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ABSTRACT

The connection of climate variability with anchovy
spawning and recruitment in the Black Sea in partic-
ular, and other ecosystems in general, was studied
using a two-way coupled lower trophic level and
anchovy bioenergetics model. Climate variability was
represented by a 50-yr time series of daily tempera-
ture and vertical mixing rates with stochastic varia-
tions. Temperature was found to be the dominant
factor influencing early life stages and hence popula-
tion dynamics of Black Sea anchovy as marked by a
high correlation of anchovy egg production and
recruitment success in response to changes in temper-
ature. Each decrease of 2°C in summer mean temper-
atures resulted in a delay in the timing of egg
production of between 12 and 19 days. Water tem-
peratures in the spawning season had a greater influ-
ence than the number of available spawning females
on the intensity of egg production. Anchovy recruit-
ment was similarly influenced by temperature, with
decreased temperatures resulting in a significant delay
in the onset of peak recruitment during the fall by
21–38 days. Also, recruitment numbers in December
decreased by about 20% with decreasing tempera-
tures. The impact of temperature on production was
slightly diminished by the impact of vertical mixing.
The strong linkage of climate variability with
anchovy spawning and recruitment has an important
prediction potential for short-term anchovy stock
estimations, which may serve fisheries management
purposes.
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INTRODUCTION

Many of the largest fisheries today in the world’s
oceans are based on small pelagic fish species such as
anchovy and sardine. Anchovies are small saltwater
forage fish belonging to the Engraulidae and Anchoa
families. Of those, Anchoveta or the Peruvian
anchovy (Engraulis ringens), the European pilchard
(Sardina pilchardus), the Japanese anchovy (Engraulis
japonicus), and the European anchovy (Engraulis encra-
sicolus) are distinctive in the world’s catch and are har-
vested for human consumption. The European
anchovy supports intense fisheries in the Mediterra-
nean Sea (Plounevez and Champalbert, 2000) and
Black Sea (Chashchin, 1996; Daskalov, 2003), where
it constitutes the main fisheries resource.

Environmental factors are known to influence pop-
ulation dynamics of small pelagic fish species via regu-
lation of egg survival and hence recruitment success
(Lasker, 1975; Crawford et al., 1987; Cury and Roy,
1989; Bakun, 1996; Schwartzlose et al., 1999; Takah-
ashi and Watanabe, 2004a,b; Palomera et al., 2007;
Houde, 2008). Such factors may include input of nutri-
ents into the surface water through mixing, offshore
egg and larval transport, and water column stability
(Peterman and Bradford, 1987; Bakun and Parrish,
1991; Borja et al., 1996; Tsai et al., 1997; Cole and
McGlade, 1998; Painting et al., 1998; Guisande et al.,
2001, 2004; Lloret et al., 2004). Changes in vertical
mixing rates of the water column have been shown to
explain 70% of the variance in the recruitment index
of the Bay of Biscay anchovy (Borja et al., 1996).
However, ambient temperature is known to be a criti-
cal factor affecting marine fauna, particularly the
reproduction biology of clupeid species (Blaxter and
Hunter, 1982; Tsuruta and Hirose, 1989; Imai et al.,
1998; Funamoto et al., 2004). Anchovy is a thermo-
philic species known for its higher vulnerability to
temperature fluctuations as compared with other spe-
cies sharing the same trophic level such as sardine
(Lluch-Belda et al., 1991). Cushing (1996), on the
other hand, suggests that the variation in recruitment
numbers is linked to spawner availability and is there-
fore regulated by exploitation of the existing stock.
However, as in the case of the Black Sea anchovy, the
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intense fishing activity during the 1980s did not lead
to a collapse of the anchovy fishery until the alien
ctenophore (Mnemiopsis leidyi) invaded the whole sys-
tem in 1989 (Oguz, 2005).

