), in which the long time series con-
tinuous plankton record data from the North Atlantic and the North Sea were analyzed.
The mismatch induced by the low temperature at the beginning of the growing season
is severely affecting the energy transfer from phytoplankton to zooplankton. Only less
than 10% of the phytoplankton production in spring and early summer are directly
utilized by zooplankton (Fransz and Gieskes, 1984; Smetacek, 1984). The results of the
sensitivity experiments imply that future climate warming will benefit Acartia clausi.
Due to climate warming, the temperature at the beginning of growing season will be
increased and the timing of the phytoplankton bloom will be earlier (earlier timing
of the phytoplankton bloom due to climate variations in the North Sea has already
been reported, e.g., in Edwards and Richardson (2004)). Both of the two effects will
accelerate the development of Acartia clausi at the beginning of the growing season.
Thus, in the future a better match between phytoplankton and Acartia clausi at the

beginning of growing season is expected.
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Modelling the seasonal variation of
Acartia clausi abundance under

different reproductive patterns

4.1 Introduction

Resting stage formation as a mechanism to overcome adverse environmental conditions
is a well-known life history strategy. Copepods are an important group of zooplankton
in oceans, and so far more than 50 species of marine copepods have been reported to
produce resting eggs (e.g., Uye, 1985; Dahms, 1995; Marcus, 1996; Engel and Hirche,
2004). The production of resting eggs is often performed to overcome harsh environ-
mental conditions. The fluctuation in temperature is reported to be the main factor
inducing the production of resting eggs (Grice and Marcus, 1981; Uye, 1985; Sullivan
and McManus, 1986).

Acartia clausi has been reported to produce resting eggs. In Akkeshi Bay (north-
east of Japan), where the water temperature dropped to -2°C in winter, resting eggs
from Acartia clausi were found in abundance of 10%-10° m~2 on the seafloor in Novem-
ber and February (Uye, 1985). Also, Acartia clausi was found to lay resting eggs that
stay unhatched for about two weeks when in summer the temperature reached above

22°C in the Inland Sea of Japan (Uye, 1985). Acartia clausi produced resting eggs
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to overcome the time period of high sea temperature. Resting eggs of this species for

similar purposes were also reported by Sullivan and McManus (1986).

In the North Sea, resting eggs belonging to Acartia spp. were found in winter near
the English Channel (Lindley, 1990) and Helgoland (Engel and Hirche, 2004). These
observations implied that Acartia clausi might produce resting eggs in the North Sea,
although the researchers did not taxonomically determine to which Acartia species
these resting eggs belonged. According to Uye (1985), Acartia clausi produces resting
eggs may be for two purposes. One is for overwintering and the other is for overcoming
the hot summer. In the North Sea, the water temperature in summer rises rarely above
20°C, it is unlikely that Acartia clausi needs to produce resting eggs to overcome the
hot summer time as in the Inland Sea of Japan. If resting eggs are produced by this

species in the North Sea, they may be used as an overwintering strategy.

Whether the production of resting eggs should be included in the life cycle model
of Acartia clausi becomes an important question. Firstly, reproductive pattern directly
determines the seasonal variation of Acartia clausi abundance. Secondly, resting eggs
may be used as an overwintering strategy. The composition and abundance of the
overwintering stocks are important factors determining the seasonal variation of cope-
pod abundance. In this chapter, I will model the seasonal variations of Acartia clausi
abundance considering different reproductive patterns and compare the model results
to the seasonal variation of Acartia clausi abundance at the Stonehaven sampling sta-
tion. This allows to address the question whether it is necessary to include resting egg

production into the life cycle model as an overwintering strategy.

Three types of eggs, that differ in their modes of the development, have been
distinguished: subitaneous eggs, dormant eggs (diapause eggs) and quiescent eggs.
Quiescent eggs are very similar to subitaneous eggs. Subitaneous eggs hatch in a few
days after being produced, regardless of variations in the environmental conditions.
The hatching of quiescent eggs is related to environmental conditions. Generally, they
hatch soon after being produced but they are also able to delay their hatching in
response to deteriorating environmental conditions, e.g. changes in the temperature
or oxygen concentration. Dormant eggs are very different from quiescent eggs and
subitaneous eggs because the hatching of dormant eggs is not possible before they have

completed a refractory phase (dormancy period) (Grice and Marcus, 1981). The length

35



Chapter 4. Different reproductive patterns

of the dormancy period varies for different species, lasting from a few weeks to several

months or even to several years.

The reproductive patterns in this chapter are different in the types of eggs pro-
duced. If assuming that Acartia clausi in the North Sea produces resting eggs for
overwintering, in principal there are three possibilities for the reproductive pattern.
The first one is a combination of subitaneous eggs and quiescent eggs, the second one
is subitaneous eggs and dormant eggs, and the third one is subitaneous eggs, dormant
eggs and quiescent eggs all together. Since subitaneous eggs and quiescent eggs are very
similar and in Chapter 3, I have already introduced a temperature dependent hatching
trigger that is able to delay the hatching of subitaneous eggs in low temperatures, in
this chapter I treat both egg types in the same way (this egg type is called the subi-
taneous egg). For simplicity, two reproductive pattern are considered in the model:

subitaneous eggs only or a combination of subitaneous eggs and dormant eggs.

4.2 Model description

In Chapter 3, I model the development of Acartia clausi from egg to adult in different
environmental conditions. In this chapter, I focus on the seasonal variation of Acartia
clausi abundance in the North Sea, the life cycle model of Acartia clausi is thus needed
to include the parametrizations of reproduction and other biological processes related to
different types of eggs, such as dormancy period and the hatching of dormant eggs. In
the following sections, I will introduce the parametrizations of these biological processes,
and a Phytoplankton-Nutrient-Detritus (PND) model to which Acartia clausi life cycle

model is coupled.

4.2.1 Acartia clausi life cycle model
4.2.1.1 Equation system

Since the resting egg production is taken into consideration, there are then six life
cycle stages in the present life cycle model of Acartia clausi: subitaneous egg, nau-

plius (NI-NVI), copepodite (CI-CV), adult, and two dormant egg stages: immature
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dormant egg and mature dormant egg (for convenience, I label them as i=1, 2, 3, 4,

5, 6, respectively). For each life cycle stage the biomass [Z = (Zy, Zy, Z3, Zy, Zs, ZG)]
(mmol N m~3) and the abundance |A = (A;, Ay, A3, Ay, As, AG)} (individuals m~3) are

resolved. The ordinary differential equations are:

dZ .
dA .
& MaA
dt A )

where the non-linear matrices (Mz and M) are:

wl — T1,2 0 0 + T41 0 0
+ 71,2 wg —T2,3 0 0 0 + T6,2
MZ _ 0 + 72,3 ’(/13 — T34 0 0 0 ’
0 0 + T34 Ya— Tag — Tas 0 0
0 0 0 + T4,5 w5 — T56 0
0 0 0 0 + 75,6 wﬁ — 76,2
(bl —T1,2 0 0 + T4,1 0 0
+Ti2 Q2 — To3 0 0 0 + Te,2
0 + — 0 0 0
My — 72,3 ®3 73,4
0 0 + T34 G4 —Ta1— Tap 0 0
O 0 0 + T4,5 (Z55 - 7-5,6 O
0 0 0 0 +T56 06 — Te2

In the non-linear matrices, the term ¢; = (¢g;, + giDS) — l; — m; represents the source
terms or loss terms of the biomass: ingestion (g;p, gi,, When i = 2,3,4), egestion and
excretion (I; when i = 2,3,4), and mortality (1; when i = 1,2,3,4,5,6); the term
¢; = —n; represents mortality (n; when ¢ = 1,2,3,4,5,6), which is the loss term of
the abundance. In the non-linear matrices, the life cycle stage transition rate (7 ;)
represent reproduction (Ay1, Ag5), hatching (112, t62), moulting (ko3 or K3 4) or imma-
ture dormant egg to mature dormant egg transition (wsg). The parametrizations of
ingestion, egestion and excretion, moulting, hatching and mortality have already been

introduced in Chapter 3 and will not be presented here again.

37



Chapter 4. Different reproductive patterns

4.2.1.2 Life cycle stage transition

The parametrizations of reproduction (Ay; or A\s5), immature dormant egg to mature
dormant egg transfer (ws6) and hatching of mature dormant egg (k¢2) are introduced

in this section.

Reproduction Reproduction of adults only happens when the individual body weight
of adult exceeds the reference individual body weight of adult. A part of biomass from
female adults is provided to produce eggs. The reproduction rate Ay; (j = 1,5) is

calculated with the equation:

)\4,]' = 5pfemf4(W4)5j ) (4-2)

where the term 0 is the maximum reproduction rate, py.,, is the proportion of females.

The limitation function f;(Wy) is calculated as

(W4_Wref )2
fwy) = | T, e Wies, < Wi
0 when Wy, > Wy |

where the term W, is the individual body weight of adult, which is calculated as the
ratio of the total adult biomass to total adult abundance, the term Wy, is the reference
individual body weight of adult and the term k,, is a curve factor. The term ¢; is the

proportion of subitaneous egg or immature dormant egg to the total egg production as

€1 for subitaneous egg production
€j = €5 for immature dormant egg production

g1+ 5 = 100%

The value of ¢ is given following Tiselius (1989). Tiselius (1989) observed that the
reproduction rate of Acartia clausi ranged from 9.7 to 17.5 eggs female™ d=! in the
transition zone between the North Sea and the Baltic Sea in July and August. I use
the larger value for the maximum reproduction rate in this model. The value of ¢; is

set in the sensitivity experiments. I will introduce this later.

Immature dormant eggs to mature dormant eggs transition According to the
observation, dormant eggs have to overcome a dormant period before the hatching is

possible. Following the model design from Hense and Beckmann (2010), I parametrize
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a dormancy period for the immature dormant eggs in the model. The dormancy period

is calculated with the following equation:

1

t
— | Z to, 1) dt’ 4.3
o ) eyl (4.

Xdorm =
Z5max (

where the expression

Z5,00 (to, 1) = max({Zs}} )

is the maximum immature dormant egg biomass during the time period (from ¢, to t).
With this equation, the dormancy period is counted from the time (¢,) when the female
adults begin to produce immature dormant eggs. When the required dormancy period

(Dyy,) is reached, the immature dormant eggs are transferred to mature dormant eggs.

