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ABSTRACT

THE IMPACT OF CLIMATE VARIABILITY ON THE PRODUCTION OF BLACK
SEAANCHOVY: AMODELING STUDY

Giiraslan, Ceren
M. S., Department of Physical Oceanography
Supervisor: Asst. Prof. Dr. Bettina Fach Salihoglu
Co-Supervisor: Prof. Dr. Temel Oguz
September 2010, 101 pages

The influence of climate variability on anchovy eggs and larvae production and
trophic interactions within the Black Sea ecosystem was studied with a one-
dimensional, coupled lower trophic level and anchovy bioenergetics model that
includes parameterizations for a gelatinous predator. Stochastic climate variability in
the form of fifty-year interannual temperature and total mixing rate time series were
used to simulate how climate-mediated effects cascade across different trophic levels
and how the anchovy population responds to environmental disturbances. Model
results reveal a high correlation of anchovy egg production and recruitment success
in response to changes in temperature and complex and highly nonlinear interactions
in the lower trophic level. Moreover, results indicated that temperature variation has
a significant long-term control over egg production and larval survival rates. Thus,
the results indicate that an increase of 2 °C in summer mean temperatures causes egg
production to start 30 days earlier, whereas a 2 °C drop in summer mean
temperatures causes a 45 days delay in egg production start with respect to baseline
conditions. Further analyses suggest that daily temperatures in the spawning season
have a stronger control over the intensity of egg production as compared to the

amount of available spawners. Although, temperature has a direct effect on anchovy

iv



egg and larvae production by influencing mortality as well as production and growth
rates, it indirectly influences plankton production by modulating the mixed layer
depth, which affects phytoplankton blooms and zooplankton availability, the major
food source of anchovy. In addition, the combination of both the temperature and
total mixing effects reveals temperature dominance for the higher trophic level,
where the temperature effect is slightly diminished by the total mixing effects. In
conclusion, the strong linkage between the climate variability and anchovy
production and recruitment numbers implies an important prediction potential for the
model for short term anchovy stock estimations. With some modifications the model

has a potential to serve for fisheries management purposes.

Keywords: Black Sea anchovy, ecosystem modeling, environmental variability,

trophic cascades, anchovy population dynamics
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IKLIM DEGISKENLIGININ KARADENIZ HAMSISININ URETIMI UZERINE
ETKIiSI: BIR MODELLEME CALISMASI

Giraslan, Ceren
Yiiksek Lisans, Fiziksel Osinografi Boliimii
Tez Yoneticisi: Yrd. Dog. Dr. Bettina Fach Salihoglu
Ortak Tez Yoneticisi: Prof. Dr. Temel Oguz
Eyliil 2010, 101 sayfa

Iklim degiskenliginin hamsi yumurta ve larva iiretimi {izerine ve Karadeniz
ekosistemindeki trofik etkilesimlere yaptig1 etki, tek boyutlu, jelatinli predator icin
parametrizasyonlar igeren birlestirilmis algak trofik seviye ve hamsi yasam dongiisii
modeli ile cahgilmistir. Iklim araciligiyla gelen etkilerin farkli trofik seviyeler
boyunca nasil aktarildigi ve hamsi populasyonunun c¢evresel diizensizliklere nasil
tepki verdigi, elli senelik, yil i¢i deniz suyu sicaklifi ve toplam karisim hizi
formundaki stokastik iklim degiskenligi zaman serisi kullanilarak incelenmistir.
Model sonuglari, sicaklik degiskenligi ile hamsi yumurta iretiminin ve i¢gdc
basarisinin, ayrica yliksek derecede lineer olmayan algak trofik seviyedeki
etkilesimlerinin yiiksek korrelasyon verdigini gdstermistir. Ustelik sonuglar sicaklik
degisiminin, hamsi yumurta iiretimi ve larva yasam oranlarini uzun vadeli olarak
kontrol ettigini de gostermektedir. Buna gore, ortalama yaz sicakliklarinda 2 °C’lik
artisin yumurtlama sezonunun baslangicin1 30 giin 6ne ¢ektigi ve sicakliklarda 2
°C’lik distisiin ise yumurtlama sezonunun baslangicin1 45 giin kadar erteledigi
sonucu ortaya c¢ikmustir. ileri analizler, yumurta iiretim siddetinin iizerinde,
yumurtlama donemindeki ortalama sicakliklarin etkisinin, yumurtlayici sayisinin
yaptig1 etkiden daha biiyiikk oldugu 6nermesini yapmistir. Yapilan analizler, hamsi

yumurta ve larva tretiminde sicakligin etkisinin, onun mortaliteyle beraber
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yumurtlama ve biliylime oranlarin1 da dogrudan etkilemesi yoluyla ortaya ¢iktigini,
buna karsin, karigsmis tabaka derinliklerini modiile etmesi suretiyle de, plankton
iiretimini ve hamsinin ana besin kaynagi olan zooplanktonun bollugunu da dolayl1 bir
sekilde etkiledigini ortaya koymaktadir. Bunlara ilaveten, sicaklik etkisinin baskin
oldugu ytiksek trofik seviyede, sicaklik ve toplam karisim degiskenliginin kombine
etkisi incelendiginde, toplam karigimin etkisinin sicaklik etkisini hafif¢e bastirdig
ortaya ¢ikmistir. Sonugta, iklim degiskenligi ile hamsi i¢gd¢ sayisinin kuvvetli
baglantisi, modelin kisa zamanli hamsi stok tahminleri agisindan énemli bir 6ngorii
potensiyeli sundugunu gostermistir. Belirli modifikasyonlarla model, balik¢ilik

yonetimi maksatlarina da hizmet edebilme potansiyeli tasimaktadir.

Anahtar Kelimeler: Karadeniz hamsisi, ekosistem modellemesi, ¢evresel

degiskenlik, trofik aktarimlar, hamsi popiilasyon dinamikleri
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1 INTRODUCTION

The Black Sea is the largest anoxic water body in the world. Within the second half of
the last century it has gone through several transitions in its physical and biogeochemical
characteristics. At the beginning of 1960s it was identified by a healthy and stable
environment sheltering high diversity of species in its oligotrophic waters, then its
ecosystem destabilized as a response to being subjected to several disturbances operated
within the course of few decades. These disturbances include increasing anthropogenic
nutrient input in response to increased fertilizer consumption in the former Soviet Union
Countries at the Danube catchment basin, excessive fishing, introduction of non-native
species (e.g. Mnemiopsis leidyi) and climate-induced effects (Oguz, 2005a,b). The result
of these processes was disastrous and the Black Sea lost many of its commercially
valuable marine resources irreversibly (including mammals, large pelagics and
demersals) at the end of 1960s, followed by the collapse of small pelagic fishes (mainly
anchovy, sprat) and medium size pelagic fishes (bonito, mackerel) at the end of 1980s.
In addition, the coincidence between the time of anchovy stock decline and the outburst
of opportunistic gelatinous carnivores is still not resolved completely and demands for a
reasonable explanation in terms of cause and effect (Oguz et al., 2008a). Only then,
more effective marine resource management policies can be developed to release a
recently deteriorated ecosystem from a highly eutrophic state, invasion or over-
exploitation, or to prevent future fisheries from drastic regime shifts causing a in

depletion of commercially valuable fish stocks.

1.1 Physical Characteristics of the Black Sea

The Black Sea is a semi-enclosed basin extending between the latitudes of 41° to 46° N

and longitudes of 28° to 41.5° E. It shares boundaries with Europe, Anatolia and the
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Caucasus. It is connected to the Mediterranean Sea via the straits of Bosphorus and
Dardanelles, called the Turkish Straits System (Oguz et al., 2005¢). In the north, it is
connected to the Sea of Azov through Kerch Strait.

It spreads over 432,000 km? approximately, has total volume of 547,000 km? and
extends down to a maximum depth of 2200 m. In terms of water budget, the Black Sea
possesses positive water balance, as influx via rainfall (~300 km?® yr') and river
discharge (~350 km?® yr?) is greater than outflux via evaporation (~350 km?® yr™)
(Unlijata et al., 1989; Ozsoy and Unliiata, 1997). The difference represents the net
outflow from the Bosphorus Strait.

The Black Sea is very unique for its oceanographic properties. The high degree
of density gradient between the surface waters which receive continuous supply from
three of Europe’s largest rivers (i.e. Danube, Dniepr and Dniestr) and the deeper waters
almost blocks vertical mixing (Oguz et al., 1998). Being nearly isolated from exchanges
with the neighboring environments due to landmasses, the lateral oxygen supply to the
deep basin is limited (Oguz et al., 1998). Because of this, persistent anoxic conditions
prevail over 87% of the whole basin (Oguz et al., 1998).

However, the upper layer circulation system exhibits some major formations
such as the Rim Current, a cyclonic boundary flow system that is flowing over the steep
continental shelf topography, further intensifying in winter. Acoustic Doppler Current
Profiler (ADCP) based studies measured the speed of the Rim Current as 50-100 cm/s at
the surface and 10-20 cm/s in between depths of 150-300 m. (Oguz and Besiktepe,
1999). In addition, there are two cyclonic gyres circling within the peripheral flow with
a number of anti-cyclonic eddies located at the coastal side of the Rim Current; namely
the Bosphorus, Sakarya, Sinop, Kizilirmak, Batumi, Sukhumi, Caucasus, Kerch, Crimea,
Sevastopol, Danube, Constantsa and Kaliakra eddies (Oguz et al., 1998). Moreover, the
Rim Current structure breaks into two branches near the southern Cape of Crimea. They
unite to form the Rim Current again at the south of Kaliakra coast. Additionally there is

a meso-scale anti-cyclonic formation off the Romanian coast (Oguz et al., 1998b).



1.2  Ecosystem Characteristics of the Black Sea

From the 1960s to 1990s, the Black Sea ecosystem, contrary to other well-managed
inland seas, went through a multi-staged dramatic environmental degradation. The Black
Sea ecosystem was profoundly altered under increasing anthropogenic input through
River Danube, intense fishing such as removing a total of 75 million tons of marine
animals, introduction of alien species, toxic industrial waste release, damming of the
major rivers and regional climate changes (Oguz et al., 2005). Consequently, the
commercial fish stocks such as anchovy Engraulis encrasicolus ponticus and sprat Sprat
sprattus rised significantly throughout late1960s to 1980s and later collapsed at the
beginning of 1990s (Prodanov et al., 1997; Ivanov and Panayotova 2001; Daskalov,
2003; Oguz, 2007; Oguz and Gilbert, 2007). The major elements of its food web

structure are briefly reviewed below.

Phytoplankton

The increase in eutrophication altered the phytoplankton structure of the Black Sea
concomitantly, such as the diatom to dinoflagellate ratio reported for the north western
coast (Bologa, 1986). It was observed to be 76% during the period between 1960 and
1970 and then decreased to 46% during 1972 to 1977. Such qualitative changes signify
the appearance of new species in the system (Bat et al., 2007). For example, Gonyaulax
polygramma, Raciborshiella salina and Eutreptia lanowii are among the species
reported for the first time in the Black Sea waters (Mihnea, 1985). Moreover,
quantitative-based studies carried out at the Romanian coast yield a decrease in diatom
ratios over the whole phytoplankton taxa from 92.3 % during the period from 1960 to
1970 to 62.2 % within 1983 to 1988, while the dinoflagellate ratio increased from 7.6 %
to 30.9 % for the corresponding periods (Bodeanu, 1989). Additionally, at the mouth of
the River Danube, a red tidal algae, Noctiluca scintillans, was found at a biomass value
of 100 g I™%, since then, Noctiluca blooms have become a common feature in the Black
Sea ecosystem (Caddy and Griffiths, 1990). Since they are small, the phytoplankton

groups are very vulnerable to physically- and/or chemically mediated changes in the
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system (Bat et al., 2007).

Zooplankton
The zooplankton community was mainly regulated by the gelatinous predator Aurelia

aurita from the mid-1970s to 1987. In the early 1980s the alien ctenophore Mnemiopsis
leidyi was introduced into the Black Sea (Shiganova et al., 2001) and took over the
control of the system as the top-predator from 1989 to 1991 (Oguz et al., 2001b).
Mnemiopsis is the unsatiable consumer of edible zooplankton, which means its feeding
potential increases directly as its size increase. Thus, it makes Mnemiopsis the
competitor of anchovy, competing for anchovy's favorite zooplankton food source
copepoda (Tsikhon-Lukanina 1991 and 1993). Mnemiopsis has been shown to actively
predate on anchovy eggs and larvae (Cowan and Houde, 1993). Accordingly, the
clearance of these small copepods by Mnemiopsis resulted in a lack of availability of
suitable small sized copepods for anchovy larvae. Consequently, this gelatinous predator
directly affects zooplankton and fish eggs and larvae through predation (Shiganova,
1998; Shiganova and Bulgakova, 2000) and indirectly affects planktivorous fish (e.g.
anchovy) while competing for food sources, which may have one cause of the severe
decline of fisheries at the end of 1980s (Kideys, 1994; Kideys et al., 2000).

1.3 Black Sea Anchovy (Engraulis encrasicolus ponticus)

The Black Sea anchovy is a short-lived (3 to 4 years) migratory species that spawns in
batches. One female anchovy lays between 13.000 to 40.000 eggs during the spawning
season (Bat et al., 2007). The spawning occurs when temperatures are above 20°C and
the optimum temperature is between 23-25°C (Niermann et al., 1994; Adrianov et al.,
1996; Sorokin, 2002), the optimum salinity is 12-18 %o, the optimum pH 8.3-8.4 (Demir,
1959) and 5-10 m. is the optimum spawning depth in coastal regions (Slastenenko,
1956). The chances for survival of individual eggs spawned by a female anchovy are
around % 25-35, larvae and juvenile anchovy survival rates are highly dependent on the

abundance and quality of the planktonic food source (Pavloskaya, 1955). Moreover, the
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minimum temperature for the growth of the anchovy larvae is 13 °C, maximum
spawning intensity is possible only when the temperature is higher than 20 °C (Demir,
1959). Anchovy eggs develop into early larvae, then late larvae and juveniles until
reaching sexual maturity in one year. Maturity of a population is defined as the point
when 50% of the juveniles become sexually mature.

The North Western Shelf is believed to be the region where the majority of
anchovy spawns (Niermann et al., 1994) and forages in the summer. Then in winter, they
migrate to the Turkish coasts with warmer conditions for overwintering purposes (Bat et
al., 2007), to supply their high metabolic demands (Oguz et al., 2008a).

Their schooling behavior makes them the primary target species of fisheries at
the end of 1970s when the predation pressure imposed by the large pelagics and
demersals diminished (Daskalov, 2003; Oguz et al., 2008a). With the top-predators
missing, the system shifted to a simpler food web with anchovy being at top-predator
level (Oguz et al., 2008a,b). Thus, its estimated standing stock size elevated by four-fold
from mid-1960s to 1980 (Prodanov, 1997; Ivanov and Panayotova 2001). These high
numbers were maintained for a decade with some fluctuations and then an abrupt
transition back to the low stock regime took place between 1989-1990 under increasing
fishing pressure and the influence of competition for food resources as well as predation

by Mnemiopsis (Oguz et al., 2008b).

1.4 Environmental Changes

There are numerous studies indicating close linkage between global scale weather
systems and the Black Sea’s regional climate conditions (Niermann et al., 1999; Oguz,
2005b; Oguz et al., 2006; Oguz and Gilbert, 2007). Among those climate conditions, the
most dominant one is the North Atlantic Oscillation (NAQO) index, which is described by
the normalized sea level atmospheric pressure difference between the ‘Azores high’ and
‘Iceland low’ pressure centers (Marshall et al., 2001). A positive mode of this index
indicates a greater degree of pressure difference between both centers. In this case, the

Black Sea region is under control of the Azore high pressure system, facing elevated
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levels of air pressure at the surface, decreased evaporation and lower sea surface
temperatures (SST) and air temperatures (Oguz et al., 2005). In contrast, when the NAO
IS in a negative mode, lower pressure gradient exists between Azores and Iceland, which
leads to moderate and rather moist winter conditions with temperate sea water and air
temperatures (Oguz et al., 2005).