Anchovy has undergone significant fluctuations in
standing stock size over the past five decades due to
regional climate variability, intensive fishing activity,
increased anthropogenic nutrient input from rivers,
and, as in the case of the Black Sea, introduction of
the alien ctenophore species Mnemiopsis leidyi (Oguz,
2005). Observations imply that not only human-
related activities but also environmental variations
may play a critical role in controlling anchovy produc-
tion. There is evidence of a strong relationship
between regional climatic variations such as those
influenced by the North Atlantic Oscillation (NAO)
and anchovy stock fluctuations in the Black Sea (Nier-
mann et al., 1999; Oguz, 2005; Oguz et al., 2006; Oguz
and Gilbert, 2007) and other areas such as in the Med-
iterranean, where anchovy oscillations have been
related to climatic variations (Grbec et al., 2002;
Katara et al., 2011), and recently the Western Medi-
terranean Oscillation index (Martin et al., 2012).

European anchovy abundance in the North Sea
has fluctuated greatly in the past (Aurich, 1953) and
periods of high abundance seem to coincide with
warm phases of the Atlantic Multidecadal Oscillation
(AMO) indicating the high impact of climate vari-
ability on anchovy dynamics (Petitgas et al., 2012).
In the Pacific, the Japanese anchovy (E. japonicus)
also has shown multi-decadal fluctuations, as opposed
to sardine population dynamics, which are related to
interdecadal North Pacific ocean/climate variability
(Yasuda et al., 1999; Yatsu et al., 2005). Such regime
shifts have been observed not only in the North Paci-
fic (Takasuka et al., 2008) but also in the California
Current and Humboldt Current systems and a rela-
tionship with climatic regime shifts has been sug-
gested (Lluch-Belda et al., 1989; Kawasaki, 1991;
Chavez et al., 2003).

It has been shown that decadal scale climate vari-
ability of either natural or human origin can trigger
regime transitions that may not only harm a resource
but also have eventual economic effects (Steele,
1998). Additionally, within a period of favorable envi-
ronmental conditions, the fishing stress, although very
heavy, may sustain a high catch; whereas under
adverse environmental conditions, the same level of
fishery may lead to a stock collapse (Hofmann and
Powell, 1998; Oguz, 2005).

Bioenergetics models of anchovy have been applied
to different regions such as Chesapeake Bay (Wang
et al., 1997; Rose et al., 1999), the northern Aegean

Sea (Politikos et al., 2011), the Gulf of Lions (Pethy-
bridge et al., 2013), the Bay of Biscay (Pecquerie et al.,
2009), the coast off Peru (Xu et al., 2013) and the
Black Sea (Oguz et al., 2008a). The use of such models
gives an insight into the life cycle dynamics and shows
that human impact coupled with environmental vari-
ability may initiate strong perturbations in marine eco-
systems including the collapse of commercially
valuable fish stocks such as anchovy in the Black Sea
(Oguz et al., 2008a,b).

To understand the extent of the impact of climate-
induced drivers on anchovy fecundity the present study
analyzes the way an anchovy population responds to
environmental variability in the form of changing
water temperature and water column mixing. We
investigate whether high frequency fluctuations in tem-
perature decrease fecundity rates, as well as the recruit-
ment rates of anchovy and if so, to what extent. Of
particular interest is to determine the times of the year
when anchovy are particularly vulnerable to tempera-
ture changes (such as the spawning season) and how
strongly this influences the entire population. In addi-
tion, we investigate how effective increased mixing
rates that may occur simultaneously with lower temper-
atures, are in enhancing nutrient flux to increase
anchovy survival and possibly counteract temperature
effects. These questions are elaborated using a one-
dimensional coupled model of the lower trophic level
that is two-way coupled with an anchovy population
dynamics model. Here, two-way coupling means that
the lower trophic level influences anchovy population
dynamics and vice versa. Although this theoretical
study on how a recruitment system reacts to stochastic
climate variability is designed for the Black Sea, its
results may also be applicable to other systems.