Hatching of subitaneous eggs and mature dormant eggs The hatching of
the mature dormant egg (kg2) and the subitaneous egg (k12) are parametrized with
equations:

K/LZ — ml 2 e(n (TﬁTscale)) (44)

)

56,2 — m6,2 e(n (TﬁTscale)) ,
where the terms m; o and mgo are the maximum hatching rate with value 1 d=!, the

terms n and Ty.q. and their values have already been introduced in Section 3.2.2.3.

4.2.1.3 Parameter values in the life cycle model of Acartia clausi

The parameter values are listed in Table 4.1. The sources of most parameter values
listed have been introduced in Chapter 3. In this chapter, I include immature dormant
eggs and mature dormant eggs into the life cycle model of Acartia clausi. There are
no measurements of the length of the dormancy period of dormant eggs from Acartia
clausi. In the model, T assume that the length of the dormancy period (Dy,) to be
270 days, making sure that the dormant eggs hatch after winter (after February). This
assumption is made based on the concept that copepods produce dormant eggs to
overcome harsh environmental conditions. The mortality rates of immature dormant
eggs and mature dormant eggs are given according to Sichlau et al. (2011). They

measured the mortality rate of dormant eggs from Acartia spp. near the island Fiinen,
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Denmark to be 35%-53% year—!. In the model, I set the mortality rate of dormant
eggs according to the higher measured value. The individual body weights of immature
dormant eggs and mature dormant eggs are set to be the same as the individual body

weight of subitaneous eggs.

Parameters 2 Lo Z3 4 s Z6 Unit
Ingestion

Gimax - 5.6 3.6 1.16 - - d-t

Gimap - 2.8 1.8 0.58 - - d-!

kp, - 5.0 5.0 5.0 - - mmol N m~3
kp - 2.0 2.0 2.0 - - mmol N m~3
Topt - 15 15 15 - - °C

Ty - 1 1 1 - - °C

T, - 7 7 7 - - °C

o - 3.5 3.5 3.5 - - -

Moulting

ko, - 1.2e-06 1.3e-06 - - - mmol N ind~!
Reproduction

o, - - - 5.0e-06 - - mmol N ind ™!
4} - - - 0.25 - - d-!

Pfem - - - 80% - - -

g;* - - - - - - -

Hatching and immature dormant egg to mature dormant egg transfer

Dy - - - - 270 - d
ms 6 - - - - 1 - q-1!
mi2 1 - - _ _ _ q-!
Me,2 - - . - i} 1 q-1
Tscate 20 - - - - 20 oC
n 0.1085 - - - - 0.1085 °C™1
Egestion and metabolism

Bp - 0.77 077 077 - - .
Bp, - 0.16 0.16 0.16 - - ,

Gi - 10.5%  5.5% 4.4% - - d-!

Continued on next page
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Table 4.1 — Continued from previous page

Parameters 2 Lo Z3 4 s Z6 Unit
Q10 - 2.58 2.58 2.58 - - -

T . 10 10 10 - °C
Mortality

f., ] 9.5 9.5 9.5 ] ] ]

Tmaz - 100% 100% 100% - - d-t

T4 15% 3% 1.5% 1.5% 0.6% 06% d!
W 0 1 1 1 0 0 -
Vertical velocity (assuming upward velocity as positive)™*

Wy, -20 0.5 1 1.5 -20 -20 m d!

7

Table 4.1: Parameter values in the life cycle model of Acartia clausi in Chapter 4. *:
the value of ¢; will be set in Section 4.3. *: The description of the vertical velocity is
given in Section 4.2.2

4.2.2 PNZD model

Equation system of PNZD model The life cycle model of Acartia clausi is coupled
to a nitrogen based Phytoplankton-Nutrient-Detritus (PND) model in order to form a
complete nutrient cycle. I replace the bulk zooplankton compartment (Z) in the PNZD
model from Kiithn and Radach (1997) with the life cycle model of Acartia clausi. 1
then couple the PNZD model to a 1-dimensional water column model. The nitrogen
fluxes between phytoplankton (P), nutrients (N, ), large detritus (D), small detritus

(D) and zooplankton (Z;) in the 1-dimensional water column model are described with
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equations:
oP = P 24: A P lpP
ot &D,./ A Jip i 77\]3/ \P,./
phytoplankton growth ‘212 , mortality exudation
grazing
0 0
— Z(wpP - A, =P
oz (wp 0z ),
vertical motion am vertical diffusion
ON, !
= lpP 1; Z; D, + Dy
o LA DM R
exudation R =2 , remineralization
excretion
0 0
. P ~ ZaA 2N,
&D,-/ 82( 0z )J
phytoplankton growth VerticalTiiffusion
0Z;
% Eﬁipgip + BiDsgiDs)Zi - i Z; — 0i 2
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where the terms pup, np and [p are respectively the growth rate, mortality rate and
exudation rate of phytoplankton, the term + is the remineralization rate of detritus
and the term ¢ represents the proportion of the small detritus to total detritus. The
terms f3;, and 3;, are the assimilation efficiencies of Acartia clausi for phytoplankton
and small detritus. The terms wp, wy,, wz,, wp, and wp, are vertical velocities of
respective ecosystem compartment, the values of which are given at the beginning of
the simulation. The term A, is the vertical diffusivity, the value of which is provided

by the 1-dimensional water column model during the simulation.

Growth of phytoplankton Phytoplankton are the primary producers in the food-
web. In this thesis, I model the phytoplankton biomass concentration with one bulk
model compartment and do not consider the life cycle of different algae species. The
growth rate (up) of phytoplankton is limited by light (photosynthetically available ra-
diation, I,4-) and nutrient (N,). The phytoplankton growth rate is calculated with the

equation:

I par

' Lpar N (4.6)
_ ex — ’
/"LP /"LPmaac mal‘(]o/4, Imzn) p max(IO/Zla Imzn) kNu + Nu 9

where the term pp,,,. is the maximum phytoplankton growth rate, the terms Iy and 1,
are the intensities of the sea surface solar radiation and minimum photosynthetically
active solar radiation. The term ky, is the half saturation nutrient constant, which

denotes the slope in the phytoplankton nutrient uptake.

The absorption effect of water and the bioturbidity effect of the organic matters
on the incoming solar shortwave irradiance are taken into account when calculating the

L4 for each depth level. The equation used to calculate 4 at water depth (z) is:

Ipar(z) = Iy Tpar [Gl‘p(—k’w Z) + B(Z)] ) (47)

where the term 7,,, is the proportion of the solar shortwave irradiance that can be used
for the photosynthesis, k,, is the absorption coefficient of water and B(z) denotes the
bioturbidity effect of the organic matters. B(z) is calculated with the equation:

z

B(z) = exp[—k. / oz)dz] (4.8)

0
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z
where the term k. is the absorption coefficient of the organic matters and [ c(2) d?
0

denotes the integral of the organic matter (¢(z') is the sum of the biomass concentration
of phytoplankton, zooplankton and detritus at specific water level) from surface to
depth z. Equation 4.8 calculates the absorption effect of the solar shortwave irradiance

by the organic matters from sea surface to depth z.

Parameter values of PND model part The parameter values about the PND
model part are listed in the Table 4.2.

Parameters value unit

P, o 2.0 d-!

Tpar 0.35 -

Ky 0.05 m!

k. 0.06 m? mmol N—*
Lin 35 W m—?2

kn, 1.2 mmol N m™3
np 0.02; 0.05* d!

¥ 0.013 d—!

lp 0.01 d-!

wp, -5 md!

wp, -0.3 m d~!

wp -1 md!

© 30% -

Table 4.2: The parameter values in the PND model part. *: The mortality rate of
phytoplankton in euphotic zone is smaller than that below the euphotic zone (euphotic
zone is defined as the water depth (z) where I, (z) has decreased to one fourth of

Ipar(o))'

4.3 Model setups and application

I use the one-dimensional water column model, General Ocean Turbulence Model
(GOTM) (Umlauf et al., 2005) as the framework for the hydrodynamics of the North
Sea and for the coupling of biology and physics. Three scenarios are set up in the North
Sea (Figure 4.1) referring to the three subregions that are introduced in section 1.2.
The first scenario is located in the northern North Sea where the North Atlantic water
mass dominates. The second scenario is in the central North Sea, where the North
Atlantic water mass and the continental coastal water mass mix and form the central

North Sea water mass. The third one is in the southern North Sea, near the English
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Channel. The vertical resolution of the three scenarios is one meter per level. The time

step is one model hour.

60°N

Scenario 2 .
. .

54°N Scenario 3 - |

480N - - L

6°W 0° 6°E 12°E

Figure 4.1: From the north to south, three scenarios are set up in the North Sea. The
water depths in Scenario 1 (59.1°N, 1.7°E), Scenario 2 (57.3°N, 4.2°E) and Scenario 3
(53.0°N, 2.2°E) are 120 m, 70 m, 40 m, respectively.

Physical model setup  The physical model is initialized with temperature and
salinity vertical profiles. The wind speed at 10 m height above the sea surface and the
sea surface slope gradient in zonal and meridional directions are applied as forcing. The
air temperature and relative humidity at 2 m height above the sea surface together with
surface air pressure are applied to calculate the sea surface momentum and heat flux
with the formular from Kondo (1975). I use the second order model as the turbulence
closure. The turbulent kinetic energy and the dissipative length scale are calculated
in k-epsilon style. The type of the stability function is set referring to Schumann and
Gerz (1995). The values of the coefficients in the second order model are set referring
to Cheng et al. (2002), and the parameter values in the k-epsilon model are given

according to Rodi (1987).

The data used to set up the physical model of the three scenarios are from dif-

ferent sources. The salinity and temperature profiles are from a high resolution 3D
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North Sea circulation model (HAMSOM) (Chen et al., 2012). Based on the salinity
and temperature data from Chen et al. (2012), that are daily mean values from 1970-
2001, T generate a climatological daily mean temperature and salinity time series data
for one year. The climatological data such as the wind speed, relative humidity, cloud
coverage and air temperature are from NCEP/NCAR reanalysis 1 (Kalnay et al., 1996)
daily mean data. I take the daily mean meteorological data from 1970-2001 and gen-
erate a climatological daily mean time series data for one year. In order to produce
a meteorological forcing with the temporal resolution as 6 hours, I interpolate linearly
between the climatological daily mean values. The surface air pressure in the model
are assumed to be constant as 101.3 kPa. The surface slope gradient data are taken
from the GOTM scenario ‘Annual North Sea Simulation’ (Burchard, 1999; Bolding et
al., 2002), which are generated from observations during autumn 1998 based on the
harmonic analysis of four partial tides. The internal pressure gradients are set to zero.

I repeat the forcing every model year.