During 1960s to 1980s a warm period took place in the Black Sea, coinciding
with mild mean winter SST’s (December to March) (Rayner et al., 2003) and warm
mean Cold Intermediate Layer (CIL) temperatures (May to November) (Belokopytov,
1998). This trend preceded a positive index phase from 1980 to 1995 with cool patterns
in winter. Especially the years from 1985 to 1987 and 1991 to 1993 exhibited the most
severe winter conditions of the last century as winter mean-upper layer temperatures
decreasing down to 7.2 °C (Oguz, 2005b).

1.5 Long-term Changes in Ecosystem Properties

1960s:

The late 1960s were characterized by heavy fishing of large apex predator fishes,
dolphins and demersals that led to an order of magnitude increase in the stocks of
intermediate trophic level planktivorous pelagic fish. Anchovy became the most
abundant species with sprat as second in abundance. Due to the decreasing predation
pressure by higher trophic level fish anchovy experienced a marked population increase
from estimated low values (~300 kt) to moderately high values (~700 kt) from the end of
1960s to the first half of 1970s. This event has been referred to as the first transition
event (TR1) (Oguz et al, 2008a), by which the trophic cascade was reorganized with
anchovy at the apex predator level. Correspondingly, anchovy became the primary target

species of the purse seine fleet in the absence of piscivorous fish.

Late 1970s:
During the second half of 1970s a major deviation in the biomass, phylogeny and

taxonomy of the plankton community took place due to a strong increase in
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eutrophication in response to increasing anthropogenic nutrient load from rivers
discharging into the North Wester Shelf. For example, the mean biomass of the
phytoplankton that was observed around 1 g m™ in 1960s in the northwestern part of the
basin, reached up to 19 g m?in the 1970s (Zaitsev et al., 1997). In addition, diatoms, the
most abundant phytoplankton community prior to 1970s, were replaced by
dinoflagellates and coccolithophores (Mikaelyan, 1997; Moncheva et al., 1997; Uysal et
al., 1998). Moreover, the early spring and autumn succession of phytoplankton blooms a
characteristic feature of the pre-eutrophication phase (before 1970s). But the ecosystem
was shifted to more intensive summer peaks during 1970s (Mikaelyan, 1997; Moncheva
and Krastev, 1997; Uysal et al., 1998). The reason behind these phenomena lays in the
critical role of River Danube. While the inorganic nitrogen and phosphorus input from
Danube lead to their enrichment in the northwestern shelf area, dam construction
activities on its branches at the beginning of 1970s (Humborg et al., 1997) prevented the
release of silicate load into the basin (Moncheva and Krastev, 1997). As a result diatoms
which are highly dependent on silicate availability were replaced by smaller sized
phytoplankton taxa. For example, populations of the diatoms Leptocyclindrus danicus
and Ditylum brightwellii were reduced in biomass and instead the harmful marine
dinoflagellate Prorocentrum micans and the coccolithophore Emiliania huxleyi increased
in biomass (Zaitsev and Aleksandrov, 1997).

As a consequence of increased primary production, mesozooplankton biomass
increased after the mid-1970s till early 1980s (Porumb, 1989) and fish stocks reached
high stocks (~1500 kt) at 1979 - 1980 (Prodanov et al., 1997). This is called the second
transition (TR2) event (Oguz et al., 2008a) and driven by the bottom-up control operated
for over a decade.

1980s:

An abrupt drop in winter temperatures during the 1980s caused more intense winter
mixing and with it stronger recycling of nutrients available in the chemocline layer that
had accumulated due to the nutrient enrichment process (Oguz et al., 2005). Higher

entrainment rates in this period provided an increased nutrient supply to the biologically
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active layer, triggering intense vernal phytoplankton blooms that led to the presence of a
high mesozooplankton biomass in the system. By the mid-1980s, mesozooplankton
suddenly declined in biomass (more than 80%) under combined predation pressure
exerted by Noctiluca scintillans, Aurelia aurita, Pleurobrachia rhodopis and
planktivorous fishes (Oguz et al., 2005). As there was food shortage in the system, jellies
was not able to impose serious threat to anchovy which outcompetes the other predators
under such conditions (Oguz et al., 2008a).

The medusae Aurelia aurita was the dominant jellyfish in the Black Sea from
late 1970s to early 1980s. It was replaced by the alien ctenophore Mnemiopsis leidyi
soon after its accidental introduction into the Black Sea during the 1980s (Shushkina et
al., 1998; Kovalev et al., 1998; Shiganova, 1998; Kideys et al., 2000). The severity of
the winters persisting during 1980s suppressed the growth and reproduction
characteristics of the Mnemiopsis, and postponed Mnemiopsis outburst until a warmer
period took over from 1988 to 1990 (Oguz et al., 2008b). The outburst of Mnemiopsis
incidentally coincided with the collapse of anchovy stocks subjected to fishing pressure.
This was the most drastic collapse event (more than 5-fold) reported in the world
fisheries (Oguz and Gilbert, 2007). Accordingly, the anchovy catch at the Turkish coast
declined from 295 ktons to 66 ktons between 1988 and 1990 (Anonymous, 2004) while
a sudden outburst of Mnemiopsis from negligible biomass amounts to more than 1kg m™
was recorded. This regime shift has been called third transition (TR3) (Oguz et al.,
2008a).

Field data revealed that during periods of positive NAO index and cold
conditions, prey abundance declines and anchovy outcompetes Mnemiopsis when
feeding (Oguz, 2005b). In addition, Mnemiopsis is sensitive to turbulence and cold
climate conditions, which prevents Mnemiopsis from rapid reproduction, such as at the
beginning of 1980s. During warm conditions though, such as from 1989 to 1990s,
Mnemiopsis reproduction increased, seeded from survivors of overwintering, reaching
very high biomass numbers (Oguz et al., 2001). Oguz et al. (2008a, b) assumed that
Mnemiopsis has competitive advantage in food exploitation over anchovy and

reproductive advantage over the native species Aurelia. The complex nonlinear coupling
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of increased fishing pressure and competition with Mnemiopsis led to the anchovy stock

depletion.

1.5.1 Bottom-up control

The 1950s and 1960s represent the oligotrophic state of the Black Sea ecosystem with a
human-induced nutrient supply of 150 kilotonnes yr™ from the rivers discharging into
the North Western Shelf (NWS) (Oguz and Gilbert, 2007). The maximum concentrations
of the most limiting nutrient, nitrate, in the open waters were around 2-4 pM (Codispodi
et al., 1991) while for the shelf region the vertically integrated nitrate concentration of a
40 m deep station located off the coasts of Romania was ~ 4.0 uM. In addition, the
maximum phytoplankton biomass and chl-a concentration was observed to be ~2.0 g m’
2and 0.1 mg m™, respectively, and resembles the characteristics of a typical pristine state
ecosystem under weak anthropogenic forcing (Oguz and Gilbert, 2007). Furthermore,
this period corresponds to the warm period in the Black Sea (Oguz, 2005b). During
1970s River Danube continued to accumulate nutrients in the water column and this
period referred to as pre-eutrophication state (Oguz and Gilbert, 2007). The alarming
footprints of developing eutrophication include the sudden increase of vertically
averaged phosphate load ~ 1.4 uM at the NWS, basinwide pronounced hypoxia-anoxia
events, toxic dinoflagellate blooms, decline in sea grass communities and benthic
production, enhanced sediment transport (Zaitsev and Mamaev, 1997). Moreover,
phytoplankton biomass increased significantly from low values around ~ 3.0 — 4.0 g m™
before 1974 to twice higher values of 7.0 to 8.0 g m™ after 1974 and stayed around the
latter range until 1984 (Oguz and Gilbert, 2007). The intense-eutrophication phase
started when the upper chemocline layer (50-75m) nitrate concentration in 1980s
experienced a gradual increase (of more than three times) to ~ 6.0 to 8.0 uM at the inner
basin (Oguz and Gilbert, 2007). The climate conditions of the mid-1980s and early
1990s were the most severe of the century. Thus, nutrient pumping from the chemocline
to the productive surface waters at the time of winter mixing intensified (Oguz and

Gilbert, 2007). Following, more pronounced phytoplankton blooms responded to

9



nutrient accumulation at the surface (Oguz et al.,, 2008a). Vertically integrated
concentrations of phytoplankton were measured around 8.0 to 20.0 g m™ and surface
chl-a as 0.1 to 0.5 mg m™ in this period (Oguz and Gilbert, 2007).

1.5.2 Top-down control

During the second half of the previous century the Black Sea was subjected to various
types of predator control (Daskalov, 2002). During the pre-eutrophication state (1960s)
phytoplankton biomass was low, zooplankton biomass was fairly high, small
planktivorous fish were scarce in numbers and the large piscivorous fish was very
abundant (Oguz and Gilbert, 2007). The top-down control changed in the Black Sea
during 1970s when the overfishing of medium pelagics, dolphins and demersals caused
planktivorous fish stocks (i.e. anchovy) to increase twofold after 1973 to observed
stocks of ~ 1100 kilotonnes by the end of decade (Oguz and Gilbert, 2007). Anchovy
became the main consumer of production and this structure of the food web lasted until
1988 (Oguz et al., 2008b). At this stage, the moon jelly Aurelia aurita had a biomass
close to 1.0 kg wet weight m™ and Noctiluca scintillans became a very common part of
the ecosystem structure (Oguz and Gilbert, 2007). When the predatory fish declined, it is
likely that top-down control also set the conditions for increased concentrations of
phytoplankton by assigning the small pelagic fish at the top predator level of the
ecosystem (Oguz and Gilbert, 2007). It is hypothesized that the decreased predation
pressure by the large pelagics and the intensified bottom-up supply due to severe winters
are the possible explanations for the preserved high stock regime in the 1980s (Oguz,
2005b; Oguz and Gilbert, 2007). During 1988-1990 the collapse of small pelagic
fisheries under coinciding effects of exceedingly high fisheries exploitation and
population outburst of ctenophore Mnemiopsis leidyi took place. From the fisheries
perspective it is believed that the recruitment failure by uncontrolled fisheries led to the
abrupt decline (Giicti, 2002; Bilio and Niermann, 2004). Other studies pointed out that
Mnemiopsis sharing the food source of small pelagics at the same trophic level and its

predation on fish larvae further intensified the collapse of the small planktivorous fish
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stock and catch down to ~300 and 150 kilotonnes respectively at the end of 1980s
(Kideys, 2002; Shiganova et al., 2004). Lacking predation the gelatinous species invaded
the system and became the top-predator replacing Aurelia biomass of 1.0 kg wet weight
m? in 1988, with a biomass up to 3.0 kg wet weight m? in 1989 and the system
thereafter turned into a gelatinous predator dominated one (Oguz and Gilbert, 2007).

1.6 Food Web Interactions

According to aquatic biologists studying lake ecosystems, a trophic cascade occurs as a
pulse from apex predators and is transmitted down through lower trophic levels
(Carpenter et al.,, 1985) basically acting as a ‘top-down' control (e.g. predation,
omnivory, diseases etc.). In addition, Hunter et al. (1992), extended this view by
cascading-up from primary producers through higher trophic levels of the food web that
then regulates biodiversity and fish population dynamics.

In the literature, there are many efforts to understand and differentiate trophic
interactions between 'bottom-up' and 'top-down' control in a great variety of food web
structures. For instance, Ware and Thompson (2005) analyzed yearly fish catch data and
chlorophyll-a data obtained from SeaWIFS satellite observations in the western part of
North America, found that remarkably high rates of primary production meets
zooplankton data and resident fish data at the coasts of British Columbia, evidence for a
strong ‘bottom-up’ control over the margin. Ware and Thompson (2005) further state
that when fish catch is regressed against chl-a concentration, the slope of the regression
line is the same in the domains of both intensive upwelling and downwelling. Thus, the
primary production energy is directed not only towards the pelagic community but also
towards the benthic community, triggering aquatic life there. However, the state at which
fishing pressure (i.e. ‘top-down’ control) outcompetes the resource availability control
remained uncertain (Ware and Thompson, 2005).

By using worldwide decadal scale time series data, Cury et al. (2000) found that
in regions where intense upwelling operates, the middle trophic level is inhabited by

small, planktivorous pelagic fish (such as sardine, horse mackerel, anchovy etc. off
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California or South Africa) that serves as an essential linkage between high diversity
apex and bottom compartments of the food chain. He therefore suggested that heavy
fishing fleet may exert a significant influence on these ‘wasp-waist’ type of ecosystem
structure and may even cause pronounced regime shifts (Cury et al., 2000) provided that
the ecosystem is in an alternating state (Beddington, 1984). Futhermore, Cury et al.
(2000) concluded that attempts to describe ‘wasp-waist’ type of food webs do not always
give satisfactory results when analyzed with ‘top-down’ or ‘bottom-up’ type of trophic
controls in field studies. Rather it requires a more sophisticated modelling approach to
fully comprehend the complex interactions across multiple trophic levels and to address

questions about the relative dominance of each mechanism (Rose et al., 1996).

1.7  Modeling Studies

There have been various modeling studies dealing with the abrupt changes that took
place in the Black Sea ecosystem during the1960s to 1990s. Since the observed trends
alternated between consecutive trophic levels including the small pelagics stocks, they
can be evaluated from either bottom-up (resource availability) control or top-down
(consumer) control or both (Oguz et al., 2008a). By implementing different top-down
regulations (fishing pressures) with ECOPATH with ECOSYM (EwE) Daskalov (2002)
suggested that over-enrichment and over-exploitation both have an effect on the
changes in the structure of the Black Sea ecosystem, the role of fishing pressure was
however more critical in triggering a trophic cascade. At the same time Giicii (2002) put
forward the overfishing hypothesis as main reason for the fisheries collapse with the
Mnemiopsis outburst coinciding. According to this hypothesis, Mnemiopsis stock
explosion took place because the ctenophore took over the small planktivorous fish's
place as main consumer of zooplankton as a consequence of the strong top-down control
of overfishing (Shiganova, 1998; Daskalov et al., 2007). In order to understand the
fishing impact on small pelagics fisheries, one should take into account the reduction in
the catchment lengths that was observed in 1987 — 1988 with respect to the previous

years, thus suggesting an increasing number of immature (recruitment) catches with the
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advancements in the fisheries, resulting in a recruitment failure in 1989 (Giicii, 1997).
On the other hand, Berdnikov et al. (1999) used a trophodynamic model similar to EWE
and found the competition of Mnemiopsis and anchovy for food rather than its predation
on anchovy larvae as the responsible mechanism for the stock collapse.

In an extensive modeling study Oguz et al., (2008a,b) tested various mechanisms
by using a a coupled model of lower trophic level and anchovy population dynamics and
concluded that complex non-linear interactions were responsible for the anchovy-
Mnemiopsis shift. It was preconditioned by nutrient accumulation in the chemocline as a
consequence of intense eutrophication and triggered by strong winter conditions, which
by intense mixing made the nutrients available to the productive surface layer. This
process increased the carrying capacity of the system. An increased fishing pressure
together with competition with and predation by Mnemiopsis then caused the anchovy
collapse (Oguz et al., 2008a,b). This multi-trophic-level modelling approach thus
elucidated the mechanisms operating behind abrupt transition events that occurred in the
Black Sea.