Below, we first describe the model setup, followed
by a presentation of model findings. We describe the
seasonal variations of anchovy survival and recruit-
ment in response to three different scenarios over 1 yr.
We then examine interannual variability and the rela-
tionship between anchovy reproduction, recruitment
and spawner numbers under varying environmental
conditions. The model results are discussed and sum-
marized in the Discussion and Conclusions sections.

MATERIALS ANDMETHODS

Model description

The anchovy bioenergetics and lower trophic level
models are two-way coupled (details may also be found
in Oguz et al., 2008a). This modeling system has previ-
ously been tested and validated for the Black Sea
(Oguz et al., 2008a,b). The one-dimensional (1-D)
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ecosystem model of the lower trophic level represents
the euphotic zone, assumed to be 50 m deep, with two
layers: a surface mixed layer with daily variations and
a subthermocline layer. A third layer below the eupho-
tic zone provides nutrients to the euphotic zone via
mixing. For further details we refer to Oguz et al.
(2008a).

The anchovy bioenergetics (life-cycle dynamics)
model (also described in Oguz et al., 2008a) tracks
each individual spawner’s progeny through develop-
mental stages (such as hatching, yolk-sac larvae, early
larvae, late larvae, juvenile, young of the year (YoY)
and adult stages (age 0+, 1+, 2+ and 3+). Each model
year begins in June and one model year takes 360 days
to complete. Female adult anchovy start spawning on
1 June and the spawning season lasts until the end of
August (90 days). Anchovy spawning in the model,
i.e., egg production, is dependent on water tempera-
ture in the mixed layer, population density and weight
of adult females, which connects egg production with
food availability to adult anchovy and recruitment.
With the application of such density dependency it is
possible to assess the impacts of year-to-year climate
variability. Spawning takes place in the mixed layer
when the water temperature exceeds 20°C (Niermann
et al., 1994; Kideys et al., 1999; Satilmis et al., 2003).
All eggs spawned on the same day are assumed to
belong to the same cohort. Recruitment in the model
is defined as the surviving larval and juvenile stages
which grow to 6.0 cm in length, also defined as the
length at first maturity. Mortality of anchovy due to
fishing, or natural mortality (including predation, graz-
ing by gelatinous carnivores on anchovy eggs and lar-
vae), and basal losses, i.e., senility, parasitic losses and
food starvation, are included. The fishing season in the
model lasts from the 1 October to 15 March
(165 days) every year, corresponding to more than
80% of the total annual yield (Prodanov et al., 1997).

The model was run with the same parameter setting
as in Oguz et al. (2008a) for moderate eutrophication
levels and moderate gelatinous predation on anchovy,

the details of which can be found in Table 1. With
this model setup, model anchovy experience positive
weight growth from the beginning of summer to winter
(from June to January) as a result of availability of fod-
der zooplankton, which is triggered by increased pri-
mary production (see Oguz et al., 2008a; Fig. 6).
During winter, scarcity in food limits the weight
growth. As a result, weight growth slows down and
finally leads to weight loss during the period from Jan-
uary to the end of May. In addition, as individuals
grow older, they divert increasingly more energy to
building up body tissues for reproduction.

Model forcing

Forcing files for the baseline simulation of the model
include time series of daily values of mixed layer
depth, total mixing rate, temperature and photosyn-
thetically available radiation (PAR) spanning 1 yr
(Fig. 1). These files were derived from observations
representing the mean climatology of the Black Sea
(Altman et al., 1987; Efimov and Timofeev, 1990;
Oguz et al., 1992, 1996, 1999). In particular, the
mixed layer depth in the euphotic zone shallows to
15 m in summer and the water remains stratified until
October (Fig. 1a). During winter, vertical mixing de-
stabilizes the water column and the mixed layer deep-
ens to a maximum depth of 45 m until mid-March.
The total vertical mixing rate is close to 0.01 day�1

during summer, increasing to 0.04 day�1 in January
through March (Fig. 1b). Total mixing here is defined
as the sum of daily diffusion rate and daily vertical
entrainment rate between the two layers of the eupho-
tic zone. The mixed layer temperature increases to
24°C in September and cools down to 7°C in March,
thereby describing a sinusoidal pattern (Fig. 1c) that
was fitted with a regression equation following Rose
et al. (1999) as follows:

T ¼ a0 � a1 cosð0:01745 dayÞ � a2 sinð0:01745 dayÞ
ð1Þ

where day is day of the year and a0, a1, a2 are constant
parameters with the values of 15.5, 0.1, and 8.5,
respectively. The subthermocline temperature remains
constant (7°C) throughout the year. PAR starts at
210 m2 W�1 on 1 June and reaches its maximum of
300 m2 W�1 on 15 August (Fig. 1d). The following
4 months, the PAR values decline down to
20 m2 W�1 on 15 December and then remain at this
value during winter. This set of input files was used to
assess the impact of seasonal variation of temperature
on anchovy production.

Following this, interannually varying temperature
and vertical mixing rates time series for long-term

Table 1. Input parameter set for the moderate eutrophica-
tion set-up of the model.

Input parameters Value

Source layer nitrate concentration 3.0 mmol m�3

Predation mortality 2.0 9 10–4 m3 day�1

Gelatinous import rate 0.5 9 10–3 day�1

Fishing pressure 0.3 fyr�1

fyr�1: fishing year, is defined as daily fishing rate applied over
165 days of fishing activity during 1 year.
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model runs of 65 yr (15-yr spin up followed by a 50-yr
simulation) were created by first repeating the above
temperature cycle (Fig. 1c) for 15 yr to account for
model spin-up. By creating white noise for 50 simula-
tion years and adding it to the values of the three coef-
ficients (a0, a1, a2) of Eqn (1), a 50-yr stochastic time
series of temperature was generated to mimic climatic
variations (Fig. 2a). This randomly generated noise is
an anomaly that translates to different temperature
and mixing rates during each respective year but when
summed up over the total of 50 yr gives no deviation
from the mean climatological conditions (Fig. 2c).
The white noise was created using the Box–Muller
method in the form of normally distributed, pseudo-
random numbers with a mean of 0 and a standard devi-
ation of 1. In this way winter temperature variations of
�1°C were created (Fig. 2c) that are well within
observations of natural variability in winter sea surface
temperatures in the Black Sea due to climatic telecon-
nections, such as the North Atlantic Oscillation of
around approximately 1.8°C (Oguz, 2005b). A similar
procedure was also applied to the mixing rate cycle
(Fig. 2b); however, the noise had a reversed sign so
that higher temperatures corresponded to lower total
mixing rates and vice versa, such as during years 12–16
and 25–36 (Fig. 2b,c).

The response of the Black Sea anchovy population
(spawners, recruitment and eggs) to seasonal and
interannual changes in temperature and mixing was
then studied with three different simulations that com-
menced after a 15-yr model spinup:
1 Temperature-only simulation: the model is forced

with the 50-yr time series of changing temperature

input (Fig. 2a), while the reference cycle is used
repeatedly for the total mixing rate time series.

2 Mixing-only simulation: the model is forced with
the changing 50-yr mixing rate time series (Fig. 2b),
while the reference cycle is used repeatedly for the
temperature time series.

3 Temperature and mixing simulation: the model is
forced with both 50-yr time series of changing tem-
perature and mixing rate (Fig. 2a,b).