Biological model setup For the biological model, I choose the second-order modified
Patankar-Runge-Kutta scheme as the ordinary differential equation solver. This solver
ensures that the values of biological compartments are positive and the total biomass
in the ecosystem model is conservative. The vertical resolution and time step of the

biological model are set to be the same as in the physical model.

For each of the three locations, two model simulations with different reproductive
patterns are carried out: only subitaneous eggs are produced (g7 = 100% and e5 = 0%)
and subitaneous eggs, and dormant eggs are simultaneously produced (¢; = 70% and
g5 = 30%). For convenience, I label them as SE1,2,3 (only Subitaneous Egg) and
DS1,2,3 (both Dormant egg and Subitaneous egg). The values of 1 and €5 in DS1,2,3
are set referring to the observation from Uye (1985) that the ratio of subitaneous eggs
to dormant eggs produced by Acartia clausi in the Inland Sea of Japan in June was
close to 7:3. Since the factors inducing the production of dormant eggs in Acartia
clausi have not been fully understood yet, it is hard to quantify when and under which
conditions dormant eggs are produced. Therefore, I assume that dormant eggs are

produced simultaneously with subitaneous eggs.

The initial conditions of the biological model in every sensitivity experiment are

listed in the Table 4.3.
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Parameter wvalue unit

P 0 mmol N m~3
N, 4.5 mmol N m~3
D, 4.5 mmol N m~3
D, 0 mmol N m~3
Ay 10000 individual m~3
A, 0 individual m—3
As 0 individual m—3
Ay 0 individual m—3
As 0 individual m—3
Ag 0 individual m—3

Table 4.3: The initial condition of the biological model.

The initial values of Z; are calculated by multiplying A; with the reference in-
dividual body weight of the respective life cycle stages. All Acartia clausi life cycle
stages, phytoplankton, nutrient and detritus are homogeneously initialized in the water

column.

4.4 Model results and discussion

Temperature distribution  The seasonal variations of the sea temperature from
the three scenarios are presented in Figure 4.2. According to Otto et al. (1990), the
mean SST at the location of scenario 1 is 6.5-7°C in February and 14-14.5°C in August;
at the location of scenario 2 the mean SST is around 5.5°C in February and 15-15.5°C
in August; at the location of scenario 3 the mean SST is 5-5.5°C in February and 15.5-
16°C in August. In the model result, the mean SST in scenario 1 is 6.8°C in February
and 14.1°C in August; in scenario 2 the mean SST is 5.5°C in February and 14.5°C
in August; in scenario 3 the mean SST is 5.3°C in February and 15.9°C in August.

Compared to the observations, the simulated temperatures are reasonable.
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Figure 4.2: The seasonal variations of the sea temperature in scenario 1 (a), scenario 2
(b) and scenario 3 (c).
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The turbulence intensity can be inferred from the vertical temperature profile. In
the cold months from November to March, the water columns in the three scenarios
are all well mixed. In the warm months from May to October, the increase in SST
stabilizes the water column enabling the possibility of the stratification. In scenario 1
and scenario 2, temporal thermoclines form at around 20-30 m depth in summer. In
scenario 3, because the water depth is only 40 m, tides and the surface heat exchange
well mix the water column all through the year. The temporal thermocline is unable
to form in scenario 3. The model results are reasonable compared to Otto et al. (1990)
that the locations of scenario 1 and 2 are in the ‘stratified” area while the location of

scenario 3 is in the ‘mixed’ area.

Model results from DS1 and SE1 The seasonal variations of the phytoplankton
biomass concentration and the abundance of different Acartia clausi life cycle stages
are shown in Figure 4.3. At the beginning of the year, the phytoplankton biomass con-
centration remains at a low level (nearly 0 mmol N m~3) because of the light limitation.
The phytoplankton biomass concentration begins to increase from week 10 onwards. In
week 22, the phytoplankton biomass concentration reaches the maximum peak of the
year with the amplitude of 2.0 mmol N m~3. This value is equivalent to 3.2 mg chl m~3
(first using the Redfield ratio and the mole to gram conversion of carbon to convert
unit mmol N m~ into mg C m~2 and then assuming that 1 mg C equals 0.02 mg chl
(Radach and Pétsch, 1997)). Compared to the observation at the Stonehaven sampling
station and the North Sea chlorophyll concentration distribution displayed in Radach
and Pétsch (1997), the amplitude of the maximum phytoplankton biomass concentra-
tion peak in scenario 1 is in a reasonable range. Because of the combined effect of the
nutrient depletion, grazing and mortality, the phytoplankton biomass concentration
decreases gradually after the maximum peak. In week 35, the phytoplankton biomass
concentration has decreased to less than 0.4 mmol N m~3. The autumn phytoplankton
bloom comes in week 36 when the vertical mixing refreshes the nutrient supply before
the light availability becomes limiting. The magnitude of the autumn bloom is much

smaller than that of the spring bloom, reaching only 0.7 mmol N m™3.

The simu-
lated seasonal variation of the phytoplankton biomass concentration exhibits a typical
northern North Sea phytoplankton distribution pattern that according to Bresnan et
al. (2009), the phytoplankton biomass concentration remains low from November to

the subsequent February and increases rapidly from March to June.
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Figure 4.3: The seasonal variations of the phytoplankton biomass concentration (weekly
vertically mean, right y-axis) and the abundance of different Acartia clausi life cycle
stages (weekly vertically mean, left y-axis) in DS1 (a,c) and SE1 (b,d).

With different reproductive patterns, the seasonal variations of the abundance of
different Acartia clausi life cycle stages in DS1 and SE1 are different. According to the
model setups, dormant eggs are produced simultaneously with subitaneous eggs in DS1.
After being produced, the dormant eggs stay in dormancy and the subitaneous eggs
hatch in the following few days (Figure 4.3a). Subitaneous eggs hatch soon after being
produced, implying that the water temperature in scenario 1 is not limiting the hatching
process. The overwintering life cycle stages in DS1 are adults and dormant eggs. The
dormant eggs finish the dormancy period in week 13 and begin to hatch. The newly
hatched nauplii from the dormant eggs initialize the seasonal cycle of Acartia clausi of
the year (Figure 4.3c). By feeding on the rapid increasing phytoplankton biomass, the
nauplii hatched from dormant eggs develop to copepodites and form the first copepodite

peak in week 17, right before the maximum phytoplankton biomass concentration peak.
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This makes a tight match between Acartia clausi and phytoplankton. The individuals
from the first cohort develops to adult in week 21, which greatly increase the abundance
of spawning adults. From this time point, the abundance of Acartia clausi comes to the

phase of fast increment. In week 31, the adult abundance reaches the annual maximum

peak.

In SE1, the model setup is that Acartia clausi produces only subitaneous eggs.
The subitaneous eggs all hatch in a few days after being produced (Figure 4.3b). The
overwintering life cycle stage in SE1 are adults. The model results show that it is
not until week 25 that the overwintering adults have accumulated enough biomass and
begin to produce the first egg cohort, which initialize the seasonal cycle of Acartia
clausi of the year. The timing of the first nauplius cohort in SE1 is later than that
in DS1 for more than 10 weeks. The late timing of the initialization of the seasonal
cycle of Acartia clausi causes a mismatch between Acartia clausi and phytoplankton.
Because of this mismatch, the amplitude of the maximum adult abundance peak in

SE1 is nearly 8 times smaller than that in DS1.
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Figure 4.4: The normalized seasonal variations of the phytoplankton biomass concen-
tration (green solid line), and the copepodite abundance in DS1 (magenta solid line)
and SE1 (magenta dashed line).

Producing dormant eggs for overwintering seems to be a beneficial strategy. Dor-
mant eggs hatching at the beginning of the year extends the growing season of Acartia
clausi and match Acartia clausi with phytoplankton. Both of these two effects lead

to a higher Acartia clausi abundance. But this tight match is not recorded at the
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Stonehaven sampling station. I normalize the seasonal variations of the phytoplank-
ton biomass concentration and copepodite abundance with their own maximum annual
peaks of the year (Figure 4.4). The results show that the first copepodite cohort in
DS1 appears in week 19 and its abundance can reach 55% of the maximum copepodite
abundance peak in DS1 and the first copepodite cohort in SE1 appears in week 25 and
its abundance reaches less than 10% of the maximum copepodite abundance peak in
SE1. At the Stonehaven sampling station (Figure 2.4), the earliest timing of the chloro-
phyll concentration peak during the observation period is in week 15 but the chance
that Acartia clausi copepodite abundance can reach 10% of the maximum copepodite
abundance peak before week 21 is very low. In scenario 1, the timing of the phyto-
plankton peak is in week 21 but in DS1 the Acartia clausi copepodite abundance has
reached 55% of the maximum copepodite abundance peak of the year in week 19. The
early timing of the first copepodite cohort and its high abundance are not documented
at the Stonehaven sampling station. The model results in DS1 do not fit the observed

seasonal cycle of Acartia clausi.

Compared to the observation data, the model results from SE1 are more reason-
able. In SE1, when the timing of the maximum phytoplankton peak is later than the
observed earliest timing of the chlorophyll concentration peak at the Stonehaven sam-
pling station, the timing of the first copepodite cohort is also later than the timing of
the observed first copepodite cohort. And the abundance of the first copepodite cohort

in SE1 is less than 10% of the maximum copepodite abundance peak of the year.

Model results from DS2 and SE2 The seasonal variations of the phytoplankton
biomass concentration and the abundance of different Acartia clausi life cycle stages
are shown in Figure 4.5. Because the location of scenario 2 is to the south of the
location of scenario 1, the phytoplankton biomass concentration begins to increase
earlier in scenario 2 than in scenario 1. The phytoplankton biomass concentration
begins to increase from week 5 and in week 17, the phytoplankton biomass concentration
reaches its maximum peak of the year (Figure 4.5). The maximum phytoplankton
biomass concentration peak is nearly 2.4 mmol N m~3. Because of the nutrient depletion
and mortality, the phytoplankton biomass concentration decreases gradually after the

maximum peak. The autumn phytoplankton bloom occurs in week 35.
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Figure 4.5: The seasonal variations of the phytoplankton biomass concentration (weekly
vertically mean, right y-axis) and the abundance of different Acartia clausi life cycle
stages (weekly vertically mean, left y-axis) in scenario 1, DS2 (a,c) and SE2 (b,d).