1.8  Objectives of this study

The main focus of this study is to extend the work done by Oguz et al. (2008a,b) and
investigate the role of high frequency (interannual) climatic variations on anchovy
population dynamics, and the lower trophic level components of the ecosystem. Climate-
induced variability will be limited to the changes in water temperature and vertical
mixing rates. This work will put an emphasis on the complex interactions across
consecutive trophic levels and focus on possible cascade events generated by climate-

induced variations.

The following research questions are going to be answered:

1. What are the different effects of changes in water temperature and mixing rates

on the ecosystem and anchovy population? Do these effects change when they
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occur at the same time? Are both environmental factors of the same importance?
2. Do such environmental factors cause an observable trophic cascade effect?

3. What does environmental change mean for the Black Sea anchovy population?
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2 MATERIALAND METHODS

The coupled model of lower trophic level and Black Sea anchovy population dynamics
is described in this section (for more detail, see the Appendix). Following that, the model
input parameters and their values, then, some of the parameter value settings are
presented. Lastly, the environmental time series over 65 years used for forcing the model

are described.

2.1  Model Description

The model used in this study was developed by Oguz et al. (2008a) and in its one-
dimensional structure keeps track of concentration of all the state variables in mmol N
m™ as a function of time. This one- dimensional model resolves the upper water column
with three layers and was developed for the south east region of the Black Sea where
most purse seine fishing activity and anchovy foraging grounds are located and
spawning of anchovies has been observed. The model solves a set of equation
representing the ecosystem dynamics, and a detailed description of the equations can be
found in Oguz et al. (2008a).

2.1.1 Lower Trophic Level (LTL) Model Structure

The state variables of the lower trophic level of the model are defined as three
phytoplankton groups (diatoms, dinoflagellates and nanoplankton), three zooplankton
groups namely micro-, mesozooplankton and gelatinous carnivores (such as Aurelia or
Mnemiopsis). This simplistic representation of both Aurelia and Mnemiopsis by a single

state variable is reasonable for the purpose of present work because growth and
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mortality rates of both species are considered as rather similar (Shushkina et al., 1983;
Shushkina et al., 1998). It means the differences arising from their life history traits can
decide for the relative dominance of one species over the other, thus both can not co-
exist together at high biomass values. Since the model was constructed to follow the
mechanisms behind the anchovy stock fluctuations and the Black Sea regime shifts from
1960s until the collapse period which took place at the beginning of the 1990s, it
assumes no predation effects of Beroe ovata on the gelatinous species. The nitrate
compartment of the lower trophic level model ignores the complex bacterial dynamics
for simplicity and assumes direct remineralization of detritus partly into nitrate while the
rest sinks down below the euphotic zone. The nitrate regulating phytoplankton
production is supplied via fluxes from nutrient source layer (by vertical mixing and
advection processes), through its regeneration from detritus, from unassimilated matter
within the euphotic zone when stratification conditions persist, and through diffusive

exchanges between layers.

2.1.2 Higher Trophic Level (HTL) Model Structure

The anchovy bioenergetics (life-cycle dynamics) model follows principally the study by
Rose et al. (1999), tracking individual spawners’ progeny through developmental stages
(such as hatching, yolk-sac larvae, early larvae, late larvae, juvenile, young of the year
(YoY)) and adult stages. Water temperature is a critical factor for larval stages and
determines the initiation of the spawning season. Spawning is limited to the mixed layer
in waters above 20°C (Niermann et al., 1994; Kideys et al., 1999; Satilmis et al., 2003).
Below this mixed layer the temperature values are always lower than ~7°C.
Consequently, the eggs and non-feeding larvae cannot survive within the thermocline
depths, unlike the juveniles, YoY and adults which show voracious and selective feeding
on their wide-range of zooplankton prey at different depths. The model starts with the
spawning of females on June 1st and the spawning season lasts till the end of August
(months are identically represented as 30 day intervals). All eggs spawned on the same

day are regarded to belong to the same cohort. Accordingly, the model keeps track of 90
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cohorts in one year. As anchovy grow, they are subjected to mortality by either fishing,
or natural, or both. The natural mortality comprises the predation, grazing and basal
mortality components. In the model formulation, anchovy may also experience losses
due to suffering from food shortage that occur when there is not enough food to meet
their basal metabolic demands. The individuals in the model are tracked through age-0,
age-1, age-2 and age-3 classes. The model uses different predator prey relationships for
anchovy and gelatinous carnivores. For further information on the model structure and

formulation, parameterization, testing, and validation we refer to Oguz et al. (2008a).

2.1.3 Vertical Model Structure

In the model the vertical structure extends from the surface to the upper part of the
chemocline, comprising the euphotic zone and the nitrate source layer below. The
biologically-active part of the water column, the euphotic zone, is assumed to be 50 m
deep and is represented by two layers: a daily varying surface mixed layer and a
subthermocline layer. This two-layer representation of the euphotic zone is acceptable to
represent thermal stratification characteristics in the Black Sea. Below the euphotic zone
of the model is the upper part of the chemocline starts that provides nutrients to the
euphotic zone by entrainment.

The two layer vertical resolution of the model euphotic zone persists until the
mixed layer deepens up to 45 m. Nutrient entrainment from the upper chemocline starts
when the mixed layer depth reaches 45 m in winter and nutrients are entrained both into
the mixed layer and the sub-thermocline layer. In addition, during the spring shallowing
and autumn deepening phases of the mixed layer, the surface mixed layer follows a
linear trend of changes between its minimum (15 m) and the maximum (45 m) values
(Fig. 2.1a).
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Figure 2.1: Model input derived from mean climatologic conditions for the Black Sea
(Oguz et al., 2008a). Annual cycle for daily a) mixed layer depths (m), b) total mixing
rates (d'l), c¢) mixed layer temperatures (°C), and d) photosynthetically available
radiation (PAR) (m? watts™).

2.2 Model Input

Daily variations of mixed layer depth, total mixing rate, temperature and
photosynthetically available radiation (PAR) reaching the successive model layers over a
year are input to the model (Fig. 2.1a-e). The model starts in June 1% and the
corresponding mixed layer depth assigns the value of 20 m (Fig. 2.1a). But as the water
gets warmer, the mixed layer continues to shallow up to 15 m. During summer the water
remains stratified and the mixed layer depth stays intact at 15 m until October. As the

severe winter conditions approach, intense winter mixing destabilizes the water column
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and the surface mixed layer deepens until January when it reaches the maximum depth
of 45 m. No more deepening of the mixed layer is allowed afterwards. This structure
always retains the two layer structure of the euphotic zone which has a fixed depth of 50
m. in the model. Thus the 45 m. deep mixed layer and 5 m. thick sub-thermocline
structure prevails until mid-March (Fig. 2.1.a).

When the mixed layer depth reaches 45 m., then the source layer is allowed to
entrain nutrients both with the upper layer and the lower layer, as a result of wind-
induced intense mixing. Only during the period of the intense mixing, which lasts from
January till mid-March, efficient nutrient supply from the source layer (upper
chemocline) to the upper layer is possible, otherwise the upper layer exchange nutrients
with the lower layer.

The mixed layer starts shallowing after mid-March as the warming of the air and
water temperatures take place. It follows a linear trend shallowing to 20 m in until June
and completes its annual cycle.

The total mixing rate is the sum of daily diffusive flux which is assumed to be
constant throughout the year at 0.01 m™ and temporally varying entrainment flux (Fig.
2.1b). Therefore, during the summer when entrainment is inactive, total mixing is 0.01
m™. Towards the end of October, as vertical mixing gets activated, total mixing rate
reaches ~0.02 m™. In the subsequent time period the total mixing rate keeps increasing
to the maximum value of 0.04 m™ in January. From January until mid-March maximum
mixing conditions preserve and active nutrient transport from the source layer to the
upper layer takes place. Following this intense mixing period the total mixing rate starts
to decline and it reaches 0.035 m™ at the end of March and then the entrainment
diminishes as the mixed layer starts shallowing. Accordingly, total mixing rate attains
the diffusion rate constant of 0.01 m™ from April to June due to warming conditions.
This reference (baseline) mixing cycle represents the mean climate conditions and is
used in the long-term simulations as spin up for the first 15 years of the 65-year input
timeseries.

The mixed layer temperature cycle follows a sinusoidal pattern in order represent

the warming and cooling periods in a realistic manner (Fig. 2.1c) whereas the
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subthermocline temperature is set to a constant value of 7 °C throughout the year. On the
first day of the model year, June 1%, the water temperature is ~16 °C, increasing to the
maximum temperature of 24.11 °C on August 29". After that temperatures decrease until
the coolest temperature of 7.03 °C occurs at the end of February. Following that time the
temperature keeps increasing while reaching ~16 °C on the 1% of June and completes the
annual cycle. This reference (baseline) temperature cycle represents the mean climate
conditions and is used in the long-term simulations as spin up for the first 15 years of the
65-year input timeseries.

Photosynthetically available radiation (PAR) is also given as an input to the
model (Fig. 2.1d). Its value is around 220 m? watts™ at the beginning of the model year
(June 1*) and rises up to 300 m? watts™ until the 15 of August. During the following
four-months the PAR values decline linearly and reach around 20 m? watts™ by the 15"
of December. Then it remains around ~20 m? watts™ until March and in the upcoming
spring season radiance starts increasing leading to more efficient illumination of the

water column. Thus, at the end of May PAR value is around 210 m? watts™.

2.3  Parameter Setting

In this study, the model is run with the scenario setting representing the late 1970s
ecosystem conditions, the time when nutrient supply to the system was elevated in
comparison to the pristine state. This implies that the average nitrate concentration in the
subsurface source layer is taken as 3.0 mmol m™. The late 1970s resemble the post-
transition stage, when anchovy are able to develop from moderate (8 t km™ or 1200 kt)
to high (10 t km™ or 1500 kt) stocks. Nutrient induced production is effectively utilized
by anchovy in the vacancy of gelatinous biomass and during relatively low gelatinous
transport from the shelf (0.0005 d), medium predation pressure by higher order
predator fishes (0.00003 m*® d), medium fishing mortality (0.3 f yr™) obtained by
multiplying daily fishing rate with the duration of fishing season (Table 2.1). Fishing
season lasts from the 1% of October to 15" of March (165 days) every year, basically

corresponds to more than 80% of the total annual catchment (Prodanov et al. 1997).
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Further, necessary parameter adjustments were done to the anchovy model as it is

described in Oguz et al. (2008a, Table 3, 5 and 6). Food preferences for anchovy

grazing, coefficients of the length-weight relationship of anchovy, spawning efficiency

and weight loss due to spawning were readjusted (Table 2.2), as well as basal mortality

rates for hatching, yolk-sac and late larva, and consumption and respiration parameters

(Table 2.3).

Table 2.1: Input parameter values for the late 1970s ecosystem conditions.

Input Parameters Value

Source layer nitrate 3.0 mmol m?

concentration

Predation mortality 2.0x10* mid?
Gelatinous import rate 05x10° d*
Fishing mortality 0.3 fyr!

Table 2.2: Higher trophic level (HTL) parameter setting.

Description Value

Food preference coefficient of anchovy for mesozooplankton 0.5

Food preference coefficient of anchovy for microzooplankton 0.5
Weight-length conversion factor b; 0.0040 cm
Exponent of weight-length conversion b, 3.16
Spawning efficiency S 0.3
Weight loss due to spawning Eg 0.15 d*
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Table 2.3: Anchovy weight growth model parameters for different development stages.

Var indicates parameters changing with time.

Description Unit Early larva Latelarva Juvenile YoY Adult
Basal mortality rate*, m d- 0.3 0.07 0.02 0.006 0.002
Max. consumption rate, c1 mgC d' 1.23 0.78 0.88 0.69 0.417
Weight parameter of consumption, c2 0.27 0.27 0.27 0.35 0.35
Max. respiration rate, 1 mgC d' 0.022 0.022 0.25 var 0.0299
Weight parameter of respiration, r. 0.34 0.34 0.34 0.34 0.34
Half saturation const. of zooplankton mgC m3 2.7 2.7 2.7 2.7 2.7
feeding, Az

Activity factor of respiration, Ar 1.5 1.5 1.5 1.5 1.5

* for hatching and yolk-sac larvae 0.9, 0.8 d-!

2.4  Simulation Characteristics

Stochastic time series of temperature and mixing rate are generated in order to mimic
their climatic variations (Fig. 2.2). A regression equation was fit to the climatological
temperature cycle of the Black Sea described in section 2.2 that produces a yearly

temperature cycle as seen in Fig. 2.1.c:

T = 0 - oz €05(0.01745 day) - a; sin(0.01745 day) (@)

where day is day of the year and ao, a1, a, are constant parameters having values of 15.5,
0.1, and 8.5, respectively. This temperature cycle was repeated for the first 15 years of
the 65 year time series to allow for spin-up of the model. For the following 50 years
stochastically created white noise was added to the values of the three coefficients (ay,

ay, ap) (Eqn. 1) to create varying yearly cycles representing changes in temperature.
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[, =noiseeq,
[ =noisee,

[, =noiseea,

The white noise was created in form of normally-distributed, pseudo-random numbers
with a mean of zero and a standard deviation of using the Box-Muller method for
generating normally-distributed (Gaussian) random numbers. Assuming A & B are

independent, random variables uniformly distributed in the interval (0, 1], then;

Z,=~-2InAcos(27B)
Z =~-2InAsin(27B) )

with Z, and Z; being the independent random variables with normal distribution, a mean
of zero and standard deviation of one (Eqgn. 2).

This randomly generated noise is an anomaly that translates to different
temperature and mixing rates during each respective year but summed up over the total
of 50 years gives no deviation from the climatological conditions. Similarly it was done
for the total mixing rate cycle given in the section 2.2 (Fig. 2.1b), however the noise was
applied with reversed sign so that colder temperatures correspond to higher mixing rates
and vice versa. The response of the higher trophic level population (spawners,
recruitment and eggs), as well as anchovy-gelatinous interactions and the lower trophic

level (phytoplankton and zooplankton) were studied:

To investigate the influence of changing temperature and mixing on the Black Sea
ecosystem as defined in the model, three different simulations are performed:

1) Simulation A (Temperature (T) only case): in this simulation the model is

forced with stochastically changing temperature input only. The rest of the parameters
are as given by their default settings. The 65 year time series of temperature input
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described above is read into the model (Fig. 2.2a), while the total mixing cycle is kept
fixed for all of the 65 years as in the baseline simulation (Fig. 2.1b). This simulation is
used to explore the impact of long-term variability in temperature as may be induced by
climate change on higher and lower trophic levels.

2) Simulation B (Mixing (x) only case): in this simulation the model is forced

with stochastically changing mixing input only. The above described 65 year time series
of total mixing rate is read into the model (Figure 2.2b), while the temperature cycle is
kept fixed for all 65 years as the baseline simulation described above (Fig. 2.1.a). ). This
simulation is used to explore the impact of changes in the total mixing rate as may be

induced by climatic changes on higher and lower trophic levels.

3) Simulation C (T & « ): in this simulation the model is forced with both 65 year

time series of stochastically changing temperature and mixing rate (Fig. 2.2a & b). The
overall ecosystem response to the combination of these forcing is investigated. In
addition, seasonal changes of the lower and higher trophic level compartments are
investigated by looking at model input over the course of one year using low
temperature (year 12), maximum (year 16) and average (year 14) environmental

conditions.
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Figure 2.2: Stochastically generated 65-year time series data serving as model
input. a) Temperature (°C) and b) total mixing rate (d™') derived from the mean
climatologic data for the Black Sea (Fig. 2.1b,c) (Oguz et. al., 2008a).
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Figure 2.3: Fifty year-long time series data of coldest day of the year (on 28 February)
showing the a) temperature (°C) and b) total mixing rate (d) differences between
consecutive years of the basic model input (Fig. 2.2).