RESULTS

Seasonal variation

Temperature simulations. Throughout the spawning
season, there may be a daily temperature difference of
�2°C between the years with minimum and maximum
temperature distribution with respect to the baseline
year (Fig. 3a,b). Simulations show that the differences
between these three temperature cycles influence the
start dates of spawning, spawning intensity, and
recruitment success of the anchovy (Fig. 3e,f, dashed
and dotted lines). The baseline yearly temperature var-
iation (Fig. 3a,b; solid lines) and total mixing rates
(Fig. 3c,d; solid lines) illustrates the start of egg pro-
duction on 1 July at around 6600 eggs m�3 (Fig. 3e,
solid line). Egg numbers increase gradually during this
time to 10 260 eggs m�3 on 30 August. By mid-
August, the mean length of all cohorts reaches 6.0 cm,
indicating the beginning of recruitment (Fig. 3f, solid
line). Recruitment peaks at 11 063 ind. m�3 on
December 17th (Fig. 3f, solid line). After this time the
anchovy population starts to decrease, as the anchovy

(a) (b)

(c) (d)Figure 1. Model forcing for the baseline
simulation derived from mean climato-
logic conditions for the Black Sea.
Annual cycle for daily (a) mixed layer
depths (m) (Oguz et al., 1996), (b) total
mixing rates (day�1) (Oguz et al., 1999),
(c) mixed layer temperatures (°C) (Alt-
man et al., 1987), and (d) photosyntheti-
cally available radiation (PAR; W m�2)
(Efimov and Timofeev, 1990).
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are subjected to winter conditions and food shortage.
In May, when the conditions improve, the stock abun-
dance rises again.

There is a considerable change in the onset of
spawning, as the start of egg production is delayed by
12 days in the reference simulation compared with the
maximum temperature year (Fig. 3e, dashed line), and
by another 19 days in the minimum temperature year
(Fig. 3e, dotted line). In addition, there is a 13 and
14.5% difference in the number of eggs that survive
and recruit to the population at the end of the spawning
season between the years of maximum, baseline, and

minimum temperature years with 11.8 9 103, 10.26
9 103 and 8.77 9 103 ind. m�3, respectively (Fig. 3e).

A similar effect of temperature is seen in the recruit-
ment numbers. It takes until August for recruitment to
start in all simulations. However, in early September
recruit numbers in the maximum temperature year start
increasing rapidly to 12.55 ind. m�3 on 9 December
(Fig. 3f, dashed line). The onset of rapid increase in
recruits is delayed by 21 days for the reference simula-
tion (Fig. 3f, solid line) and by another 38 days for the
minimum temperature year (Fig. 3f, dotted line). Con-
sequently, the maximum number of recruits is lower in

(a)

(b)

(c)

(d)

Figure 2. Stochastic 50-yr time series of (a) temperature (°C) and (b) total mixing rate (day�1) serving as model forcing for
long-term simulations, (c) winter temperature anomaly (°C) and (d) total mixing rate anomaly (day�1).
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mid-December at 11.1 and 8.3 ind. m�3 for the refer-
ence and minimum temperature simulations, respec-
tively. This recruitment is due to the availability of
mesozooplankton in autumn that reaches a maximum
in December. Subsequently, due to food limitation in
winter, the population decreases down to 4.61, 3.84
and 2.68 ind. m�3 at the end of the simulation (May)
in the maximum, reference, and minimum temperature
simulations, respectively (Fig. 3f).

Mixing simulations. Because the total mixing rate is
high in winter only, changes in total mixing exert no
influence on egg production (not shown here), which
takes place from June to September. However, mixing
plays a role in nutrient cycling which slightly increases
food availability for anchovy during winter (Novem-
ber–March) and therefore promotes recruitment
before December with peak biomass values in recruit-
ment of around 10.5, 11.1 and 11.5 ind. m�3 in the
minimum, baseline, and maximum total mixing year,
respectively.