The seasonal variation of Acartia clausi abundance in DS2 is quite similar to that
in DS1. Producing dormant eggs helps Acartia clausi to match better with phytoplank-
ton. Before the maximum phytoplankton biomass concentration peak, the dormant eggs
finish the dormancy period and hatch (Figure 4.5a). The nauplii hatched from dormant
eggs initialize the seasonal cycle of Acartia clausi (Figure 4.5¢). The individuals of the
first cohort develop to the life cycle stage copepodite in week 14 before the maximum
phytoplankton biomass concentration peak. By feeding on the high concentration of
the phytoplankton biomass, the abundance of Acartia clausi increases fast. In week 26,

the adult abundance reaches its maximum peak of the year.

The maximum adult abundance peak in SE2 appears in week 30 and its amplitude
is 4 times smaller compared to the magnitude of the maximum adult abundance peak

in DS2. The reason for this difference lies in the timing of the first Acartia clausi cohort
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too. Taking the copepodite abundance for example, the first copepodite cohort in SE2
is about 5 weeks later than the first copepodite cohort in DS2. This delay causes the
first Acartia clausi cohort to miss the maximum phytoplankton biomass concentration
peak. But in scenario 2, the phytoplankton biomass concentration increases earlier
than that in scenario 1. This leads to an earlier timing of the the first generation in
SE2 than in SE1. The time lag of the first copepodite cohort between SE2 and DS2 is
much smaller than the time lag of the first copepodite cohort between SE1 and DSI1.
For this reason, the difference of the amplitude between the maximum adult abundance

peak in SE2 and DS2 is smaller than the difference between SE1 and DS1.
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Figure 4.6: The normalized seasonal variations of the phytoplankton biomass concen-
tration (green solid line) and the copepodite abundance in DS2 (magenta solid line)
and SE2 (magenta dashed line).

The normalized seasonal variations of the phytoplankton biomass concentration
and the copepodite abundance are shown in Figure 4.6. The results show that the
timing of the maximum phytoplankton biomass concentration peak is in week 17. The
first copepodite cohort in DS2 appears in week 14 with amplitude reaching 17% of
the maximum copepodite abundance peak of the year. The first copepodite cohort
in SE2 appears in week 19 and its abundance reaches 40% of the abundance of the
maximum copepodite peak in SE2. Compared to the observation at the Stonehaven
sampling station, the early timing of the first copepodite cohort in DS2 is not recorded
and its abundance is also too high. The model result in DS2 can not reproduce the

observed seasonal cycle of Acartia clausi. Compared to the observation, the model
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results from SE2 are more reasonable. In SE2, the timing of the first copepodite cohort

is in agreement with the observation.

Model results from DS3 and SE3 The seasonal variations of the phytoplankton
biomass concentration and the abundance of different Acartia clausi life cycle stages are
shown in Figure 4.7. The location of scenario 3 is near the south outlet of the North
Sea. The timing of the maximum phytoplankton biomass concentration peak is the
earliest among the three scenarios. The phytoplankton biomass concentration begins
to increase from week 4 and reaches the maximum peak in week 14 with an amplitude

of 2.4 mmol N m—3.

Because in summer the nutrient supply is relative sufficient due
to the strong vertical mixing, the phytoplankton biomass concentration maintains at
a high level (above 1.5 mmol N m~3) until day 250 when the solar radiation becomes
limiting.
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Figure 4.7: The seasonal variations of the phytoplankton biomass concentration (weekly
vertically mean, right y-axis) and the abundance of different Acartia clausi life cycle
stages (weekly vertically mean, left y-axis) in DS3 (a,c) and SE3 (b,d).
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Under this special seasonal variation of the phytoplankton biomass concentra-
tion, the seasonal variations of Acartia clausi abundance in DS3 and SE3 are similar.
In DS3, the overwintering life cycle stages are adult and dormant egg. Because the
phytoplankton biomass concentration begins to increase very early, before the overwin-
tering dormant eggs finish the dormancy period, the overwintering adults have already
accumulated enough biomass and begin to produce eggs (Figure 4.7a). The hatching
of the dormant eggs do not advance the timing of the first generation. Because of this
reason, the timing and the amplitude of the maximum adult abundance peaks in DS3
and SE3 are very close. In DS3, the overwintering dormant eggs function just like subi-
taneous eggs because they hatch together with the newly produced subitaneous eggs
meaning that the dormant eggs have no positive effects on the seasonal cycle but just
delaying their hatching by staying in dormancy. During the period of them staying
in the dormancy, a great portion of the dormant eggs are lost due to mortality. This
causes negative effects on the seasonal cycle of Acartia clausi because a part of eggs

which should be used to increase the community abundance are lost.
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Figure 4.8: The normalized seasonal variations of the phytoplankton biomass concen-
tration(green solid line) and the copepodite abundance in DS3 (magenta solid line) and
SE3 (magenta dashed line).

The normalized seasonal variations of the phytoplankton biomass concentration
and copepodite abundance are shown in Figure 4.8. The results show that the timing

of the first copepodite cohort in DS3 and in SE3 are the same, all in week 15.
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4.5 Summary and conclusion

In this chapter, I model the seasonal variation of Acartia clausi abundance under dif-
ferent reproductive patterns in three scenarios. Specifically, I focus on the dormant
egg production because Acartia clausi may produce dormant eggs for overwintering.
The model results show that seeing from the timing of the maximum phytoplankton
biomass concentration peak, the dormant eggs function in two ways. The first is that
in the northern and central North Sea, producing dormant eggs for overwintering helps
Acartia clausi to match better with phytoplankton by extending the growing season
of Acartia clausi. The second is that in the southern North Sea, producing dormant
eggs has negative influences on the seasonal cycle of Acartia clausi. In DS3, the dor-
mant eggs finish the dormancy period after the timing of the maximum phytoplankton
biomass concentration. At the time when dormant eggs hatch, overwintering adults
have already begun to produce eggs. The hatching of dormant eggs does not help
Acartia clausi to match better with phytoplankton. The adverse effect of producing
dormant eggs is that a portion of dormant eggs are lost in vain during dormancy period

because of mortality.

I compare the model results from scenario 1 and scenario 2 to the observation at
the Stonehaven sampling station and find that the seasonal variations of Acartia clausi
abundance in DS1 and DS2 can not reproduce the observed seasonal cycle of Acartia
clausi. The seasonal variations of Acartia clausi abundance in SE1 and SE2 are more
in agreement with the observation. This means that in the northern and central North
Sea, producing dormant eggs should not be included in the model as an overwintering

strategy.

In the southern North Sea, Wesche et al. (2007) studied the overwintering strat-
egy of Acartia clausi in the German Bight. They did not find that in this area Acartia
clausi produced dormant eggs for overwintering and the main overwintering life cycle
stage of Acartia clausi was adult. The model results from scenario 3 show that when
overwintering dormant eggs hatch after the maximum phytoplankton biomass concen-
tration peak, the seasonal variation of Acartia clausi abundance differs little with or

without considering producing dormant eggs as an overwintering strategy.
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Thus, I come to the conclusion that when modelling the seasonal variation of
Acartia clausi abundance in the North Sea, it is not necessary to include the dormant

egg production into the life cycle model as an overwintering strategy.
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Chapter 5

Contemporary and projected
phenological patterns of

phyto-zooplankton in the North Sea

5.1 Motivation

Copepods play an important role in many marine ecosystems as grazers, providing an
important pathway for energy from primary producers to consumers at higher trophi-
cal levels. Changes in the copepod abundance due to climate variations are observed
to affect the abundance of fishes and induce regime shifts in marine ecosystems (e.g.,
Beaugrand et al., 2003; Alheit et al., 2005; Méllmann et al., 2008). The seasonal devel-
opment of the copepod abundance depends on the temporal match between copepods
and their food source: phytoplankton. Phenology, or the life cycle dynamics of plank-
ton (zooplankton and phytoplankton), is very sensitive to climate variations because
temperature is a key parameter affecting the growth rate, body size and generation
time of plankton. Phenological changes of plankton caused by climate variations have
been reported in different marine ecosystems (e.g., Mackas et al., 1998; Edwards and
Richardson, 2004). It is assumed that in the future, climate warming will disturb the
temporal match between copepods and phytoplankton if they fail to response to fu-
ture climate warming synchronously. The decoupling of the phenological patterns may

cause a decline in the copepod abundance through bottom-up effects. One concern is
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that the signal will resonate to upper trophic levels, affecting the yields of commercially

important fishes.

The aim of this part is to project the potential phenological changes of phytoplank-
ton and copepods caused by future climate warming and to see whether future climate
warming will induce a temporal mismatch between them. In this chapter, I focus on
the North Sea and the key North Sea copepod species, Acartia clausi. Throughout the
North Atlantic Ocean, a general increase in SST has been recorded in the past century
(Beaugrand, 2009). This warming trend is projected to continue in the future. The
North Sea is a marginal sea of the North Atlantic Ocean. The sea temperature in the
North Sea is also observed to increase, e.g. since 1981 there has been a documented in-
crease of 0.2-0.4°C per decade in SST in the northwestern North Sea (Fisheries Research
Services, 2003). In the future, according to the projections of the GCMs ‘HadCM3’
(Gordon et al., 2000; Pope and Macer, 1996), the annual mean SST of the North Sea
will increase from 10.3°C (annual mean SST 1990-1999) to 10.7-11.5°C until 2050, and
by the end of 21st century, according to IPCC (2007), the annual mean SST of the
North Sea is projected to be increased by 1.5-3.5°C.

In this chapter, I project the phenological responses of phytoplankton and Acar-
tia clausi to climate warming, and study the interaction between phytoplankton and
Acartia clausi in a warmer environment through modelling the seasonal variations of
phytoplankton biomass concentration and Acartia clausi abundance based on the pro-
jected temperature rises in the North Sea. In detail, two steps in this study are con-
ducted. Firstly, the ecosystem model is applied to reproduce the seasonal variations
of phytoplankton biomass concentration and Acartia clausi abundance at the Stone-
haven sampling station aiming to get an overview of the contemporary phenological
pattern of phytoplankton and Acartia clausi, and also to get a better understanding of
the life cycle dynamics of Acartia clausi in the North Sea. The first step at the same
time provides a comparable counterpart for the following warming scenarios. Secondly,
I model the seasonal variations of phytoplankton biomass concentration and Acartia

clausi abundance based on the projected North Sea temperature rises.
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5.2 Ecosystem model

In this chapter, I couple the life cycle model of Acartia clausi to a nitrogen based
Phytoplankton-Nutrient-Detritus (PND) model by replacing the bulk zooplankton com-
partment (Z) in the PNZD model with the life cycle model of Acartia clausi. The equa-
tion system and parametrizations of the biological processes in the biological model are
basically the same with those in Chapter 3 and Chapter 4 except that in this chapter
I parametrize a temperature limitation for the phytoplankton growth in order to take
into account the effects of climate warming on the development of the phytoplankton

biomass concentration.