The date (February 28) at which the minimum temperature occurs in each year, as well
as the corresponding maximum total mixing rate at the same day are plotted as a

representative of long-term inter-annual variability (Fig 2.3).
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3 RESULTS

The model described above in combination with different time series are used to
evaluate the impact of environmental changes on the lower and higher trophic levels of
the Black Sea. Therefore, first the reference (baseline) simulation to which the
subsequent model results will be compared is presented. Following this, the
development of lower and higher trophic level compartments over one specific year and
its reaction to long-term (65 years) climatic variability are presented. After that the
influence of environmental change on the higher trophic level is described while

considering the interactions between the different trophic levels.

3.1 Reference Simulation

In the reference simulation temperature and total mixing rate representing mean
climatologic conditions of the Black Sea corresponding to the baseline year (Fig. 2.2)
was read into the model.

In considering the lower trophic level (LTL) components, the nitrate is unique for
being the only abiotic compartment of this group. Therefore, being directly controlled by
primary forcing data (such as mixing, heat flux and etc.) it plays an important role in
carrying the physical information to the rest of the biotic compartments at the LTL.
Hence, annual variability of the subsurface nitrate concentration is expected to get
influenced by daily variations in the entrainment rate. The source layer actively supplies
nutrients to the upper layer at times of intense mixing which takes place during the
period from January to February. Therefore, the nutrient concentrations in the euphotic
layer stay at the range between background values of ~0.6 and 1.5 mmoIN m™ during
the first half of the year (Fig. 3.1a). Then, the nutrient concentration that is built up via
mixing induced accumulations, reaches peak values of 2.75 mmolIN m™ at the beginning

of April. At the surface, while the mixed layer gets shallower in the early spring, the
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nutrients are made available for uptake in the primary production. The fifteenth of April
corresponds to the time of initiation of vernal bloom of the phytoplankton groups that is
triggered by radiation and nutrient availability. Towards May, the phytoplankton
severely depletes the nitrate and reaches biomass amounts around ~10. gC m™ (Fig.
3.1b). Phytoplankton blooms again during early autumn with somewhat lower intensity
of ~5. gC m™ but this time over a longer period. Correspondingly, microzooplankton
responds to phytoplankton variability with a bloom biomass around 1.15 gC m™ at the
beginning of June and with ~0.4 gC m™ in the middle of November (Fig. 3.1c). Then
mesozooplankton which constitutes the primary food source for anchovy reaches a peak
biomass value of more than 1.8 gC m™ in the middle of May and ~1. gC m™ at the
beginning of December (Fig. 3.1d). The timing of the mesozooplankton bloom takes

place with a fifteen day shift with respect to microzooplankton.
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Fig. 3.1: Model lower trophic level state variables. Daily variations of water column
integrated (a) nitrate concentrations (mmoIN m™) and biomass of (b) phytoplankton
(9gC m™), (c) microzooplankton (gC m™) and (d) mesozooplankton (gC m™).
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Table 3.1: The corresponding output values for egg production, standing stock, total
catch and gelatinous biomass, under 1970s input parameter setting.

Model Output Value

Total number of eggs produced 558 m°d™
Exploitable anchovy stock 6.19 tkm?d*
Anchovy catch 2.52 tkm?yr?
Gelatinous biomass 0.285 gCm™

Given the late 1970s parameter setting, the corresponding output for total egg
production during the spawning season is 558 m® d, standing stock at the first day of
fishing season (October 1%) is 6.19 t km™ total landing during the fishing season
(October 1% to 15 March) is 2.52 t km™ and the annual mean gelatinous biomass is
0.285 gC m™ (Table 2.1). With the new parameter setting for anchovy vital rates, the
calculated model output (Table 3.1) deviated from that in the original model (Oguz et al,
2008a).

Anchovy spawning season is assumed to start at the first day of June in the
model. However, anchovy starts spawning only when the water temperature exceeds 20
°C. Until then, egg production is delayed and daily egg number is assigned to a constant
small number (500 no. m™ d™) beginning from the 1st of June. Keeping this in mind, in
the reference run the actual production starts at the 20™ of June with an amplitude
around 6000 no. m™ d* (Fig. 3.2a). Egg numbers increase gradually from this time on to
~ 9600 no. m™ at the end of August. Recruitment in the model is defined as all anchovy
that survive larval and juvenile stages and manage to grow up to 6.0 cm. This length is
assumed to correspond to anchovy that are able to reproduce. Towards the end of
August, the mean length of all cohorts reaches 6.0 cm (Fig. 3.2b). Recruitment
population increases steeply until December and peaks at 10.5 no. m™ d* in the middle
of December. Their population starts to decrease, as they are being subjected to severe
winter conditions and food shortage. In summer, when the conditions improve, by the
end of May anchovy stock rise again but being assigned to age-1 then.
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Fig. 3.2: Model higher trophic level compartments. Daily numbers of (a) egg production
during the spawning season and, (b) recruitment population over the course of one year.

Daily mean weight and length values of anchovy age group 0+, 1+, 2+ (Fig. 3.3)
are in close agreement with the data collected in Turkish coasts during the fishing
seasons of mid-80s to 2005 (Ugkun et al., 2005; Samsun et al., 2006). It can be seen that
the maximum growth, in both weight and length, takes place within the first 6 months
where larvae growing up to 2 £1 gww and 7 £1 cm. For the adult groups, weight growth
was 3 gww yr' and 6 gww yr' for the age-1 and age-2 classes, respectively. The
corresponding length growth was 2.5 cm yr™* for considered adult ages.

The results of weight and length growth reveal very critical features on anchovy
early life history traits (Fig. 3.3). From the beginning of summer to winter (from June to
January) the individuals belonging to each age class (age 0+, 1+ and 2+) experience
positive weight growth as a result of availability of zooplankton food resource, which is
triggered by increased primary production (Fig. 3.3a). As the winter conditions take
over, scarcity in the food sources limits the weight growth. As a result, weight growth
slows down and finally leads to weight loss (negative weight growth) during the period
from January to the end of May. Besides, as the individuals grow older, they divert
increasingly more amount of energy to building up body tissues for reproduction.

The results of stock and catch numbers analyzed for varied nutrient input (N)
reveal that anchovy numbers increase most when nitrate content in the source layer is

increased from 2.0 mmol mto 3.0 mmol m*® (Fig. 3.4). For N of 2.0 mmol m? the
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anchovy stock and catch is around ~ 3.0 t km™ (450 kt) and 1.0 t km™ (150 kt),
respectively (Fig. 3.4a,b). When the nitrate content is increased to 3.0 mmol m™, the
corresponding stock and catch reach up to around 6.0 t km™ (900 kt) and ~2.5 t km™
(375 kt), respectively.
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Fig. 3.3: Model higher trophic level compartments. Daily a) weight (gww), and (b)
length (cm) growth of age-0 (mean of all 90 cohorts), age-1 and age-2 populations of
anchovy. Data collected within the fishing season of the Black Sea and Izmir Bay is
documented in open circles (Uckun et al. 2005, Samsun et al. 2006).

The changes in N content from 2.0 to 3.0 mmol m™ are accompanied with a
gelatinous biomass of 0.2 gC m™ and 0.6 gC m?, thus indicating that the available

resources are more efficiently diverted to anchovy within this range (Fig. 3.4c). In
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contrast, for N concentrations beyond 4 mmol m™, the gelatinous group consumes more
efficiently and outcompetes anchovy in food competition at the same trophic level.
Correspondingly, the anchovy stocks and catch start to decline, whereas gelatinous
biomass reaches the critical concentration which enables more adventageous

consumption of fodder zooplankton prey beyond this nitrate limit.

£ E
x <
[$] O
pe) ®
b7 3]
0 2 4 6 8 10
N (mmol m®) N (mmol m®)
€
Q
=)
w
(7]
©
£
o
)
0]

N (mmol m“’)

Fig. 3.4: Nitrate concentration of the source layer, Nc, versus variability of (a) anchovy
stocks at the beginning of fishing season (October 1%), (b) total landings within the
fishing season (from October to mid March) and (c) gelatinous biomass at the euphotic
zone in yearly average values.

3.2  Environmental Effects on Ecosystem

In the following two sections, the effect of environmental variability introduced to the
model, in the form of temperature and total mixing variations, is analyzed. In the first

part, the influence of extreme cases, such as the years with maximum/minimum
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temperatures and/or minimum/maximum total mixing, on the seasonal variations of both
lower and higher trophic level compartments is described. In the second section, the
long-term interannual variability of ecosystem compartments in response to changing
environmental conditions (temperature and/or total mixing) and also their interactions

with each other are studied.

3.2.1 Seasonal Variations

3.2.1.1 Lower Trophic Level

Simulation A: Seasonal variations in the lower trophic level compartments in response
to changing temperature and fixed total mixing rates are studied in this section. The
years of lower (n0.12) and higher (no.16) temperature extremes and fixed baseline year

(no.14) total mixing rates are inputs (Fig. 3.5a,b).

Nitrate

The nitrate concentrations over one year between years of temperature extremes does
not introduce changes in the annual cycle of nitrate concentration (Fig. 3.5¢). At the
beginning of the model year, euphotic layer nitrate concentration is around 1.4 mmol N
m™ and linearly decreases to around 0.85 mmol N m™ in September. Then between
September and October the concentration slightly increases above 0.85 mmol N m™ and
the nitrate values during the temperature minima are slightly exceeding the nitrate values
during maximum temperature effects. From October on, nitrate concentration decreases
down to the lowest limit (~0.6 mmol N m™) in November. Then, by December, the
nitrate concentration in the euphotic layer rises from its lowest value in the water
column via strong winter mixing effects and reaches peak values of 2.75 mmol N m™ by
mid-March. These accumulated nutrients are readily taken up in primary production in
April and fall steeply down to ~1.1 mmol N m™ and stay around this value during May.
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Figure 3.5: Simulation A. Model input in the form of a) temperature (°C) for minimum,
maximum and baseline years, and b) total mixing rate (d*) of the baseline year which is
kept constant for each different temperature cycle. Model output: c) euphotic layer
nitrate concentrations (mmol N m™), euphotic zone integrated d) phytoplankton (gC m’
?), e) microzooplankton (gC m™), f) mesozooplankton (gC m™), g) gelatinous predator
(9C m™) biomass variations and single layer h) anchovy recruitment biomass (gC m™)
variations.
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Phytoplankton
The phytoplankton biomass for the years of different temperature extremes stays almost

the same in the 3.0 to 5.0 gC m™ range between the period from June to December (Fig.
3.5d). During the severe conditions of winter the biomass further decreases reaching
around 0.5 gC m in March. In April, following the shallowing phase of the mixed layer
which contributes to nutrient availability in the surface layer, the phytoplankton biomass
rises to a peak biomass value of 9.5 gC m™ at the beginning of May. Although, the
timing of bloom in the year with maximum temperature character is delayed by one day
or two with respect to the bloom that took place in the minimum temperature year, and is
accompanied with a slightly lower magnitude this time, the duration of the bloom in the
maximum temperature period is longer than the duration in the minimum temperature

period.

Microzooplankton

Model results for microzooplankton reveal almost identical biomasses for each
temperature cycle except for the periods between mid-November to mid-December and
at the end of May (Fig. 3.5e). For instance, at the beginning of June the
microzooplankton biomass in both cases is around 0.9 gC m™ and they are consumed
rapidly during the second half of June and their biomass continues to decrease rather
slowly reaching around 0.2 gC m? in October. In the period between October to mid-
November, the biomass increases and makes a secondary peak around 0.4 gC m™
followed by a decline that lasts between December to March. Thus, at the beginning of
March, the microzooplankton biomass is around zero biomass value and remains
depleted until mid-May before it starts developing again. In the second half of May, the
microzooplankton biomass of the minimum temperature cycle shows a rapid growth and
reaches bloom biomass of ~1.15 gC m™ at the end of May. On the other hand, the
microzooplankton of the higher temperature period shows a rather slow development
and increases up to ~0.55 gC m™ at the end of May, less than half the biomass of the

colder temperature cycle.
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Mesozooplankton

At the beginning of June, the mesozooplankton biomass is ~1.2 gC m™ (Fig. 3.5f). Then
the mesozooplankton biomass in the minimum temperature year rise in June and reach
bloom concentrations around 1.75 gC m? at the beginning of July. Likewise,
mesozooplankton bloom in the maximum temperature year develops rather slowly and
reaches peak concentrations of values around 1.9 gC m™ in mid July, yet the magnitude
of this bloom is relatively more intense than the bloom in the minimum temperature
year. In the period between July to the end of October, the mesozooplankton values of
the maximum and minimum temperature years decrease continuously down to biomass
around 0.9 gC m? and 0.75 gC m™, respectively. Within the first two weeks of
November, a secondary biomass peak in both mesozooplankton with amounts of 1.0 gC
m? and 0.8 gC m? is observed for the maximum and minimum temperature years,
respectively. In the severe winter season from mid-November to mid-February, the
mesozooplankton biomass gradually decreases to zero and stays at negligible biomass
values until May for both temperature cycles. In May, mesozooplakton of the minimum
temperature cycle experiences a steep growth and reaches up to 1.5 gC m™ at the
beginning of June, whereas, the mesozooplankton which developes in maximum
temperature period grows rather slowly and reaches 0.75 gC m™ at the beginning of

June.

Gelatinous predator

Gelatinous predator biomasses indicate major differences between the temperature
extremes (Fig. 3.5g). Gelatinous predator biomass for the minimum temperature cycle
rises continuously from biomass value of 0.2 gC m in June to 0.9 gC m™ in the second
half of November. In contrast, gelatinous biomass in the maximum temperature period
increases from 0.2 gC m™ in June to ~0.75 gC m? in the second half of November.
Gelatinous biomass starts declining from peak biomass values at the beginning of
December through the second half of the year when food sources become scarce and

winter conditions dominate. At the end of May the biomass values are around 0.18 gC

36



m? and 0.2 gC m™ for the years of maximum and minimum temperature cycles,
respectively. Furthermore, gelatinous predator biomass values in the average

temperature period stay close to the mean of maximum and minimum temperature years.

Anchovy Recruitment

Within the age group 0+ anchovies, it takes some time before all cohorts can satisfy
maturity length criteria of 6.0 cm (Fig. 3.5h). A significant departure exists between the
recruitment biomass under minimum and maximum temperature conditions. When the
recruitment is exposed to minimum temperature cycle, the mean length of all cohorts
satisfies recruitment criteria after mid-August. In the following four months the
recruitment experiences a rapid increase and reaches biomass values above 0.225 gC m™
at the end of December. In the period from January to next June, their biomass keeps
decreasing from peak values down to 0.075 gC m™ at the end of May due to high
mortality of the age-0 groups and adverse conditions in winter time. On the maximum
temperature cycle side, recruitment does satisfy the length criteria with a 10 days time
delay than the minimum temperature case and yet their increase is very low until
November. In November recruitment biomass starts increasing until the end of
December and peaks at around 0.025 gC m™ after which slowly declines down to 0.01

gC m™ until the end of May.

Simulation B: Seasonal variations in the lower trophic level compartments in response
to fixed temperature and varying total mixing rates are studied in this section (Fig.
3.53,b). The years of upper (no.12) and lower (no.16) mixing extremes and fixed
baseline year (no.14) temperatures are input.

Nitrate

In simulation B, the nitrate compartment experiences more remarkable differences
between maximum and minimum mixing conditions as compared to the response it gave
in simulation A (Fig. 3.6¢). During the first half of the year, when nutrient supply from

source layer to the euphotic zone is inactive, nutrient concentration decreases from the
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value of ~1.3 mmol N m™ in June to 0.6 mmol N m™ in mid-November as a result of
being heavily utilized by primary producers. When mixing intensifies in December
nutrient levels increase and reach ~2.8 mmol N m™ and 2.7 mmol N m™ by March for
the minimum and maximum mixing cycles, respectively. In mid-April, when the mixed
layer shallows, the accumulated nutrients are used up by primary production, thus the
nitrate concentration decreases steeply below 1.1 mmol N m™ at the end of April and

stays around this value until the end of May.

Phytoplankton

The phytoplankton biomasses for the years of total mixing extremes are almost identical
within 4.5 and 3.0 gC m™ range between the period from June to December (Fig. 3.6d).
During winter conditions the biomass further decreases to ~0.5 gC m™ in mid March.
Following the shallowing phase of the mixed layer at the beginning of April, which
contributes to nutrient availability in the surface mixed layer, phytoplankton biomass
increases with a peak biomass value of 9.1 and 9.6 gC m™ at the beginning of May for
the years with minimum and maximum mixing rate extremes, respectively. Each bloom

stays around three weeks and decrease to ~5.0 gC m™ at the end of May.
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Figure 3.6: Simulation B. Model input in the form of a) temperature (°C) of the baseline
year which is kept constant for each different mixing cycle, and b) total mixing rate (d*)
for minimum, maximum and baseline years. Model output: ¢) euphotic layer nitrate
concentration (mmol N m™), euphotic zone integrated d) phytoplankton (gC m™), e)
microzooplankton (gC m™), f) mesozooplankton (gC m™), g) gelatinous predator (gC
m™) and single layer h) anchovy recruitment biomass (gC m™) variations.
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Microzooplankton

Model results for annual microzooplankton concentrations are almost identical for
mixing periods in the two extremes (Fig. 3.6e). For example, at the beginning of the
model year (June 1%) the microzooplankton biomass is around 0.9 gC m? and is
consumed rapidly during the second half of June and later decline more slowly reaching
0.2 gC m™ in mid September. In the period between mid-October to mid-November, the
biomass increases and makes an additional peak around 0.4 gC m™ which is followed by
a decline during December to mid-February when it reaches zero. Thus, at the beginning
of March, the microzooplankton biomass is around zero and remains depleted until mid-
May before it starts developing again. In the second half of May, the microzooplankton
biomass that is influenced by minimum and maximum mixing cycle, experiences a rapid
growth and reaches bloom biomass amounts of ~1.15 and ~0.80 gC m™ at the end of

May, respectively.

Mesozooplankton

During the years of total mixing extremes the mesozooplankton biomasses are nearly
identical (Fig. 3.6f). At the beginning of June, the mesozooplankton biomass is around
1.2 gC m? and it further develops throughout June and reaches ~1.8 gC m™ in the
middle of July. Between July to mid-October, the mesozooplankton values decrease
continuously, and the biomass is slightly above 0.8 gC m™ in mid-October. From mid-
October to the end of November, a secondary peak develops with a biomass around 0.9
gC m? During winter conditions from mid-November to mid-March, the
mesozooplankton biomass gradually decreases down to zero and stays at negligible
biomass values until May. During May, mesozooplakton experiences a steep growth and
reaches up to 1.25 gC m at the end of May.

Gelatinous predator

Gelatinous predator biomasses reveal significant differences between the extreme
mixing cycles especially in the winter season (Fig. 3.69). Gelatinous predator biomass

for the minimum mixing cycle rises continuously from biomass value of 0.2 gC m? in
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June to 0.86 gC m™? in the second half of November. On the other hand, gelatinous
biomass in the maximum mixing period increases from 0.2 gC m™ in June to ~0.8 gC m’
2in the second half of November. After the bloom period (at the end of November), the
gelatinous biomass keeps declining during the second half of the year when scarcity in
the food sources arises and winter conditions dominate. At the end of May the biomass
values are still around ~0.2 gC m™ for extreme mixing cycles which indicates their

existance throughout the year.

Anchovy Recruitment

As in simulation A, significant differences exist between the recruitment biomass under
minimum and maximum mixing conditions (Fig. 3.6h). When the recruitment is exposed
to maximum mixing cycle, the mean length of all cohorts satisfy recruitment criteria at
the beginning of September. In the following four months the recruitment experience a
rapid increase and reach biomass values above 0.18 gC m™ towards the end of
December. In the period from January to next June, their biomass keeps decreasing from
peak values down to ~0.05 gC m™ at the end of May due to high mortality and adverse
conditions in winter time. When exposed to minimum mixing, recruits satisfy the length
criteria at the same time with the maximum mixing case, however their biomass increase
is slower. Finally, at the end of December they reach their maximum biomass (below
0.05 gC m™). The biomass then slowly declines until the end of May down to ~0.01 gC
m™. Moreover, the effects of minimum total mixing period are similar to the average

mixing period.

Simulation C: In the last simulation, the lower trophic level (LTL) ecosystem response
to both changing temperature and total mixing rate is studied for the years of lower and

higher extremes (model input: Fig. 3.7a,b).

Nitrate
The nutrient concentrations available in the euphotic zone are identical in the maximum

and minimum extreme conditions between June and December (Fig. 3.7c). At the
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beginning of June, nitrate concentration is around 1.3 mmol N m™ and it linearly
decreases to 0.8 mmol N m™ in September. Then between September and October the
concentration slightly exceeds 0.85 mmol N m™. From October on, nitrate concentration
decreases, and reaches to the lowest limit (~0.6 mmol N m™) by mid-November.
Following that, the nitrate concentrations in the euphotic layer rise from their lowest
values from December on and nutrient accumulation enhances via strong winter mixing
effects. The peak concentrations reached by the end of March are above 2.75 mmol N
m’ for maximum temperature/minimum total mixing cycle and below 2.75 mmol N m™
for minimum temperature/maximum total mixing conditions. These nutrients are used up
during primary production in April and both fall down to 1.1 mmol N m™ remaining like

this until May.

Phytoplankton

The phytoplankton biomass in May, when it is under different environmental conditions,
behaves differently than those simulations A and B, specifically with the duration and
intensity of blooms (Fig. 3.7d). The magnitude of the bloom under maximum
temperature/minimum mixing conditions is around ~9.75 gC m™ which is slightly more
than the intensity under temperature maximum conditions and its duration is longer than
the bloom in simulation A. Under minimum temperature/maximum mixing conditions,
the bloom intensity (~9.25 gC m™) is lower and is also slightly lower than the bloom

under minimum temperature conditions in simulation A.
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Figure 3.7: Simulation C. Model input in the form of a) temperature (°C), and b) total
mixing rate (d*) for the minimum, maximum and baseline years. Model output: c)
nitrate concentration (mmol N m™) in the water column, euphotic zone integrated d)
phytoplankton (gC m™), e) microzooplankton (gC m™), f) mesozooplankton (gC m?), g)
gelatinous predator (gC m™), and single layer h) recruitment biomass (gC m™)
variations.
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Microzooplankton

Microzooplankton biomass preserves the characteristics of both previous simulations A
and B (Fig. 3.7e). For example, it shows the similar characteristics to simulation A from
June to September and from May to June, whereas it shows the information from case B
at the time of active winter mixing that takes place during November to mid-January. At
the beginning of the model year (June 1%), the microzooplankton biomass is around 0.9
gC m™ and they are consumed rapidly during the second half of June and their biomass
continues to decrease rather slowly until October and reach around ~0.2 gC m™ at the
beginning of October. In the period between mid-October to mid-November, the
biomass increases and makes an additional peak around 0.4 gC m™ and 0.45 gC m™ for
minimum temperature & maximum mixing and maximum temperature & minimum
mixing periods, respectively. Following that, microzooplankton declines until mid-
February. Thus, at the beginning of March, the microzooplankton biomass is around zero
and remains depleted until mid-May before it starts growing steeply again. In the second
half of May, the microzooplankton biomass that is influenced by minimum temperature
& maximum mixing, experiences a rapid growth and reaches bloom biomass values
around ~1.05 gC m™ at the end of May. In contrast, the microzooplankton which is
exposed to maximum temperature & minimum mixing experiences a rather slow

development and increases up to ~0.65 gC m™ at the end of May.

Mesozooplankton

Mesozooplankton biomass in simulation C is almost identical with the outcome of
simulation A with a slightly higher biomass in maximum temperature/minimum mixing
cycle in respect to the maximum temperature cycle in simulation A. The minimum
temperature/maximum mixing biomass is also similar to the minimum temperature

solution in case A except for a minor deviation in minimum biomass values (Fig. 3.7f).

Gelatinous predator

Both gelatinous predator biomass show that changes in mixing forcing contributes for a

slightly suppressed peak concentration around ~0.85 gC m? for minimum
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temperature/maximum mixing and a slightly pronounced concentration 0.77 gC m™ for
the maximum temperature/minimum mixing at the end of November (Fig. 3.79). Thus,
the seasonal variation is similar to the one that is obtained in case A (Fig. 3.5g), except
that the mixing effects counteract temperature effects.

Anchovy Recruitment

In the recruitment group, there is a significant difference between the biomass in the
extreme years (Fig. 3.7h) which is similar to the seasonal pattern observed in simulation
A (Fig. 3.5h). The addition of maximum mixing cycle effect slightly diminishes the
minimum temperature effect and peak biomass value so it is 0.22 gC m™ at the end of
December. Moreover, the contribution of minimum mixing slightly adds to the
maximum temperature cycle effect, thus the peak biomass is increased to above 0.035

gC m*in December.

3.2.1.2 Higher Trophic Level

In this section the timing of egg production, spawning intensity and the recruitment

success of the different simulation (A, B and C) is studied.

Simulation A:

Throughout the spawning season each day there is a 2 °C difference between the
minimum, maximum temperature years and the baseline year (Fig. 3.8a). Knowing that
egg production is only possible when temperature exceed 20 °C, the differences between
the three specific temperature cycles is the key factor affecting spawning intensity and
recruitment success. The temperature difference between the years of extreme values
and the baseline directly influence the start date of egg production (Fig. 8e). Until the
water temperature reaches 20°C the model assigns a constant value of 500 individual
eggs in order to provide a stable egg influx and different years show a delay in reaching

20°C and with it spawning time. The start of egg production is delayed by 45 days for a
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Figure 3.8: Simulation A. Model input: Seasonal variations of temperature (°C) a) during
the spawning season (June to September), b) during the course of one year for minimum,
maximum and baseline years. Seasonal variation of total mixing rate (d) c) during the
spawning season, and d) during the course of the baseline year which is repeated with
different temperature cycles. Model output: variations of €) eggs (no. m™) during the
spawning season and f) recruits (no. m™>) over the course of one year, for minimum,
maximum and baseline years.
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2°C drop in mean summer temperatures from the mean (Fig. 8e). At the end of the
spawning season it can be seen that there are significant differences between the number
of egg survivors for the years of maximum, minimum and baseline temperature years as,
~12x10%, <8.4x10° and ~10.2x103, respectively.

In the model larvae hatched from eggs develop into recruits when they satisfy the
recruitment criteria of reaching 6.0 cm length. It takes until September for the
individuals in the maximum temperature year to reach maturity and at that time their
population is slightly exceeding 1.5 no. m™ (Fig. 8f). The individuals coming from the
average and minimum temperature cycles satisfy the maturity criteria with a somewhat
higher population numbers but with one and two months delay timing, respectively. The
recruitment population grows gradually during autumn season due to availability of
mesozooplankton food source. Consequently, at the beginning December recruitment
population in the maximum, average and minimum temperature cases reach ~13.0, ~11.0
and 8.0 no. m=, respectively. Then, due to food limitation and of the start of winter their
population decreases down to 4.50, 3.75 and 3.00 no. m™ in maximum, average and

minimum year cycles, respectively.

Simulation B:

Because the total mixing rate is high in winter only, changes in total mixing has no
influence on egg production (Fig. 3.9e), which takes place from June to September. As
in the result of baseline year temperature input, the active spawning starts at the end of
August with an intensity of ~6.6 no. m™ and the number of survivors at the last day of
spawning season is measured as 10.2 no. m>.

As the total mixing is active during winter, it plays a role in nutrient cycling
which slightly promotes recruitment in the early winter before scarcity of food
conditions cause a decline (to ~3.75 no. m™) in recruited stocks (Fig. 3.9f). Hence, the
peak biomass values by the recruitment of maximum, average and minimum total

mixing year are around 10.5, 11.0 and 11.5 no. m™, respectively.
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Figure 3.9: Simulation B. Model input: Seasonal variations of temperature (°C) a) during
the spawning season (June to September) and b) during the course of the baseline year
which is repeated with the different mixing cycles. Seasonal variation of total mixing
rate (d?) c) during the spawning season and d) during the course a year during
minimum, maximum and baseline years. Model output: variation of €) eggs (no. m®)
during the spawning season and f) recruits (no. m™) over the course of one year, for the
minimum, maximum and baseline years.
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Simulation C:

When both temperature and total mixing are varying the egg production in this case is
identical with the results for simulation A (Fig. 3.10e) since total mixing is inactive
during the summer period. However, the recruitment variability is responding to both
temperature and total mixing effects as they are operating simultaneously. As a result of
combination of two effects, the population numbers for maximum temperature and
minimum total mixing year in this simulation (12 no. m™) are lower than the population
numbers for simulation A (Fig. 8f). This may be a consequence of counter effect
introduced by low mixing that supply fewer resources for larvae feeding. The result of
the baseline year (~11.0 no. m™) is almost identical with the results of 'average
temperature’ in case A. In the maximum temperature and minimum total mixing
simulation the recruitment population in December is ~9.0 no. m?, the maximum total
mixing effects contributes to lowest temperature effects, and increasing them above

'minimum temperature' population in simulation A.
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Figure 3.10: Simulation C. Model input: Seasonal variations temperature (°C) a) during
the spawning season (June to September) of minimum, maximum and baseline years and
b) during the course of one year during minimum, maximum and baseline years.
Seasonal variation of total mixing rate (d), c) during the spawning season of different
years and d) over the course of one year during minimum, maximum and baseline years.
Model output: variation of e) eggs (no. m™) during the spawning season and f) recruits
(no. m) over the course of one year, for minimum, maximum and baseline years.
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3.2.2 Interannual Variations

3.2.2.1 Lower Trophic Level

Simulation A:
In this section, the individual long-term response given by each lower trophic layer
compartment to climate variability observed in the three simulations A, B, and C is

presented.

Nitrate

The model results reveal that the effect of temperature on nitrate group is indirect, as
there is a negative relationship between lowest winter temperatures (Fig. 2.3a,b) and
euphotic zone nitrate concentrations (Fig. 3.11b). When considering two different
periods, a period of temperature increase from the year 12 to 16 and a period of abrupt
temperature decrease between 25 and 36 (Fig. 2.3a), the temperature increase from
~6.35 °C to 7.65 °C is accompanied by a decrease in column integrated nutrient
concentrations from 525 mmol N m™ to below 510 mmol N m™, while the temperature
decrease from 7.5 °C to 6.3 °C corresponds to an increase in nitrate concentrations is

from ~ 511 mmol N m™ to 527 mmol N m>.

Phytoplankton

Total phytoplankton biomass varies directly proportionally to varying nutrient
concentrations. In the period of temperature increase, phytoplankton biomass slightly
decreases from 1245 gC m™ to 1240 gC m™ (Fig. 3.11c). During the temperature
decrease the corresponding phytoplankton biomass rises from 1240 to 1246 gC m™.
However, in the years following major temperature increase (such as year no. 6, 12, 26,
36, 37 and 25) the phytoplankton biomass develops additional peaks via indirect effects
of temperature.