PND model setup  Phytoplankton is the prime producer of the marine ecosys-
tem. A reasonable numerical representation of the observed seasonal variation of the
phytoplankton biomass concentration is the prerequisite for reproducing the observed
seasonal variation of Acartia clausi abundance. In addition to light and nutrient, tem-
perature is also regarded as a limiting factor for the phytoplankton growth. It is
observed that there is an optimum temperature for algae growth. The growth rate of
algae increases gradually at suboptimal temperatures and decreases at supraoptimal
temperatures (Eppley, 1972). I use a Gaussian function to parametrize the tempera-
ture limitation on the phytoplankton growth rate. The growth rate of phytoplankton

is calculated in this chapter with the equation:

[par 1 [par Nu
_ ex —
pp HPras maz(lo/4 L) p max(lo/4, Inin) ) kN, + Nu
(T —TL,)?
exp(—i) (5.1)
(TSIZale>2

In Equation 5.1, only the temperature limitation is newly implemented, the other parts
of this equation have already been introduced in Chapter 4. The term 7’ OI;t is the optimal

temperature for the phytoplankton growth and 77 . is a reference temperature. The

scale
value of T}, is given referring to Thomas et al. (2012) in which the relation between
optimal temperatures for the phytoplankton growth and annual mean SST of the sea
regions where phytoplankton reside are compiled from observation data. The annual
mean SST at the Stonehaven sampling station during the observation period is 9.6°C.

According to compiled information in Thomas et al. (2012), I set the value of T, to
be 16°C.
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The parameter values used in the PND model are listed in Table 5.1.

Parameters value unit

P, 2.2 d-!

Tpar 0.35 -

Lin 35 W m—2

ke 0.05 m~!

k. 0.06 m~2 mmol N~}
kn, 1.2 mmol N m—3
np 0.02; 0.05* d~!

y 0.014 d-!

lp 0.01 d—!

wp, -5 m d!

wp, -0.3 m d~!

wWp -1 md!

© 30% -

Tol;t 16 °C

T" 11 °C

scale

Table 5.1: The parameter values in the PND model of Chapter 5 (*: The phytoplankton
mortality rate in euphotic zone is smaller than that below the euphotic zone).

Parameter values in the life cycle model of Acartia clausi In Chapter 4,
I find that it is not necessary to take the dormant egg production into account as an
overwintering strategy when modelling the life cycle dynamics of Acartia clausi in the
North Sea. In this chapter, I use the life cycle model of Acartia clausi in Chapter 4
and set that all the produced eggs are subitaneous eggs. Here, I increase the constant
mortality rates of some life cycle stages so that the model can reproduce the seasonal
variation of Acartia clausi abundance measured at the Stonehaven sampling station.

In Table 5.2, the parameter values of the life cycle model are listed.

Parameters Z; o Z3 n Unit
Ingestion

G - 2.8 1.8 0.58 d-!

Gimax - 5.6 3.6 1.16 d-!

kp - 2.0 2.0 2.0 mmol N m~3
kp, - 5.0 5.0 5.0 mmol N m—3
o - 3.5 3.5 3.5 -

Continued on next page
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Table 5.2 — Continued from previous page

Parameters 2 Za Z3 Zy Unit
Topt - 15 15 15 °C
Ty - 1 1 1 °C
T - 7 7 7 °C
Reproduction

o, - - - 5.0e-06 mmol N ind ™!
) - - - 0.25 d-!
Pfem - - - 80% -

€j 100% - - - -
Moulting

Euw, - 1.02e-06 1.18e-06 - mmol N ind ™!
Hatching

Tscate 20 - - - °C
n 0.1085 - - - °oC—!
Egestion and excretion

Bp - 0.77 0.77 0.77 -
Bp, - 0.16 0.16 0.16 -

Si - 10.5% 5.5% 4.4% d-!
Q10 - 2.58 2.58 2.58 d-!
Trey - 10 10 10 °C
Mortality

fe; - 9.5 9.5 9.5 -
Trmaz 100%  100% 100% 100%  d™!
T 15% 4.0% 3.6% 3.6% d-!
W 0 1 1 1 .

Vertical velocity (assuming upward velocity as positive)

Wy, -20 0.5 1 1.5 m d—?

7

Table 5.2: The parameter values in the life cycle model of Acartia clausi in Chapter 5.
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5.3 Model setups and application

5.3.1 Model setups

The one-dimensional water column model, GOTM is used as the framework for the
hydrodynamics at the Stonehaven sampling station and for the coupling of biology and
physics. Referring to the water depth at the Stonehaven sampling station, the vertical
depth in the model is set to be 50 m. The vertical resolution of the physical model is

one meter per level. The time step is one hour.

Physical model setup The physical model is initialized with temperature and
salinity vertical profiles. The wind speed at 10 m height above the sea surface and the
sea surface slope gradient in zonal and meridional directions are applied as forcing. The
air temperature and relative humidity at 2 m height above the sea surface together with
surface air pressure are applied to calculate the sea surface momentum and heat flux
with the formular from Kondo (1975). I use the second order model as the turbulence
closure. The turbulent kinetic energy and the dissipative length scale are calculated
in k-epsilon style. The type of the stability function is set referring to Schumann and
Gerz (1995). The values of the coefficients in the second order model are set referring
to Cheng et al. (2002), and the parameter values in the k-epsilon model are given
according to Rodi (1987).

The salinity and temperature profiles are from a high resolution 3D North Sea
circulation model (HAMSOM) (Chen et al., 2012). Based on the salinity and temper-
ature data from Chen et al. (2012), which are daily mean values from 1970-2001, I
generate a climatological daily mean salinity and temperature time series data for one
year. The meteorological data such as wind speed, relative humidity, cloud coverage
and air temperature are from NCEP/NCAR reanalysis 1 (Kalnay et al., 1996) daily
mean data. I take the daily mean meteorological data from 1970-2001 and generate a
climatological daily mean time series data for one year. In order to produce a meteo-
rological forcing with the temporal resolution of 6 hours, I interpolate linearly between
the climatological daily mean values. The surface air pressure in the model are assumed
to be constant as 101.3 kPa. The surface slope gradient data are taken from the GOTM
scenario ‘Annual North Sea Simulation’ (Burchard, 1999; Bolding et al., 2002), which

are generated from observations during autumn 1998 based on the harmonic analysis of
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four partial tides. The internal pressure gradients are set to zero. I repeat the forcing

every model year.

Ecosystem model setup The ecosystem model is resolved with the second-order
modified Patankar-Runge-Kutta scheme. The time step and the vertical resolution of
the biological model are set to be the same as in the physical model. The initial con-
ditions of the biological model are homogeneously applied to all the water levels at the
beginning of the simulation. The initial conditions of the biological model compart-
ments are listed in Table 5.3. The value of the initial nutrient concentration (IV,) is
given based on the observation that in winter at surface layer, the nitrate concentration
at Stonehaven is 5.5-14.5 mmol N m™3 (Bresnan et al., 2009). Since in winter the water

column is well mixed, the nitrate concentration at each depth level should be the same.

Parameter wvalue unit

P 0 mmol N m~3
N, 5.5 mmol N m~3
D, 4.5 mmol N m~3
D, 0 mmol N m~3
Ay 10000 individual m~3
A, 0 individual m—3
As 0 individual m—3
Ay 0 individual m—3
As 0 individual m—3
Ag 0 individual m~—3

Table 5.3: The initial conditions of the biological model in Chapter 5.

5.3.2 Model applications

I have conducted five simulations including one ‘standard’ model simulation and four
warming scenarios. In the ‘standard’” model simulation, the ecosystem model is applied
to reproduce the seasonal variation of Acartia clausi abundance at the Stonehaven sam-
pling station. For convenience, I label it as TR0 (annual mean Temperature is Raised
by 0°C). Following, four warming scenarios are conducted based on the projected future
North Sea annual mean SST rises. The model setup for the four warming scenarios are
the same as in the ‘standard’ model simulation, except the altered temperature forcing.

The annual mean SST in the four warming scenarios are increased by 1.2°C, 2°C, 2.5°C
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and 3°C, respectively. For convenience, I label them as TR1.2, TR2, TR2.5 and TR3.
TR1.2 is designed according to the output from the GCMs ‘HadCM3’ that until 2050
the annual mean SST in the North Sea will be increased by 0.4-1.2°C. I take the larger
value for the first warming scenario. The other three warming scenarios are designed
based on the projection from the IPCC (2007) that until the end of the 21st century, in
the low greenhouse gas emission scenario the annual mean SST in the North Sea will

be increased by 1.5-2°C, and in the high emission scenario by 2-3.5°C.

5.4 Model results

5.4.1 Seasonal variations of SST and the phytoplankton

biomass concentration

Seasonal variation of SST The seasonal variations of SST from TR0 and the Stone-
haven sampling station are shown in Figure 5.1. In the model result, the annual lowest
SST is in March with the value of 6.1°C and the annual highest SST is in September
with the value of 12.6°C. At the Stonehaven sampling station, the annual minimum
SST occurs, on average, in late February/early March with the value of around 6°C,
and the annual maximum SST occurs during August/September with the value of 12-
14°C. The model result is in agreement with the observation in timing and values of
the annual lowest and highest SST. Only in the summer months (July/August), the

simulated temperature is slightly lower than the observed temperature.
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Figure 5.1: The monthly mean SST from TRO (dashed line) and the Stonehaven sam-
pling station (box-and-whisker plot).

Seasonal variation of the phytoplankton biomass concentration The seasonal
variations of the surface phytoplankton biomass concentration in TR0 and the surface
chlorophyll concentration at the Stonehaven sampling station are shown in Figure 5.2.
In the model result, the phytoplankton biomass concentration begins to increase from
week 10 and the timing of the maximum phytoplankton biomass concentration peak is
in week 21. The amplitude of the maximum phytoplankton biomass concentration peak

is 3.2 mmol N m~3.