Microzooplankton

Microzooplankton biomass is closely correlated with phytoplankton long-term variations

o1



and it is best explained by closely examining the variability in two specific periods.
During the temperature increase period microzooplankton rises from a biomass value of
72 gC m? to 76.5 gC m™ within this period (Fig. 3.11d). More interestingly, in the
abrupt temperature decrease period the microzooplankton value stays at constant
biomass around ~75 gC m™. At this point, understanding the indirect temperature effects
is of crucial importance because at least the output without any significant deviation
between the years of 25 and 36 is by itself a major sign of nonlinearity, which carries the
information from the previous periods. The indirect influence of temperature
phenomena, which actually acts like an additional entrainment forcing, is seen with a
delay of one year. Consequently, for the time interval in which the temperature is
increasing from year 12 to 16, we need to look for the microzooplankton biomass
amounts for the years 13 and 17 to track outcome of nonlinear effects. Then
microzooplankton gives a response around ~77 gC m™ (yr. 13) and ~71 gC m™ (yr. 17)
within the respective year range. Moreover, when the period of abrupt temperature
change is considered (between years 25 and 36), the biomass of the shifted years (26 and
37) is given as ~77.5 gC m™ and it decreases down to ~71.5 gC m™.

Mesozooplankton

Mesozooplankton biomass is inversely proportional to the coldest winter temperature
data as coldest winter temperature plays an indirect mixing mechanism (Fig. 3.11e). On
the closer scale, during the period of temperature increase (between year 12 to 16)
mesozooplankton concentration decreases from 275 gC m™ to 257 gC m™, respectively.
Within the period from year 25 to 36 the corresponding biomass varies from 257 gC m™

to ~285 gC m™.

Gelatinous predator

Interannual variations in the gelatinous predator biomass reveal that temperature directly
controls gelatinous biomass. When the annual biomass is studied in more detail, the
growth advantage of gelatinous predator can be resolved more easily. In the first decade

of timeseries, there is no major decrease in temperature range except for the 6" year. In
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general, the total biomass produced each year varies between ~175 gC m™ and 185 gC
m™ during the first ten years, except for a sharp decrease in biomass in year 6. Then,
during the temperature increase trend that takes place between years 12 to 16, the
gelatinous biomass develops gradually from 165 gC m™ to 187 gC m? (Fig. 3.11f).
Moreover, between years 16 and 23, annual temperatures are in a decreasing trend.
Then, while gelatinous biomass is 187 gC m™ at the beginning of the period, they
decrease to 170 gC m™ at the end of it. Finally, within the period of abrupt temperature
change, between the 25" and 36" years and are accompanied with an almost constant
temperature cycle in between, the corresponding gelatinous biomass values are declined
from 185 gC m™ at the beginning to 150 gC m™ at the end, and vary between 170 gC m™
and 180 gC m™ within the rest of the period.

Simulation B:

Nitrate

In 'total mixing only’ simulation (Fig. 3.12), euphotic layer nitrate concentrations are in
direct proportion to total mixing rates (Fig. 3.12a) but they are not as sensitive to
variations of total mixing as they were to variations in temperature (simulation A). Thus,
the concentrations are around baseline value of 516 mmol N m™ (Fig. 3.12b). Only the
strong variations in total mixing that occurred in years no. 6, 12, 16, 25, 26, 36 and 37
are shown to influence nitrate concentrations slightly, which indicates the contribution of

total mixing on nutrient pumping to be a minor.

Phytoplankton

Phytoplankton biomass varies directly proportionally with the changes in 50 years total
mixing rate data without any nonlinear effects carried over from the previous periods as
observed in simulation A. Moreover, in the period of decreasing total mixing rates (from
year 12 to 16) (Fig. 2.3b), the phytoplankton biomass decreases from 1250 gC m™ to
1238 gC m™ (Fig. 3.12c). In addition, when total mixing rates change abruptly between
years 25 and 36, the phytoplankton biomass rises from 1240 gC m™ to 1253 gC m™.
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Figure 3.11: Simulation A. Model input in the form of a) temperature (°C). Model
output: interannual variability of euphotic layer annual total b) nitrate concentration
(mmol N m™®), euphotic zone integrated total annual c) phytoplankton (gC m™), d)
microzooplankton (gC m™), e) mesozooplankton (gC m™) and f) gelatinous carnivore
biomass (gC m™) variations. Straight line represents the baseline simulation.
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Microzooplankton

Microzooplankton biomass variations are elevated (/depressed) corresponding to higher
(/lower) rates of total mixing (Fig. 3.12d). During the period in which mixing decrease
from ~0.04375 d* (yr. 12) to 0.03625 d™* (yr. 16), the corresponding biomass decreases
from ~76 gC m™ to ~72 gC m™, respectively. Similarly, during the period of abrupt
mixing change which takes place in between the years 25 to 36, the microzooplankton
biomass response to increasing total mixing rates is from 72.5 gC m? and 77.5 gC m?,

respectively.

Mesozooplankton

Mesozooplankton gives a much weaker response to total mixing forcing in comparison
to the mesozooplankton biomass response in simulation A (Fig. 3.11,12¢). Such that,
most of the concentrations stay close to baseline value of 265 gC m™ (Fig. 3.12¢). Only
when the mixing values exceed threshold of 0.04125 d™ or fall below 0.0375 d™* a slight

deviation from baseline occurs.

Gelatinous predator

Gelatinous predator biomass variation is controlled directly by the intensity of the total
mixing rate (Fig. 3.12a-f). However in this case, the gelatinous biomass is not so
responsive to changes in the mixing cycle as it is to temperature in simulation A (Fig.
3.12f). That is why, the gelatinous biomass does not deviate much from the baseline
which corresponds to ~177 gC m™ (Fig. 3.12f). To be more specific, in the period from
year 12 to year 16, where total mixing rate are decreasing, gelatinous biomass decreases
from 180 gC m™ to ~175 gC m™. And in the following period when total mixing rate
changes abruptly between the years 25 to 36, gelatinous predator biomass rises from 175
gC m?1t0 188 gC m™2.
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Figure 3.12: Simulaton B. Model input in the form of a) total mixing rate (d™). Model
output: interannual variability of euphotic layer annual total b) nitrate concentration
(mmol N m™), euphotic zone integrated total annual c) phytoplankton (gC m™), d)
microzooplankton (gC m™), e) mesozooplankton (gC m™) and f) gelatinous carnivore
biomass (gC m™) variations. Straight line represents the baseline simulation.
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Simulation C:

Nitrate

In simulations A and B it was seen that nutrient supply is regulated directly by colder
winter temperatures and higher rates in total mixing. When both environmental forcings
are considered simultaneously (Fig. 3.13a,b), it is seen that nutrients decrease from ~
526 mmol N m™ to 506 mmol N m™ (Fig. 3.13c) during the period of temperature
increase accompanied by total mixing decrease (between years 12 and 16 respectively).
For the period of abrupt temperature and total mixing rate change, the nitrate
concentrations rise from 510 mmol N m™ up to ~ 530 mmol N m™ (between years 25
and 36).

Phytoplankton

In simulation C, the response of primary producer is more intensified and complicated
than in simulations A and B.

Such that, in the period between year 12 to 16 where temperature is increasing and
corresponding mixing rates are decreasing, phytoplankton is decreasing from 1252 gC
m™ to 1234 gC m™ (Fig. 3.13d). Then, during years from 25 to 36 which is referred to as
the period of abrupt temperature and total mixing rate change phytoplankton biomass
varies from 1234 gC m™ to 1256 gC m™. In addition, there is an influence from nitrate

concentrations that is delayed by one year (yr. 7, 13, 24, 26, 27, 37 and 38).

Microzooplankton

In period from year 12 to 16 which is accompanied by temperature increase and total
mixing decrease, microzooplankton biomass increases slightly from 73.75 gC m™ to 74
gC m™ (Fig. 3.13e). Then, during the period in which the temperature (and mixing)
changes abruptly between years 25 and 36 the corresponding biomass value rises from
73.75 gC m™ to 77.5 gC m™, respectively. Secondly, the one year delayed temperature

influence can be seen in the microzooplankton biomass. Accordingly, the biomass
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Figure 3.13: Simulation C. Model input in the form of a) temperature (°C) and b) total
mixing rate (d™*). Model output: interannual variability of euphotic layer c) total annual
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baseline simulation.
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variations in the first period, within years 13 and 17, vary between 78.5 gC m™ and 70.5
gC m™, respectively. In the second period, the biomass values between years 26 and 37

years are 72.5 gC m? and 77.5 gC m, respectively.

Mesozooplankton

The combined effects of temperature increase accompanied by total mixing decrease
reduce mesozooplankton biomass from 277 gC m™ to 255 gC m™ between the years
from 12 to 16 (Fig. 3.13f). Likewise, within the period of abrupt temperature and total
mixing change, mesozooplankton is elevated from 257.5 to 287.5 gC m™ during the
period between 25 to 36. Consequently, the combined effects of temperature and total
mixing amplify mesozooplankton biomass by an amount of (+/-) 2.5 gC m™ with respect
to temperature effects only.

Gelatinous predator

The influence of temperature and total mixing rate together seem to cancel out each
other's influence on gelatinous. Since the gelatinous biomass varies in directly
proportionally with individual forcings, the combination of the two is expected to
override each other. Hence, owing to the fact that the effect of temperature is more
dominant, the results for case C (combining A and B) are shown to deviate towards
simulation A, but this time with a less pronounced response.

In order to understand the counter effect phenomena, understanding of the
particular two periods is necessary. Thus, between the years 12 and 16 in which the
temperature follows an increasing trend and total mixing follows a decreasing trend,
gelatinous carnivore biomass values increase from 167.5 gC m™ to 185 gC m™ (Fig.
3.13g). Correspondingly, during the period from year 25 to 36, the temperature (total
mixing rate) variations present abrupt changes, gelatinous biomass decreased from 181
gC m?to 158 gC m™2.
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3.2.2.2Higher Trophic Level

Simulation A:

Anchovy production is directly correlated to temperature variation as it follows the same
variability pattern as the temperature (Fig. 3.14a, b). For example, during the period in
which temperature increases from 6.35 (year 12) to 7.65 °C (year 16) the egg population
increases from 350 to ~700 no. m™. Thus, for a 1.30 °C increase in temperature in half a
decade the egg numbers experienced a total of 100% increase. In the period of abrupt
temperature change (years 25 to 36) egg numbers decrease from ~650 to below 300 no.
m™. Hence, a 1.2 °C temperature decrease within a decade results in a ~54 % decrease in
egg numbers.

Anchovy recruits are also highly correlated with temperature (Fig. 3.14c). For
period of temperature recruitment numbers increase from 1.125 (yr. 12) to 2.125 (yr. 16)
no. m™ which amounts to ~88.9% increase for a temperature increase of 1.3°C. On the
other hand, during the period of abrupt temperature change, a 1.2 °C decrease in
temperature (between yrs. 25 and 36) causes the recruitment numbers to decline from
around 2.0 to 1.0 no. m™, a decrease of ~50%.

Spawner numbers vary directly proportional to the temperature variations as well
(Fig. 3.14d). During the temperature increase period, spawners rise from 1.7 (yr. 12) to
2.2 no. m? (yr. 16). Thus, an increase in temperature by 1.3°C, results in ~30% of
increase in spawners. On the other hand, during abrupt temperature change the number
of spawners decrease from 2.12 (yr. 25) to 1.60 no. m™ (yr. 36) which is a 24.5%

decrease.
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Simulation B:

Although egg numbers do not commonly deviate from the baseline (~550 no. m™) (Fig
3.15b), minor deviations from the baseline can occur when intensity of mixing is either
very high or considerably low, such as in years 7, 13, 17, 26, 37 and 47 (Fig 3.15a). It
can be seen that it takes one year for the egg numbers to respond to total mixing forcing
since the model year starts with spawning season in summer and the number of eggs
produced is influenced by the mixing effects that operated on the previous year. Thus,
the influence of total mixing on eggs variations is indirect.

Recruitment numbers are sensitive to total mixing variations (Fig 3.15c), owing to the
fact that they reach peak population numbers in December which corresponds to the start
time of the intense winter mixing. For instance, during the time interval in which total
mixing rate decreases (from year 12 to 16), the recruitment population decreases from
1.75 (year 12) to 1.625 no. m™ (year 16) (Fig. 3.15c). Thus, the recruitment decreases by
~7% when total mixing rates decrease by ~17%. In the period of abrupt total mixing
change (from yr. 25 to 36), the recruitment biomass increases from 1.625 to 1.75 no. m~,
respectively. As a result, 20% increase in the total mixing rate is accompanied with a 7%
increase in total recruitment population.

Model results indicate that, the spawners are subjected to total mixing mediated
influences at the time when they are foraging for food. Similar to the recruitment case,
they are positively correlated with the total mixing rate variations which means when
total mixing is intensified, spawners increase in the same year without any delay in
timing (Fig. 3.15d). In the mixing decrease period (from year 12 to 16), the spawner
population decreases from 2.0 (yr. 12) to 1.94 no. m™ (yr. 16), resulting in a total of ~5%
decrease in population numbers, for a 17% decrease in total mixing rates (Fig. 3.15d).
Futhermore, during the period of abrupt total mixing change (from year 25 to 36), the
total spawner numbers increase from 1.95 to 2.05 no. m™. That means a 20% increase in

total mixing rate produces ~5% increase in spawner numbers.
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Figure 3.15: Simulation B. Model input: interannual variation of a) total mixing rates
(d™) (at the end of Feb.). Model output: interannual variability of total annual anchovy
b) eggs, c) recruits and d) spawners population (no. m®). Solid line represents the
baseline simulation. Spawner numbers represent female adults that constitute 50% of
total population.
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Simulation C:

Although temperature effects are dominating the egg population development, results
are slightly deviating from the egg population values in simulation A when both
temperature and mixing are taken into account (Fig. 3.16a,b). The reason behind these
slight differences is the indirect effect of total mixing rates, which acts with opposite
dynamics to temperature influence and is the information propagating from the previous
years. For instance, in the period of temperature (total mixing) increase (decrease) from
year 12 to 16, eggs increased from 350 to 700 no. m™, respectively (Fig. 3.16c). While,
within the period of abrupt temperature (total mixing) change from year 25 to 36, the
egg numbers decrease from 650 to 300 no. m™, respectively.

The recruitment population is mainly affected by temperature and the indirect
effect of total mixing acts as a counter effect, which is why the recruitment population
numbers are more suppressed compared to simulation A (Fig. 3.16d). Hence, in the
period between years 12 and 16, the recruitment increases from 1.19 to 2.06 no. m™ (Fig.
3.16d), whereas in the period from 25 to 36, the recruitment decreases from 1.94 to 1.06
no. m>. As a result, in the former period recruitment population increases by 73%, and
in the latter period it decreases by 45%.

Spawners' interannual variations respond directly to the effects of both
temperature and total mixing in the same year. And since the years of high temperature
domination correspond to the years of low total mixing rates in the stochastic timeseries
data, when both forcing are input to the model their simultaneous effects cancel out each
other (Fig. 3.16e). In more detail, the results for the period of temperature (total mixing)
increase (decrease), between years 12 and 16, show a population increase in the
spawners from 1.77 to 2.125 no. m™ during this period. Moreover, within the period of
abrupt temperature (total mixing) change (from year 25 to 36), the spawner numbers
decrease abruptly from 2.06 to 1.63 no. m™. Hence, the corresponding percent changes
for the former and latter periods are ~20% increase and 21% decrease, respectively.
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Anchovy Reproduction and Recruitment

So far, it is seen that temperature has a more dominant influence on the development of
interannual variation of eggs, recruits and spawners. In order to understand the egg
production and recruitment success in relation to climate variability in more detail a
correlation analysis was carried out.

It can be seen that there is a linear relationship between the egg production
numbers and the total number of spawners when considering temperature variation only
(Fig. 3.17a) and a very high correlation is found to be 99%. The same correlation
amounts to 94% when both temperature and total mixing is combined (Fig. 3.18a). This
indicates that gonadal development is limited when subjected to stochastic mixing
effects in the winter months.