After week 21, because of the nutrient depletion and mortality,
the surface phytoplankton biomass concentration decreases rapidly and in week 26, the
simulated surface phytoplankton concentration has decreased to nearly 1 mmol N m~3.
From week 26, because more recycled nutrients from the remineralization of detri-
tus and excretion of Acartia clausi are available for the phytoplankton growth, the
phytoplankton concentration exhibits a smaller peak in week 29. After week 29, the

phytoplankton biomass concentration decreases monotonically to the minimum level of

the year.
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Figure 5.2: The seasonal variation of the surface chlorophyll concentration (box-and-
whisker plot) and the climatological mean timing and amplitude of the surface chloro-
phyll concentration at the Stonehaven sampling station (green dot), and the seasonal
variation of the surface phytoplankton biomass concentration in TR0 (green solid line).
The unit of the surface chlorophyll concentration (mg chl m~3) in the dataset is con-
verted to mmol N m~3 assuming that 1 mg chl equals to 50 mg C (Radach and Pétsch,
1997) and using the gram to mole conversion of carbon and the Redfield ratio.

The general pattern of the observed seasonal variation of the surface chlorophyll
concentration is that the surface chlorophyll concentration begins to increase from
week 11 onwards and reaches a high level during the time period from week 16 to
week 25. From week 25, the observed surface chlorophyll concentration decreases grad-
ually. After week 40, the observed surface chlorophyll concentration is less than 0.5
mmol N m™3. The climatological mean timing of the maximum surface chlorophyll
concentration at the Stonehaven sampling station is in week 21 and its amplitude is

nearly 3.7 mmol N m—3

The model results are able to reproduce the observed climatological mean tim-
ing of the surface chlorophyll concentration, and the amplitude of the maximum phy-
toplankton biomass concentration peak in the model result is close to the observed

climatological mean amplitude of the maximum chlorophyll concentration peak.

At the beginning of the growing season, the surface phytoplankton concentra-
tion in TRO begins to increase 1 week earlier than the observed timing of the rapid
increase in the chlorophyll concentration. From the beginning of the year to week 12,

the simulated surface phytoplankton biomass concentration is lower than the observed
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chlorophyll concentration. The reason for the differences is that in the current model,
the life cycles of different algae species are not considered and different algae species
are treated with one bulk model compartment. It is observed that some algae species
(e.g., dinoflagellates) stay in dormancy during winter as resting cysts. At the begin-
ning of the year, these resting cysts develop into vegetative cells (Warns et al., 2013).
When these biological processes of phytoplankton species are not considered in the
model, the phytoplankton biomass concentration in winter and the correct timing of

the phytoplankton spring bloom are not correctly simulated.

5.4.2 Seasonal variation of Acartia clausi abundance

Seasonal variations of copepodite and adult abundance  The seasonal vari-
ations of copepodite and adult abundance from observation and TR0 are shown in
Figure 5.3. In observation, the climatological mean timing of the maximum copepodite
abundance peak is in week 29 and the mean timing of the maximum adult abundance
peak is in week 30. In model results from TR0, the maximum copepodite abundance
peak occurs in week 30 and the maximum adult abundance peak in week 31. The tim-
ing of the maximum abundance peak of the two life cycle stages in TR0 and observation

are very close with only 1 week time lag.
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Figure 5.3: The seasonal variation of the copepodite abundance (box-and-whisker plot)
and the climatological mean timing and amplitude of the maximum copepodite abun-
dance peak (magenta dot) at the Stonehaven sampling station, and the seasonal varia-
tion of the copepodite abundance in TRO (magenta solid line) (a); The seasonal varia-
tion of the adult abundance (box-and-whisker plot) and the climatological mean timing
and amplitude of the maximum adult abundance peak (red dot) at the Stonehaven sam-
pling station, and the seasonal variation of the adult abundance in TRO (red solid line).

The magnitude of the maximum copepodite abundance peak in TR0 is about
0.2x10° individuals m~2 smaller than the observed climatological mean amplitude of
the maximum copepodite abundance peak, and the magnitude of the maximum adult
abundance peak in TRO is two times larger than the observed climatological mean

amplitude of the maximum adult abundance peak. One reason for the difference is

70



Chapter 5. Phenological response of Acartia clausi to climate change

that the mortality rate in the model can not be properly parametrized because the
mechanism regulating the mortality rate in the natural environment has not been well
understood. In the observation, the magnitude of the maximum copepodite abundance
peak is larger than the magnitude of the maximum adult abundance peak, implying
that Acartia clausi abundance is heavily diminished during the ontogenetic develop-
ment from copepodite to adult. This decrease in the abundance is probably caused
by the increase in the mortality rate due to high predatory pressure. The predatory
pressure of copepods varies with seasons. In autumn, the combination of higher wa-
ter temperatures, and the higher abundance of fish larvae in the North Sea makes the
local depletion of copepods by predation more likely (Nielsen and Munk, 1998). In
the model the predatory pressure is parametrized with a constant mortality rate. This
model design with the respect to the mortality rate is still not sophisticated enough.
In the life cycle model, with more and more individuals succeeding in developing to
the adulthood, the abundance of adult is greatly increased. When the mortality rate
during this time is underestimated, an overestimation of the adult abundance could

happen.

At the beginning of the growing season, the observation shows that from week
24, there is a large increase in the copepodite abundance. The first copepodite cohort
in the observation appears in week 25. The model is consistent with the observation in
the timing of the first copepodite cohort. Besides, the model is also consistent with the
observation that from week 1 to week 20 and from week 40 to week 52, the copepodite

abundance is at a low level.

The observed seasonal variation of the adult abundance show that the adult abun-
dance begins to increase from week 25. In TR0, the adult abundance begins to increase
from week 26. In the observation, after the time with the maximum adult abundance,
the adult abundance shows a steep decrease and around week 38, the adult abundance
is diminished to a very low level. In TR0, the decreasing trend of the adult abundance
is not that steep as in the observation but the adult abundance decreases to a low level
before the end of the year. The reason for this slow decrease of the adult abundance
in TRO is that the magnitude of the maximum adult abundance peak is too high and

the mortality rate is underestimated.

Life cycle dynamics of Acartia clausi in the North Sea Since the model results

from TRO can reasonably reproduce the observed seasonal variation of the copepodite
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and adult abundance in the timing of the maximum abundance peak and timing of the
onset of the abundance increase, I use the model results from TRO to study the life

cycle dynamics of Acartia clausi in the North Sea.
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Figure 5.4: The individual body weight of adult (dashed line, left y-axis), the reference

body weight of adult for reproduction (dash-dotted line, left y-axis) and the phyto-

plankton biomass concentration (vertically mean value, right y-axis) from day 100-160

(a); The seasonal variations of the abundance of different life cycle stages (vertically

averaged value, left y-axis) and the phytoplankton biomass concentration (vertically
averaged value, right y-axis) from day 100-160 (b).

Figure 5.4 elaborates the initialization of seasonal cycle of Acartia clausi. The
seasonal cycle of Acartia clausi is initialized by the overwintering adults. The adults

begin to produce the first egg cohort on day 127 when the mean body weight of adult
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exceeds the reference body weight of adult for reproduction. At this moment the
phytoplankton concentration has reached 2 mmol N m~—3, which applies sufficient food
for the development of the first cohort. The individuals from the first generation develop
to the adulthood around day 140, which greatly increases the adult abundance. From
day 150, the adults begin to produce the second egg cohort. Since there are more
adults producing eggs now, the abundance of the second egg cohort is much larger than
that of the first egg cohort. One cohort after another, the Acartia clausi community is

becoming more and more abundant.
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Figure 5.5: The seasonal variations of the phytoplankton biomass concentration (ver-
tically averaged daily mean value, right y-axis) and the abundance of different Acartia
clausi life cycle stages (vertically averaged daily mean value, left y-axis) in TRO.
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There are several Acartia clausi cohorts during the year. Seeing from the egg
abundance (Figure 5.5), before the maximum adult abundance peak there are mainly
three cohorts (on day 150, day 170 and day 195). The abundance of these cohorts
increases in sequence. When most of the individuals from the three cohorts develop to

the adulthood, the adult abundance reaches its maximum peak of the year.

5.4.3 Responses of phytoplankton and Acartia clausi to cli-

mate warming

After TRO, four warming scenarios are conducted. The model results from TR0, TR1.2,
TR2 and TR2.5 are shown in Figure 5.6. The model results from TR3 are not plotted
in this figure, because Acartia clausi abundance in TR3 has decreased to less than 1
individual m~3, which means that this species dies out when temperature is increased
by 3°C. Detailed information about the results of the four warming scenarios are sum-

marized in Table 5.4 and Table 5.5.
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Figure 5.6: The seasonal variations of the phytoplankton biomass concentration (ver-

tically averaged daily mean value, green color, right y-axis) and the adult abundance

(vertically averaged daily mean value, red color, left y-axis) from different simulations.

The model results from different simulations are shown with different line types. The

model results from TRO are plotted with solid line, from TR1.2 with dashed line, from
TR2 with dash-dotted line and from TR2.5 with dotted line.
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Scenarios annual mean SST timing of MPP magnitude of MPP

TRO 9.11°C day 144 2.82 mmol N m~3
TR1.2 10.31°C day 136 2.83 mmol N m~3
TR2 11.18°C day 135 2.92 mmol N m~3
TR2.5 11.60°C day 135 2.93 mmol N m~3
TR3 12.06°C day 133 2.91 mmol N m~3

Table 5.4: The annual mean SST, timing of MPP (the Maximum Phytoplankton

biomass concentration Peak) and magnitude of MPP from TRO, TR1.2, TR2, TR2.5

and TR3. The phytoplankton biomass concentration presented are vertically averaged
values.

Scenarios timing of first egg cohort timing of MAP magnitude of MAP

TRO day 127 day 214 7.62x10? individuals m~3
TR1.2 day 119 day 212 8.72x10? individuals m~3
TR2 day 115 day 191 1.61x10? individuals m—3
TR2.5 day 135 day 215 54 individuals m~3
TR3 - - <1 individuals m~3

Table 5.5: The timing of the first egg cohort, timing of MAP (the Maximum Adult
abundance Peak) and magnitude of MAP from TR0, TR1.2, TR2, TR2.5 and TR3.
The adult abundance presented are vertically averaged values.