The relationship between the total number of eggs produced and the total number
of recruits that survive under different environmental effects reveals that correlation of
recruitment versus eggs is 86% when only temperature forcing is used (Fig. 3.17b), but
91% when both temperature and total mixing is included (Fig. 3.18b). Thus the results
show that, the eggs that are subjected to combined effects of temperature and total
mixing together do more successfully grow up to become recruits than the eggs
subjected to temperature forcing only.

The correlation between spawners and recruits shows that when temperature
influence alone is considered the correlation coefficient is 82% (Fig. 3.17c), but when
both mixing and temperature are considered it is 76% (Fig. 3.18c), indicating that under
constant nutrient supply the recruits more successfully develop into spawners than under
varying nutrient supply. To further investigate whether there is a relationship between
this year's spawners and next years egg production a correlation between the spawners
that are subjected to climate of this year and eggs they produce the following year is
calculated for simulation A and C (Fig. 3.19). Both analyses show no correlation. An
additional correlation analysis of the mean length of recruits in relation to total number
of recruits is performed for simulation A and B to investigate if the recruits in different

simulations have different length distribution. The results show a weak correlation in
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simulation A (temperature variation only) (Fig. 3.20a) and in no correlation in simulation

C (temperature and total mixing variation) (Fig. 3.20b).
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Figure 3.16: Simulation C. Model input: Interannual variation of a) lowest winter
temperatures (°C) and b) total mixing rates (d™) (at the end of Feb.). Model output:
interannual variability of total annual anchovy c) eggs, d) recruits and e) spawners
population (no. m™). Solid line represents the baseline simulation. Spawner numbers
represent female adults that constitute 50% of total population.
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4 DISCUSSION

The modeling approach used in this study provides a framework for investigating the
response of the Black Sea ecosystem and more specific the anchovy recruitment, to
changes in environmental perturbations triggered by climate variability. In this chapter
the individual response of the lower trophic level components of the ecosystem and the

higher trophic level in form of anchovy population dynamics will be discussed.

4.1 Lower Trophic Level

To begin with, the response given by successive lower trophic levels has a non-linear
nature, which means reaction patterns deviate across state variables under the applied
forcing. The most significant finding of the model with regard to lower trophic level is
that, when all three simulations (A, B and C) are compared, the influence of temperature
while promoting 'bottom-up' type of control, has a more prominent regulatory power on
the ecosystem components and their trophic interactions alone which agrees with Oguz,
(2005b) and Oguz et al. (2006). Apparently, temperature forcing derives a two way
control mechanism on the lower trophic level. One is, by contributing to biotic
compartments' metabolic rates and the other is via generating a wind-induced vertical
mixing effect with a strong structuring potential. On the other hand, total mixing forcing
is seen to be inducing only a minor response in the lower trophic levels of the model. In
the last simulation (C) where the two environmental variables are used together as model
forcing, the response by the LTL groups is in either a boosted or a diminished manner,
decided by how the indirect temperature effect is received by the individual group. To be
more precise, in the nitrate compartment, the indirect effect of temperature is
instantaneous, which means that cold winter conditions cause wind-mixing effects at the
same time. Thus, when the model is forced with the overlapping effects of (indirect)

temperature and total mixing, in simulation C, the resultant 50-year nitrate
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concentrations reveal more elevated patterns than the results with single environmental
forcing, ‘temperature only (A)’ or ‘mixing_only (B)’ simulation. The response given by
the rest of the LTL (biota) is more of a complex one. For instance, it takes one year until
the bottom-up control by temperature to reaches the phytoplankton level. Then, this
indirect influence is added to this year’s direct effects of temperature and total mixing
whether to promote or suppress the resultant effect. Thus the model results for
phytoplankton reveal promoted concentrations in ‘both temperature and mixing
included’ simulation (C) (Fig. 3.13d). The same indirect and direct mechanisms also
apply for the microzooplankton level by boosting the annually integrated biomasses in
simulation C (Fig. 3.13e). In mesozooplankton, the bottom-up effect diminishes and the
cascade effects slightly diminish owing to the on-going prey-predator interactions
between mesozooplankton with gelatinous carnivore and anchovy. Yet, the predation by
the gelatinous carnivore is evident (Figs. 3.13f,g). Thus, mesozooplankton grows more
when gelatinous biomass is less and mesozooplankton grows less when gelatinous
species concentration increases. One interesting implication of gelatinous predator is that
it grows increasingly more when the temperature conditions are favorable because, since
it is not limited by predation by the higher order trophics, it survives in the system
throughout the year. Correspondingly, during adverse climate conditions, its biomass
severely declines. Moreover, in simulation C, the total mixing forcing act as to diminish
direct temperature effects on gelatinous predator (Fig.3.13g) because both counteract
each other (Fig.3.11-129).

4.2 Higher Trophic Level

Houde (1987) suggested that in early life-history of marine fishes cohort specific
survival rates are closely related to the 'transition length’, the length at which weight
growth outreaches the instant mortality rate and after which the biomass growth starts
increasing progressively. Thus our model results reveal a transition length of 6.0 cm

after which body energy is allocated more to weight growth (Fig. 3.3).
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4.2.1 Timing of Anchovy Spawning and Recruitment Success

When the model is run with temperature forcing only (simulation A), the start of actual
fish production is shown to be highly dependent on temperature effects. Such as, for a 2
°C drop in mean summer temperature the start date of egg production delays by 45 days
with respect to baseline year. Similarly, as a result of 2 °C increase in mean summer
temperature, the start of egg production is 30 days earlier with respect to the baseline
year (Fig. 3.8e). Moreover, not only the start of spawning season but also the daily and
seasonal egg production amounts reveal distinct differences in the years of maximum
and minimum temperatures with respect to average temperature year.

Furthermore, the larval survival rates are influenced significantly by temperature
effects, such as, recruitment experiences the highest population growth under maximum
temperatures and the lowest population numbers under minimum temperatures when
compared to case C (Fig. 3.8-10f).

Another implication of the analysis is that, under ‘both temperature and mixing
included (C)’ forcing, during the summer season, the contribution of total mixing has no
influence on egg production amounts. Thus, the start of egg production and spawning
intensity is essentially controlled by temperature effects. However, when recruitment is
considered, it can be seen that the recruitment numbers under maximum temperature
effect are decreased by the additional minimum total mixing cycle, whereas, the
contribution of maximum total mixing cycle promotes the recruitment population
response given under minimum temperature effect. Here, the addition of total mixing

effects acts as to diminish temperature effects (Fig. 3.8-10f).

4.2.2 Interannual Variability of Anchovy Biomass

Eggs

When the model is forced with ‘temperature only (simulation C)’ forcing, egg
production varies most sensitively over fifty years (Fig. 3.14b). Temperature's direct
effect is responsible for the variation in egg production whereas the indirect effect of
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temperature (due to wind-induced mixing) remains negligible in regulating the egg
production levels.

The effect of total mixing variations (simulation B) on egg production is very
limited due to weaker diffusion rates during the spawning season (Fig. 3.15b). However,
the bottom-up supply of resources via peak total mixing rate can be tracked with the
available model output as small jumps. Those small jumps indicate that it takes one year
for the bottom-up resource supply to reach ichthyoplankton.

When the simulation A and B forcing is combined under simulation C, the
additional total mixing forcing slightly diminishes the effects of temperature forcing on
egg production.

Climate variability may seriously affect anchovy egg production and larval
survival rates by promoting the prey-predator interactions between gelatinous carnivores
and the ichthyoplankton under high carrying capacity conditions (Fig. 3.16c¢). Similar
prey-predator relationships as a result of climate-induced changes are also defined for
the sprat-cod interactions which constitute the majority of the fish species in the Baltic
Sea (Koster et al., 2001).

Recruitment

The results of the current model output show a close relationship between climate
variability and anchovy production in the Black Sea (Fig. 3.14c). A similar relationship
also has been observed during field studies for the Baltic Sea sprat recruitment
variability and 45-years climate variations (MacKenzie and Koster, 2004). Low
temperatures affect recruitment numbers while regulating the production intensity of
spawners (Grauman and Yula, 1989) and survival probabilities (Grauman and Yula,
1989; Ojaveer, 1998; Nissling, 2004) of eggs and larvae for sprat.

Anchovy recruitment is the second most sensitive compartment to temperature
changes in the higher trophic level in the model used here. When the model is run with
case B forcing, only limited changes in recruitment variations are observed (Fig. 3.15c),
indicating that the instantaneous bottom-up resource supply has little effect compared to

the temperature effects.
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While, the single effects of increasing temperature and total mixing, increase
recruitment variability, the combination of these two under simulation C act as to
weaken each other effects (Fig. 3.14-16d). As the temperature effect on recruitment is
more dominant, the variability similar to simulation A, but the response is slightly less

strong.

Spawners
With temperature only forcing, the variations of annual total spawners is tracked for

fifty-years (Fig. 3.14d). The results reveal that spawner numbers alter notably in
response to the changes in the temperature cycle. The resultant spawner response arises
via direct effects of temperature and indirect effects seem to be trivial in this case.

Under simulation B conditions, spawner population varies in direct relation to
total mixing rate changes but this time the response is even weaker as compared to the
response given in simulation A (Fig. 3.15d).

In simulation C (combined effects of temperature and total mixing) forcing, the
contribution of total mixing forcing introduces counter effects to the spawner population
variations under simulation A, so that in simulation C, the spawner variations are similar

those in simulation A but in a slightly diminished magnitude (Fig. 3.14,16e).

Regression Analysis

When the temperature only effects (simulation A) on egg production of anchovy
spawners are analyzed, spawners versus egg numbers reveal a 99 % correlation (Fig.
3.17a). This implies that the temperature increase effectively promotes egg production
levels of anchovy adults. On the other hand, addition of total mixing effects to
temperature forcing in simulation C, decreases the resultant correlation to 94 % (Fig.
3.18a). Thus, the total mixing forcing weakened slightly the fish production response
with respect to simulation A by 5 %, that could be a result of the grazing effect imposed
by the gelatinous predator on the eggs and larvae. Similarly, when the survival
possibility of produced eggs is analyzed by regressing egg numbers against recruitment

numbers, the egg population gives survival response with a correlation of 86 % under
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temperature only forcing (Fig. 3.17b), whereas the chances for survival of larvae
increases more when the total mixing effects are added (in simulation C), then the
correlation is elevated to 91 % (Fig. 3.18b). Recruitment versus spawner population
relationship gives a 82% correlation in simulation A (Fig. 3.17c), further adding mixing
forcing in simulation C adds more scatter to the results which gives reduced (76%)
correlation (Fig. 3.18¢).

Wang et al. (1997) introduced an IBM (Individual-Based Model) to investigate
bay anchovy population dynamics in the Chesapeake Bay. The aim was to resolve the
operating density-dependent processes on spawner - recruitment populations and
recruitment length variability via implicit suppressors for multi life-history species
(Rothschild, 1986). They found that there is a linear relationship between egg production
and spawner population, and between the recruitment-spawner population numbers,
which agree with our findings (Fig. 3.18). In the study of Chesapeake Bay anchovy
simulated mean size of recruitment versus recruitment population simulations revealed
an inverse relationship due to density dependent growth (Wang et al., 1997; Rose et al.,
1999). However, in this study such a relationship gives no correlation (Fig. 3.20b).

4.2.3 Fish Production and Climate Indices

Regime shifts happen in marine ecosystems when a nonlinear system loses its internal
buffering capacity (Scheffer et al., 2001; Mayer and Rietkerk, 2004). It happens when a
strong disturbance is imposed onto the system, which can be in the form of
anthropogenic input, fishing pressure, introduction of non-native species and decadal

scale climate variations, in the Black Sea and in other parts in the world oceans as well.

4.2.3.1 Black Sea

The Black Sea was pre-conditioned by strong top-down and bottom-up type of trophic
control became increasingly vulnerable to interannual-to-decadal scale perturbations. As
a result, it responded to the external forcing at all ecosystem levels. Therefore, the
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regime shifts between 1960s’ pre-eutrophication state and 1990s’ post-eutrophication
state led to reorganization of the Black Sea ecosystem and has many implications for
understanding the likely responses of top-down, bottom-up or wasp-waist type
controlled non-linear marine ecosystems (Oguz and Gilbert, 2007).

When evaluating these Black Sea regime transitions, the role of climate-induced
forcing is undeniable (Bilio and Niermann, 2004; Oguz et al., 2003, 2006; Oguz, 2005b).

1960°s — 1980’s

During the second half of the last century, Black Sea was influenced by the North
Atlantic Oscillation (NAO) (Oguz, 2005b). During the time from 1960 to 1980, negative
NAO index was active which causes mild winters and warmer sea surface temperature
(SST) readings for the Black Sea region (Oguz, 2005b). At the same time, the Black Sea

ecosystem was in the pre-eutrophication state in early 1960s and it was regulated by top-
down type of control mechanism (Oguz et al. 2008a). Hence, low stocks (~300 ktons) of
Engraulis encrasicolus ponticus existed due to high predation pressure exerted by large
piscivores (Oguz and Gilbert, 2007). The depletion of large pelagics and demersals
during 1960s led to tremendous stock increase in anchovy to ~700 ktons at the
beginning of 1970s (Oguz and Gilbert, 2007). After 1973, the standing stock of small
pelagic fish kept increasing. Moreover, as a consequence of built-up enrichment in the
water column, estimated anchovy stock was able to double to ~1500 ktons by the end of
1970s (Oguz et al., 2008a).

1980’s -1990’s:
By the beginning of 1980s, NAO index changed into the positive mode (Oguz, 2005b)

leading to more severe winter conditions with a 1.5 — 2.0 ° C decrease for observed
winter mean monthly SST until 1993 (Oguz and Gilbert, 2007). Moreover, the period
from 1985 to 1993 is among the coldest winters of the last century in Black Sea basin
(Oguz, 2005b). Despite of the fact that small pelagics were heavily exploitated at the
time, the coinciding positive NAO index caused for an enhanced fish production through

introducing strong bottom-up nutrient supply and that prevented a fisheries collapse over
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a decade (Oguz, 2005a,b). Actually, the period between 1980 and 1988 was defined by
an annual landing of ~700 ktons of small planktivorous fish which corresponds to more
than 70 % of total standing stock and also corresponds to ~100 % in 1982 to 1984
(Oguz and Gilbert, 2007). It was evident that, the fish stock was almost about to collapse
during 1982-1984, but this event did not happen until 1988, due to continuous bottom-up
resource supply through the lowest trophic level (Oguz, 2005a,b). Between years 1988
to 1990 then the abrupt stock decline (of more than 5-fold) in anchovy fisheries took
place in the Black Sea, such that estimated standing stock was ~300 ktons at the time of

collapse (Oguz et al., 2008a).

1990’s — 2000:

The anchovy stocks which were estimated as ~600 ktons in 1992, started to rise again as
the sign of NAO index turned to negative after 1993 and returned to warm SST (Oguz,
2005b). Consequently, in the period between 1993 and 2000, basin averaged winter
mean SST rose from 7.2 °C to 9.0 °C (Oguz, 2005b).