Responses of phytoplankton to climate warming When the annual mean SST
is increased by 1.2°C compared to the current level (from TRO to TR1.2), the timing of
the maximum phytoplankton biomass concentration peak is advanced by 8 days. But
when the annual mean SST gets even higher (in TR2, TR2.5 and TR3), the advance in
the timing of the maximum phytoplankton biomass concentration peak becomes less ap-
parent. From TR1.2 to TR3, the maximum phytoplankton biomass concentration peak
is advanced by only 2 days. The variation in the timing of the maximum phytoplankton
biomass concentration peak is controlled by the increases in the sea temperature as well
as the light limitation because photosynthesis depends on the solar shortwave irradi-
ance. The latitude of the Stonehaven sampling station is 56°57.8’N. Light availability
is an important limitation factor for the phytoplankton growth. Hence, the timing of
the maximum phytoplankton biomass concentration peak is advanced only to a certain
extent by climate warming until the light limitation prevents an earlier peak even if the
annual mean SST continues to rise. The magnitude of the maximum phytoplankton
concentration peak exhibits less apparent changes with the annual mean SST rises.
From TRO to TR3 the biomass concentration of the maximum phytoplankton peak is

increased only by 0.09 mmol N m~3.
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Responses of Acartia clausi to climate warming  The responses of Acartia
clausi to temperature rises are much more complex. Here, I use the timing of the first

egg cohort to date the timing of the onset of the seasonal cycle of Acartia clausi.

The environmental conditions seem to become more favorable for Acartia clausi
when the annual mean SST is increased by 1.2°C compared to the current level. In
TR1.2, the first egg cohort is produced 8 days earlier compared to the timing of the first
egg cohort in TRO because the overwintering adults in TR1.2 are able to accumulate
enough biomass by feeding on the earlier development of the phytoplankton biomass
concentration. The magnitude of the maximum adult abundance peak in TR1.2 is

3 more than that in TRO. The reason for the increase in

about 1.1x10? individuals m~
the adult abundance is that in TR1.2, the onset of the seasonal cycle of Acartia clausi
is advanced and the growing season of Acartia clausi gets longer. In TR1.2, higher

temperature better matches Acartia clausi with phytoplankton.

When the annual mean SST is increased by 2°C or more, the adverse effect of
the rising temperature on the Acartia clausi appears. The adverse effect is exhibited
through the decreases in the adult abundance. In TR2, although the timing of the first
egg cohort is earlier than that in TR1.2 for 2 days, the amplitude of the maximum
adult abundant peak is decreased by more than 65% compared to the amplitude of
the maximum adult abundant peak in TR1.2. In the following two warming scenarios,
TR2.5 and TR3, Acartia clausi experiences even worse situations. The abundance of

the maximum adult peak is diminished to a very low level.

The reason for the decrease in the abundance of Acartia clausi when the annual
mean SST is increased by more than 2°C is that the temporal match between phy-
toplankton and Acartia clausi is disturbed. The rising sea temperature increases the
excretion rate of the overwintering adults. At the same time, due to the light limitation,
the phytoplankton biomass concentration in winter is very low. The combined effect
of the low food concentration and the high excretion rate increases the mortality rate
of the overwintering adult through the starvation effect. The mean mortality rate of
adult in November-April and May-October from TR0, TR1.2, TR2, TR2.5 and TR3
are listed in Table 5.6. Model results show that the mean mortality rate of adult in
November-April in TR3 is much larger than that in TR1.2. The high mortality rate
of adult in winter greatly reduces the abundance of the overwintering adults. The

abundance of the overwintering stocks is an important factor determining the seasonal
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variation of copepod abundance. Acartia clausi in the North Sea overwinters mainly
by adults. If the abundance of the overwintering adult is diminished too much in the

winter, there will not be enough adults to initialize the new seasonal cycle.

Parameters mean AMR November-April mean AMR May-October

TRO 3.62%d! 3.58%d !
TR1.2 3.62%d ! 3.62%d !
TR2 3.711%d ! 3.97%d !
TR2.5 4.05%d ! 4.06%d 1
TR3 46.40%d ! 8.48%d !

Table 5.6: The mean Adult Mortality Rate (AMR) in November-April and May-
October from TRO, TR1.2, TR2, TR2.5 and TR3

5.5 Discussion

This chapter focuses on the interaction between phytoplankton and Acartia clausi in
a warmer environment. The increase in the sea temperature changes the phenology of

phytoplankton and Acartia clausi by directly influencing their physiological processes.

The model results show that when the annual mean SST is increased by 1.2°C
compared to the current level, the timing of the maximum phytoplankton biomass con-
centration is advanced by 8 days. The advance in the timing of the phytoplankton
bloom due to climate variations is recorded in previous studies. Edwards and Richard-
son (2004) compiled the time series data of 66 plankton taxa during the period from
1958-2002 measured in the North Sea and found that over the past 45 years, dinoflagel-
lates in the North Sea were peaking earlier by 23 days. Winder et al. (2012) studied the
shifts in the timing of the spring phytoplankton bloom in response to climate warming
by cultivating phytoplankton in different sea temperatures in laboratory experiments
and found that higher water temperatures advanced the bloom of the most functional
phytoplankton groups in marine ecosystems. The model results also show that when
temperature rises, the phytoplankton biomass concentration increases. The potential
influence of climate warming on the phytoplankton production has been investigated
in previous studies. Gregg et al. (2005) reported that since the early 1980s, the global

chlorophyll concentration has been increased by 4% corresponding to an increase of 1°C
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in SST. Sarmiento et al. (2004) projected using an empirical model that there would be
a general increase in chlorophyll concentration in Atlantic Ocean due to future climate
warming. Richardson and Schoeman (2004) studied the relationship between SST and
the phytoplankton production in the northeastern Atlantic Ocean and found a posi-
tive relationship of SST and the phytoplankton concentration in high latitude. From
these studies, the projected responses of phytoplankton to future climate warming are

reasonable.

In the current study, the response of phytoplankton to climate warming is pro-
jected by including all algae species into one model compartment. I have not considered
the life cycles of different algae species. But in reality, the life cycles of different algae
species are diverse and complex. Different algae species depend on different nutrients
and the mechanism regulating the development of their biomass are different. The
current study can only provide a rough pattern about the responses of phytoplankton

to climate warming.

Acartia clausi functions as grazers in the ecosystem. It is more sensitive and
vulnerable to climate warming than phytoplankton. The model results show that when
the annual mean sea surface temperature is increased by 1.2°C compared to the current
level, the growing season of Acartia clausi will be extended and there will be a better
temporal match between phytoplankton and Acartia clausi. As a consequence, the
abundance of Acartia clausi increases. The beneficial effects of the climate variation
on Acartia spp. was observed in the central Baltic Sea (Alheit et al., 2005). The index
of the North Atlantic Oscillation (NAO), which is the dominant mode of the climate
variation in the North Atlantic region, changed in the 1980s from negative phase to
positive phase. The shift of NAO led to an increase in the sea temperature in the
central Baltic Sea, which further led to an extended growing season of phytoplankton
and Acartia spp.. Acartia spp. were found to be persistent abundant. The increase in
the North Sea Acartia clausi abundance might affect the upper trophic level. Acartia
clausi is reported to be a food source for sprat (Porumb, 1973). When the abundance
of Acartia clausi is increased in the North Sea, it is very likely that the abundance of
sprat will correspondingly increase. In the central Baltic Sea, it is observed that due

to increased Acartia spp. abundance, sprat abundance increases (Alheit et al., 2005).

When the annual mean SST is increased by more than 2°C, the model projects
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that the abundance of Acartia clausi will be greatly reduced. The rising sea tempera-
ture disturbs the temporal match between phytoplankton and Acartia clausi. The rising
sea temperature increases the excretion rate of overwintering adults but at the same
time, the phytoplankton biomass concentration is not able to increase synchronously
because of the light limitation in winter. The combined effect of the high excretion and
the food deficiency leads to a high mortality rate of overwintering adults through the
starvation effect. The model result that the rising temperature will cause a temporal
mismatch between phytoplankton and Acartia clausi is obtained because the starvation
is parametrized in the model as a death inducing factor. The model result shows that
in the conditions with high temperature and low food concentration the mortality rates
of Acartia clausi are high. This model result is in agreement with the laboratory exper-
imental data from Klein Breteler and Schogt (1994). The decrease in the abundance of
Acartia clausi may reduce the food availability of sprat and further cause changes in the
higher trophic levels. In the North Sea, because of the decrease in Calanus finmarchicus

abundance since the late 1980s, the cod recruitment has plummeted.

This study is conducted with a one dimensional column model. The horizontal
advection of physical and biological variables are not considered. One effect of climate
warming on oceans is to alter the large-scale ocean circulation pattern (Richardson,
2008). When taking the horizontal advection into consideration, the response of Acar-
tia clausi and phytoplankton to climate warming could be much more complicated.
Thus, given all the uncertainties, the results from the present study can not provide
a precise estimate about the changes in the abundance of Acartia clausi in the future
but can present the trend of changes. The projected responses of Acartia clausi and
phytoplankton to future climate warming are supposed to happen, whereas more so-
phisticated research tools (general circulation models) are needed for a better prediction

of the consequence.

5.6 Summary

In this chapter, firstly I use Acartia clausi life cycle model to reproduce the observed
seasonal variation of Acartia clausi abundance at the Stonehaven sampling station in
order to study the life cycle dynamics of this species in the North Sea. The seasonal

cycle of Acartia clausi shows a marked seasonality in reproduction. In winter, due
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to the insufficient food supply, the abundance of Acartia clausi is very low and the
reproductive activity of the overwintering adults ceases. In May, the overwintering
adults begin to produce the first egg cohort when the increase in the phytoplankton
biomass concentration can supply sufficient food. The adults produce eggs intensively
and successively during the short breeding season from March to June. Several Acartia
clausi cohorts are thus produced during a short time and the developments of different
cohorts overlap with each other. When most of the individuals of the first several
generations have developed to the adulthood, the adult abundance reaches its maximum
peak of the year. From August, the abundance of Acartia clausi begins to decrease due
to the food deficiency. In later November, the abundance of Acartia clausi has decreased
to a very low level. The pattern of the seasonal cycle of Acartia clausi in the North Sea
fits the general pattern of the seasonal cycle of copepods in temperate waters described

in Mauchline (1998).

Next, the potential responses of phytoplankton and Acartia clausi to future cli-
mate warming are projected. The results show that when the annual mean SST is
increased by 1.2°C compared to the current level, the higher temperature leads to a
better match between Acartia clausi and phytoplankton. Consequently, the abundance
of Acartia clausi increases. When the annual mean SST is increased by more than
2°C compared to the current level, the temporal match between Acartia clausi and
phytoplankton is disturbed. The rising temperature increases the excretion rate of the
overwintering adults but at the same time the phytoplankton biomass concentration is
low due to the light limitation in winter. Because of starvation, the abundance of the
overwintering adults decreases. The abundance of the overwintering stocks is an impor-
tant factor determining the seasonal variation of copepod abundance. If the abundance
of overwintering adults is diminished to a low level, there will not be enough individuals
to initialize the new seasonal cycle. As a result, the abundance of Acartia clausi drops

sharply.