Therefore, observation data suggest that the Black Sea anchovy stocks are
controlled by large-scale climate phenomena through promoted bottom-up supply and
through influencing their survival via contributing to overall growth and gonadal
development. And this explains why eggs and recruits of the anchovy population in the
model are the two most vulnerable compartments to direct/indirect effects of the
externally introduced stochastic temperature forcing in this model. Moreover, according
to the model results, the effects of bottom-up control is shown to be diminishing at the
mesozooplankton level and a pronounced response to temperature driven bottom-up
forcing is given at the phytoplankton and microzooplankton levels. These findings are
also comparable with the observations during the climate-driven Black Sea regime
transitions, that the effect of bottom-up control is restricted to the lowest trophic level
(Oguz and Gilbert, 2007).
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4.2.3.2. Global Scale

One of the commonly accepted theories on recruitment relates the recruitment variability
to the available spawner stock (Cushing, 1996). In order to understand whether the
spawner abundance plays a significant role on the egg production variability, the 50-year
long model output of total annual spawner numbers are correlated with total number of
egg produced over a certain time each year (Fig. 4.1). In each analysis, the numbers of
females are summed up over different periods to better resolve the possible
combinations, such as at the beginning of spawning season (June 1st) (Fig. 4.1a), during
the spawning season (June to September) (Fig. 4.1b) and winter period (December to
March) (Fig. 4.1c) are correlated with egg production. However, the analysis provided
no correlation between number of spawners in these time frames and total egg
production. This indicates the existence of more dominant factors to determine egg
production variations, such as temperature effects. When the 50-year mean summer (Fig.
4.2a) and mean winter temperatures (Fig. 4.2b) are regressed against the total number of
eggs produced, a very high correlation (98%) is provided for the summer temperatures,
which are incidentally the temperatures anchovy encounter during spawning season. The
analysis indicates a strong linkage between spawning season temperature conditions and
egg production. The analysis further suggests that the spawner availability is a secondary

contributor to egg production which is in agreement with MacKenzie and Koster (2004).
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However, the model results also show the critical importance of temperature in
deciding long-term recruitment variability. The results of this study indicate that cooler
years (with cold winters and cool spawning seasons) result in lower anchovy
recruitment. On the contrary, in warmer years (with mild winters and warm spawning
seasons) the recruitment success is higher. This is in agreement with a study on Baltic
Sea sprat by MacKenzie and Koster (2004) who found a similar relationship.
Furthermore, analysis of the 45 years long data from the Baltic Sea implies a high
consistency between sprat recruitment and large scale climatic variations (i.e., NAO)
that even makes estimation of the potential recruitment and landing abundance possible
for the following years (MacKenzie and Koster, 2004). Meanwhile, the impact of
environmental variability in the form of long-term climate-induced changes would have
serious implications in terms of prey-predator relationships. In the Baltic Sea example,
sprat are the major predators of cod ichthyoplankton and therefore warm atmospheric
indices can cause a regime transition towards high sprat abundance while leading to a
decreased population growth of cod (Kdster et al., 2001; MacKenzie and Koster, 2004).

As the structure and functionality of ecosystems deviate during regime shifts
(Beamish et al., 2000), it is important to determine the extent of the variability of fish
populations in terms of fishery regulations (MacKenzie and Koster, 2004). In the North
Pacific Ocean, switchbacks in the polarity of climatic indices that occured in 1925, 1947
and 1977 are found to be closely related with the shifts in Alaskan salmon production
(Mantua et al., 1997). Among the climate systems, the lower frequency Pacific Decadal
Oscillation provides the best fit to the slowly varying salmon catch timeseries compared
to the tropical El Nino/La Nina-Southern Oscillation (ENSO) systems (Mantua et al.,
1997).

Recent studies turned their attention to the compelling evidence that links climate
impacts with the development of fish, recruitment and also population dynamics and
therefore point to the need for models as a useful tool to assess climate-induced effects
on fish production (Megrey et al., 2007). At this point, bioenergetics modeling is
appreciated as a powerful approach for its capability of simulating the fish life history

dynamics under environmental variations (Megrey et al.,, 2007). In the lack of
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availability of the coupled fish and plankton models, NEMURO.FISH offers a rarely
established higher trophic level (HTL) and lower trophic level (LTL) model to simulate
30 year realistic variations of age and weight of Pacific herring which constitute a link
between predators and plankton levels and therefore contributing to the on-going affords
to predict how the large marine ecosystems would react against global warming (Megrey
et al., 2007).

Another example of multi-trophic level modeling was developed to analyze the
impact of regional environmental variations over plankton level and tuna fish production
in the Pacific (Lehodey et al., 2003). The simulations indicate that the production of
tropical tuna such as, skipjack (Katsuwonus pelamis) and yellowfin (Thunnus albacares)
and subtropical tuna, albacore (Thunnus albacares) are regulated remarkably under
control of climate indices such as ENSO and Pacific Decadal Oscillation (Lehodey et al.,
2003).
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3) CONCLUSIONS

The attempts to understand the role of climate variability on fish growth, production,
recruitment success/failure and population dynamics is getting increasingly more
attention due to the recognition that climate-induced effects can introduce strong
perturbations to highly non-linear marine ecosystems. Modeling offers an innovative
approach to explore such questions and resolve the impact of environmental stresses on
disturbed marine ecosystems. Keeping in mind that fish stocks have already undergone
heavy exploitation in the Black Sea as well as in the world oceans, the external causes
for observed trends in fish productivity of the exploited stock need to be explored
extensively.

The aim of this study was to investigate whether environmental influences in the
form of temperature and nutrient entrainment variability play a role on the
trophodynamics of the Black Sea ecosystem and if it does, then to determine the extent
of direct or indirect impacts across the trophic levels, especially those which have an
affect on anchovy production and recruitment.

In order to achieve this goal, a 1D ecosystem model was used. It is a multi-
trophic-level model which successively couples a plankton model with a fish life-cycle
(bioenergetics) model (Oguz et al., 2008a). The model was run with a fifty year long,
stochastically generated, daily climate forcing time series of temperature and mixing
rates.

The results reveal that, for a given 2°C increase in the summer mean
temperature, the start of egg production shifts to 30 days earlier than the baseline year.
Similarly, a 2°C drop in the mean summer temperatures result in a 45 day delay in the
start of egg production with respect to the baseline year. The temperature variability has
a significant regulatory power on the intensity of egg production. Moreover, a 1.3°C
increase in temperature increased the total egg production in the spawning season by

100%, total annual recruitment numbers by ~73%, and annual total number of spawners
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by 20%. Thus, eggs and larvae were found to be the most sensitive compartments in the
higher trophic level to temperature, and adult anchovy were found to be the less
sensitive. Adults are shown to be tolerating temperature variations more, owing to the
fact that they have higher body volume per unit area which makes their response to
temperature changes less vulnerable compared to young anchovy. In addition,
dependency of recruitment on temperature is critical, such that, high temperatures
promoted recruitment whereas low temperatures caused a decrease in their numbers.

Further results indicated that changes of total mixing effect higher trophics little.
However, the total mixing effects counteracted temperature effects to slightly diminish
the higher trophic level reaction to temperature. Additionally, in the model, the mixing is
only limited to the nutrient supply. Turbulence effect is not incorporated due to
complexity, although it has a significant characteristic in determining the anchovy
population growth in weight. Anchovy are visual feeders, thus, the turbulence level is
either expected to promote or suppress the feeding behavior of anchovy that may also
have serious consequences for the resulting prey-predator dynamics (Megrey and
Hinckley, 2001).

Ultimately, this study may contribute to the efforts that try to answer climate-
related questions about the way that marine ecosystems function. Moreover, the model
used in this study is one of the very few that successively links lower trophic level to
anchovy bioenergetics. The bioenergetics modeling is a promising tool that enables
projections of fish growth under changing environmental conditions (Megrey et al.,
2007). Thus, with slight modification to the model, such as to allow additional inputs in
form of fishing and predation mortality, gelatinous transport from the shelf and sub-
surface nitrate concentration, model results may be usable for effective fisheries
assessment and management. The connections between anchovy population (esp.
recruitment) and climate variability provided here may allow for short-term anchovy
yield estimations in the future. This kind of modeling approach that enables feedbacks
between higher and lower trophic levels has a high prediction potential. And it can be
used in determining timing and direction of ecosystem shifts that are likely to occur in

enclosed basins under strong climatic perturbations.
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APPENDIX

Mathematical equations used in the model

In this section, explicit forms of the equations used in the model are described. The
values of the control parameters are introduced in Table 2.1 to calibrate the model to the
ecosystem conditions of late 70’s. The parameter setting of the anchovy adults provided

in Table 2.2, while parameters for the different larval stages are given in Table 2.3.

dP, i i i
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dzz,k _ 3 Pi 22 72 ~272 z2
dt - gzzszzk - GZl,k - stk - CA,k - mzzzz,k +M (Alc)
=1 —
dzs,k _ ~A - Zi S z3
dt — &z [GZS,k=1 + Zstk 1- Mz 5 +KZ3(ZS,k =Ly )+ M, (Ald)
— =
3 4 3 _
Det_fx=(0-0,) 6, + 65, #1362, (A19
i=1 i=1
~ A : Zi ~71 ~71
+ (1_ €23 {Gza,kzl + szel,,k } + (l_ SA)(CA,k + CA,k )
—— = S—
dN 3 3
dtk =->"U;, +a{Det_ fluxj+> m,P, +M (A1f)
i=1 i=1

Eq. Ala-f are applied to both two layers of the model; surface mixed layer (k=1) and
sub-thermocline (k=2). Correspondingly, P; denotes phytoplankton taxa while i
representing diatoms (i=1), dinoflagellates (i=2) and small phytoplankton (i=3). Z;
represents  size-structured  zooplankton groups of  microzooplankton and
mesozooplankton for i=1,2, respectively. N is used to represent the nitrate concentration.
The operator dt/d is for taking the time derivate of P and Z. Det flux represents the
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detritus flux, it calculates the unassimilated part of food consumed by the zooplankton
groups and all anchovy age groups. All state variables are tracked in mmol N/m™.

In Eq. Ala, phytoplankton biomass density is represented by the flux between
Y,

GPi

%), mortality rate (") and vertical exchange between the upper

growth  function grazing pressure exerted by microzooplankton and

mesozooplankton (

and lower layer (M ‘). The growth term is limited by temperature limitation function. In

Egs. Alb-c, the biomass density of microzooplankton and mesozooplankton varies due
Zi
to phytoplankton ingestion, grazing pressure exerted by gelatinous carnivores (“z),

consumption by all cohorts of age-0 class and adult anchovy age class populations (ij)1

mortality rate (mzl-) and diffusive exchanges between the model layers (M i). Moreover,
microzooplankton is in mesozooplankton food diet and grazed by mesozooplankton
(Gzr).

Biomass of gelatinous species changes temporally (Eq. Ald) via their predation

A4 Zi
on anchovy eggs and larvae (st), microzooplankton and mesozooplankton (™), basal

mortality rate and vertical migratory exchanges between the model layers (M*). The

S
source term, “s«, is used to parameterize young gelatinous species transport from the

shelf by the circulation provided that the temperature exceeds 15 °C and %z denotes the

lateral transport rate.

The parameter €zi in Eq. (Alb-d) is used to denote the fraction of the digested
and assimilated food ingested by zooplankton groups after the losses due to excretion
and respiration are eliminated.

N in the mixed layer and sub-thermocline layers changes over time (Eq. Alf),

due to uptake by phytoplankton, recycling of the unassimilated food and of dead

planktonic material, diffusive fluxed within the model layers and from the subsurface

source layer (MkN). According to Eq. Alf, nitrate recycles partially within the euphotic
layer and the rest of it sinks down to deep layers. The remineralization process is

modeled implicitly, by prescribing the subsurface nitrate concentration (Nc) externally
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as the control (forcing) variable in order to allow for increased amounts of nutrient

feedback to the euphotic layer during eutrophication periods. Subsurface nitrate

concentration (N <) 1s supplied via diffusive and entrainment fluxes, and drives the
nutrient cycling and primary production in the model.

The underlined terms in Eq. Alb-d, represent the anchovy and gelatinous
carnivore feeding on microzooplankton and mesozooplankton and portion of recycled
unassimilated zooplankton food, to establish the dynamic coupling between the lower
trophic level and higher trophic level.

Mathematical formulation of anchovy population growth model

X = ESxEx@Sx ST Jrx,

Eq. A2 calculates the total number of produced healthy eggs in the mixed layer by adult

anchovy during the spawning season (June to August). Here, X. denotes population

density and Wi denotes weight of an individual adult anchovy in age classes, i=1,2,3.
Furthermore, f(T1) represents the limitation of temperature on egg production.

And also, Xoe denotes the independent daily egg production constant (0.5 eggs m™) that
is designed to introduce a cohort unless the temperature exceeds 20°C to start egg

production at the beginning of spawning season.

dX ,
dt

:(mf +mn)xA (A3a)

Eqg. A3a represents the time evolution of anchovy population density (XA) of a

random cohort of age-0 or each adult year classes (in nr. m™). Thus, M, and ™., are the

respective fishing and natural mortality rates.
A
mn = mh + mz‘X:1 + rZSZ&k:l (A3b)
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In Eqg. 3b, the natural mortality is defined as the sum of linear and quadratic

terms (Fulton et al., 2003; Tian et al., 2004). The first one is the basal mortality rate (")
and used to represent stable or average environmental conditions and changes with
respect to different age classes. It also represents all non-predatory losses. The quadratic
density-dependent terms denote predation mortality exerted by (1) piscivores that are not

explicit in the model but increase with increasing anchovy numbers and by (2)
gelatinous carnivores grazing on eggs and larvae in the mixed layer. Parameter Iz

expresses the temporal gelatinous carnivore clearance rate (in m*> mgC™ d™) and Zsxx is

the gelatinous biomass density in the mixed layer.

Mathematical formulation of the weight growth model

dw,

:(gACA _RA _Eg)x VVA
(Ad)

Eqg. A4 represents the weight growth of 0-age anchovy which starts with the beginning
of early larval period. The right hand side of the equation describes the difference

between the realized consumption rate (£.C.), losses due to total respiration (R.) and

individual spawner’s weight loss rate due to reproduction ( Eq ), in units d™.

Cl=c,xW; x f(T)x f(Z) (A5a)

Zr
In Eq. Aba, C, denotes the consumption of herbiviorous and omnivorous

zooplankton by an anchovy individual, by using maximum rate of consumption (€1) (in

mgC d?%), anchovy weight, water temperature and microzooplankton and

mesozooplankton biomass density where “ represents the weight dependence of

consumption. Moreover, f(Z,) represents the cumulative feeding on zooplankton in the
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euphotic layer.

VAP |V
h +h, (ASD)

7 -

In Eg. Ab5Db, Z. denotes euphotic later mean biomass density of

microzooplankton and mesozooplankton, for i=1,2 respectively.

S Z1 (A5c)

fZ)=——"1"—
K§A+Z}=fsjzj

Then, the sigmoidal type of function with which Z, calculated is given in Eq.
A5c. In this case, Ky, is the half-saturation constant of anchovy consumption on prey,

S is the food preference coefficient of anchovy on zooplankton.

> h
T=>—~"~:+* T T-T,. )T,
S(T) h +hfk( V) and fk(ﬂ):Q( Vi (A5d)

1 2 102

In Eq. A5d, the temperature limitation function in the euphotic zone is given,

where f(T) expresses the weighted sum of limitation exerted on the mixed layer and on

the sub-thermocline as making use of relative thickness of relative layers fi (Ti) .

(1T, )T,
Then,QIOZ iIs used to introduce unity to the mixed layer temperature

providing that it never exceeds 25 °C. Thus, keeping the temperatures for the mixed
layer always between the optimal ranges and let them remain at sub-optimal (7°C) for
the sub-thermocline.

R, =nxW" xf(T)xA4, (A6)
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In Eq. A6, the respiration (Ra ) comprises the summation of routine and active
metabolic losses (Luo and Brandt, 1993). Respiration equation involves maximum rate

of routine respiration (1) at optimal temperature, exponent for weight dependence of

respiration ( "2 ), overall temperature limitation function for the euphotic zone ( f(T))

and activity factor constant (AF).

Mathematical formulation of the lower trophic level model

f(T)=0, """ (A7)

Eq. A7 is the explicit for of the phytoplankton temperature limitation function ( fi (T) ),
where Thax=25°C, Q10p=1.5 and Tpr=15°C.
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