The knowledge obtained from this chapter is helpful for better understanding the
mechanism driving the food availability of commercially important fishes and useful
for developing a capacity to ultimately forecast the recruitment strength of fishes in a

warmer environment.
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Chapter 6

Conclusions and outlook

In this thesis, firstly I study the sensitivity of the ontogenetic development of Acartia
clausi to the variations in the temperature and food concentration at different temper-
ature conditions with a life cycle model. Secondly, I use a coupled biological-physical
numerical model to simulate the seasonal variation of Acartia clausi abundance un-
der different reproductive patterns in the northern, central and southern North Sea,
and compare the model results to observations. Through this, I show in the North
Sea which kind of reproductive pattern should be considered when modelling the life
cycle dynamics of Acartia clausi and what is the possible overwintering strategy of
this species. Thirdly, I model the seasonal cycle of Acartia clausi in the North Sea
through reproducing the observations at the Stonehaven sampling station with the
coupled biological-physical numerical model. Finally, I project the potential responses
of phytoplankton and Acartia clausi to projected North Sea temperature rises with a
focus on the potential phenological changes of phytoplankton and Acartia clausi and
study whether the phenological changes will induce a temporal mismatch between them.
This study provides a comprehensive understanding of the life cycle dynamics of Acar-
tia clausi in the North Sea and it is the first time that an estimate about the changes

in the abundance of Acartia clausi in the future is given.

6.1 Main finding

Now I can answer the questions raised in Chapter 1.
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How is the sensitivity of the ontogenetic development of Acartia clausi
to the variations in the temperature and food concentration at different

temperature conditions?

The model results show that the ontogenetic development of Acartia clausi is more
sensitive to variations in temperature and food concentration at lower temperatures

than at higher temperatures.

Which reproductive pattern can best explain the observed seasonal variation
of Acartia clausi abundance and which kind of overwintering strategy of
Acartia clausi should be considered when modelling the life cycle dynamics

of this species in the North Sea?

There are two possibilities for the reproductive pattern and the overwintering strategy
of Acartia clausi in the North Sea. The first one is that only subitaneous eggs are
produced and the overwintering strategy is by adults, and the second one is that both
subitaneous eggs and dormant eggs are produced and the overwintering strategy is
by adults and dormant eggs. The model results show that when considering the first
option, the simulated seasonal variation of Acartia clausi abundance is more close to
the observations at the Stonehaven sampling station (introduced in Chapter 2). Thus,
I conclude that it is not necessary to include the dormant egg production into the life
cycle model when modelling the life cycle dynamics of Acartia clausi in the North Sea

and the overwintering strategy of Acartia clausi in the North Sea is by adults.

How does the life cycle dynamics of Acartia clausi look like in the North

Sea?

The pattern of the seasonal cycle of Acartia clausi in the North Sea fits the general
pattern of the seasonal cycle of copepods in temperate waters described in Mauchline
(1998). The seasonal cycle of Acartia clausi shows a marked seasonality in reproduction.
In winter, due to the low temperature and insufficient food supply, the abundance of
Acartia clausi is very low and the reproductive activity of the overwintering adults
ceases. In May, the overwintering adults begin to produce the first egg cohort when the
increase in the phytoplankton biomass concentration can supply sufficient food. The
adults produce eggs intensively and successively during the short breeding season from
March to June. Several cohorts are produced during a short time and the developments

of different cohorts overlap with each other. When the individuals of the first several
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generations reach adulthood, the adult abundance reaches the annual maximum peak.
From August onwards, the abundance of Acartia clausi begins to decrease due to the
food deficiency. In late November, the abundance of Acartia clausi has decreased to a

low level.

What are the potential responses of phytoplankton and Acartia clausi to

future climate warming? And what are the mechanisms behind?

In the warming scenario in which the annual mean SST is increased by 1.2°C compared
to the current level, the higher temperature advances the seasonalities of phytoplankton
and Acartia clausi. Both the timing of the maximum phytoplankton biomass concen-
tration peak and the timing of the first egg cohort from Acartia clausi are advanced by
8 days. Because the higher temperature extend the growing season of Acartia clausi,
Acartia clausi matches better with phytoplankton than under present environmental

conditions. Consequently, the abundance of Acartia clausi increases.

In the warming scenarios in which the annual mean SST is increased by more
than 2°C compared to the current level, the temporal match between Acartia clausi
and phytoplankton is disturbed. The rising temperature increases the excretion rate of
the overwintering adults but at the same time the phytoplankton biomass concentra-
tion remains low due to the light limitation in winter. Because of the starvation, the
abundance of the overwintering adults decreases. The abundance of the overwintering
stocks is an important factor determining the seasonal variation of Acartia clausi abun-
dance. If the abundance of the overwintering adults is diminished to a low level, there
will not be enough individuals to initialize the new seasonal cycle. Consequently, the

abundance of Acartia clausi plummets.

6.2 Outlook

6.2.1 Observations

The Mortality rate is an important parameter regulating the abundance and biomass
of Acartia clausi. The parametrization of the mortality rate in the ecosystem model is

very difficult because the mechanism controlling the variation in the copepod mortality
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rate is unclear. A reasonable parametrization of mortality rate is very important for
estimating the abundance of the copepod communities with a modelling approach.
There are several reasons that could cause death of copepods: disease, starvation and
predation by higher trophic levels. The relative importance of these factors varies
with seasons, e.g., in autumn the predation by higher trophic levels might induce more
death of copepods and in winter starvation might be the main source of death. More
observations are needed to understand under which conditions, which factors are more

influential and how these factors induce death.

Measurements of the ingestion rate of Acartia clausi at the low temperature con-
ditions are rare. The model results show that the timing of the seasonal cycle of Acartia
clausi is very important for the development of the overall abundance of the year. The
seasonal cycle of Acartia clausi begins in spring when the water temperature is low. If
more observations focusing on the ingestion at low temperatures could be conducted,
the information obtained from these observations would be helpful for timing the onset

of the seasonal cycle of Acartia clausi more precisely.

6.2.2 Future model applications

In the current study, the response of phytoplankton to climate warming is projected
by integrating all algae species into one model compartment. In reality, the life cycles
of different algae species are diverse and complex. Different algae species depend on
different nutrients and the mechanisms regulating the development of their biomass are
different. In future studies, it would be necessary and helpful to include the life cycle

of the main biomass forming algae species in marine ecosystems into the model.

This study is conducted with a one dimensional water column model. The hor-
izontal advection of physical and biological variables is not considered. One effect of
climate warming on oceans is to alter the large-scale ocean circulation pattern (Richard-
son, 2008). When taking the exchange of biological variables between different regions
into account, the responses of Acartia clausi and phytoplankton to climate warming
could be much more complicated compared to what I have found in this thesis. Thus, in
the future it would be necessary to couple the ecosystem model to a three dimensional

ocean circulation model.
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Appendix A

Summary of the ecosystem

parameters

model

Parameters Description Unit

P phytoplankton biomass concentration mmol N m~3
N, nutrient concentration mmol N m~3
Z subitaneous egg biomass concentration mmol N m~3
Zo nauplius biomass concentration mmol N m~3
Zs3 copepodite biomass concentration mmol N m~3
Zy adult biomass concentration mmol N m—3
Zs, immature dormant egg biomass concentration mmol N m~3
Zg mature dormant egg biomass concentration mmol N m~3
Ay subitaneous egg abundance individuals m=3
Ay nauplius abundance individuals m=3
Az copepodite abundance individuals m=3
Ay adult abundance individuals m—3
As immature dormant egg abundance individuals m=3
Ag mature dormant egg abundance individuals m—3
D large detritus concentration mmol N m~3
D, small detritus concentration mmol N m~3

Table A.1: The model compartments of the ecosystem model.
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Parameters Description Unit

[P phytoplankton growth rate d—!

P, maximum phytoplankton growth rate d-1

Tpar photosynthetically active radiation W m—2

kw absorption coefficient of seawater m~!

k. absorption coefficient of organic matter m? mmol N~}
Lin minimum photosynthetically active radiation =~ W m™2

Iy sea surface photosynthetically active radiation W m™2

kn, coefficient for phytoplankton nutrient uptake ~ mmol N m—3
np phytoplankton mortality rate d-!

vy detritus remineralization rate d-!

lp phytoplankton exudation rate d—!

% proportion of small detritus to total detritus -

wp vertical velocity of phytoplankton m d!

wp, vertical velocity of large detritus m d!

wp, vertical velocity of small detritus m d!

Wy, vertical velocities of different life cycle stages m d—!

Table A.2: A summary of the parameters for the PND compartments.

Parameters Description Unit
Ingestion

Jip ingestion rate on phytoplankton d-!

Gip, ingestion rate on small detritus d-!

Gimap maximum ingestion rate on phytoplankton d-!

Gip, maximum ingestion rate on small detritus d-!

kp half saturation coefficient for ingestion on phytoplankton mmol N m~3
kp, half saturation coefficient for ingestion on small detritus mmol N m—3
o power factor for ingestion -

Topt optimum temperature for ingestion °C

T reference temperature for ingestion °C

T reference temperature for ingestion °C

W; mean individual body weight mmol N ind ™!
Winin minimum individual body weight for ingestion mmol N ind ™!
Winaz maximum individual body weight for ingestion mmol N ind ™!

Table A.3: A summary of the parameters for the source term (ingestion) in the life

cycle model of Acartia clausi.
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Parameters Description Unit
Egestion and excretion

Bp assimilation efficiency for phytoplankton -
Bp. assimilation efficiency for small detritus -

S excretion rate d-!
Q10 Q10 parameter for excretion -
Trey reference temperature for excretion °C
Mortality

fe; curve factor for body weight dependent mortality rate -

T maz maximum mortality rate d-!
T constant mortality rate d-!
W switch for body weight dependent mortality rate -

Table A.4: A summary of the parameters for loss terms in the life cycle model.

Parameters Description Unit
Moulting

m; j maximum transfer rate d-!

Wies reference individual body weight mmol N ind~!
Ko, curve factor for moulting mmol N ind™!
Reproduction

o, curve factor for reproduction mmol N ind ™!
0 maximum reproduction rate d—!

Pfem proportion of female adult -

£j proportion of the dormant egg -

Hatching and immature dormant egg to mature dormant egg transition
Tiscale reference temperature for hatching °C

n curve factor for hatching °C!

Dy, mandatory dormancy period d

Table A.5: A summary of the parameters for life cycle stage transitions in the life cycle
model.
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