Temperature and mixing simulations. When both tem-
perature and total mixing vary between years, egg

production during the spawning season is the same as
for the temperature-only simulation (Fig. 3g, solid
line) as mixing does not change in summer. However,
the recruitment variability is responding to both (tem-
perature and total mixing) effects, as they are operat-
ing simultaneously when the 0+ age group grows
during winter. The combination of the two effects
results in a population size of recruits for the year of
maximum temperature accompanied with a minimum
total mixing of 12.13 ind. m�3 (Fig. 3h, dashed line)
which is slightly lower than the population size in the
temperature-only simulation for the year of maximum
temperature (Fig. 3f, dashed line). This is a conse-
quence of the additional effect introduced by low mix-
ing, which supplies fewer nutrients into the mixed
layer and therefore results in less food for larvae to feed
on. In the year of minimum temperature accompanied
with maximum total mixing, the peak recruitment
number in December is 8.85 ind. m�3 (Fig. 3h, dotted
line), which is slightly higher than for the minimum
temperature simulation. Apparently, the maximum
total mixing effects contribute to effects caused by the
lowest temperature increasing nutrient availability
and hence food for anchovy larvae, and therefore

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3. Model input: seasonal varia-
tions of temperature (°C) during (a) the
spawning season (June–September), (b)
the course of a year for minimum (dotted
line), maximum (dashed line) and base-
line (solid line) years. Seasonal variation
of total mixing rate (day�1) during (c)
the spawning season, and (d) the course
of a year for minimum (dashed line),
maximum (dotted line) and baseline
(solid line) years. Model output: varia-
tions of (e) eggs (no. m�3 yr�1) during
the spawning season and (f) recruits
(ind. m�3 yr�1) over the course of 1 yr,
for minimum, maximum and baseline
years of temperature only simulation.
Variation of (g) eggs (no. m�3 yr�1) dur-
ing the spawning season and (h) recruits
(ind. m�3 yr�1) over the course of 1 yr,
for minimum, maximum and baseline
years of the temperature and mixing
simulation.
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increasing recruitment above the value of the mini-
mum temperature year simulation (Fig. 3f, dotted
line).

Interannual variation

The above simulations clearly indicate the importance
of both temperature and total vertical mixing for
anchovy dynamics. To understand the effect of inter-
annual variations of both on anchovy and the dynam-
ics behind it, we first describe the effect of interannual
variability of the temperature and mixing simulation
on the lower trophic level compartments, before
detailing the response of anchovy below. The lower
trophic level model consists of five compartments:
nitrate, phytoplankton, microzooplankton, mesozoo-
plankton, and gelatinous predators.

Lower trophic level. Simulations with temperature
alone show that colder winter temperatures regulate
nutrient supply indirectly since they increase the
depth of the mixed layer; as a result the deeper mixed
layer facilitates a higher addition of nutrients into the
mixed layer, increasing available nitrate there. When
both environmental factors are considered simulta-
neously (Fig. 4a,b), the indirect effect of temperature
and the comparatively small direct effect of changes in
total mixing combine, leading to a decrease in nitrate
from approximately 526 to 506 mmol N m�3 between
years 12 and 16 (Fig. 4c). Between years 25 and 36, a
period of abrupt temperature decrease and total mixing
increase cause nitrate concentrations to rise from
510 mmol N m�3 to approximately 530 mmol N m�3.
Model phytoplankton directly reacts to changes in
nitrate concentration such that in between years 12
and 16, when temperature is increasing and corre-
sponding mixing rates are decreasing, phytoplankton
decreases from 1252 to 1234 gC m�2 (Fig. 4d) and
varies from 1234 to 1256 gC m�2 between years 25
and 36. Microzooplankton (Fig. 4e) reacts to the com-
bined influence of temperature and total mixing with a
1-yr delay. Hence, its biomass decreases between years
13 and 17, from 78.5 to 70.5 gC m�2, and later
increases between years 26 and 37 from 72.5 to
77.5 gC m�2. In mesozooplankton (Fig. 4f), the bot-
tom-up effect of temperature and mixing is not clearly
evident because predation on mesozooplankton by
gelatinous carnivores and anchovy is an important fac-
tor determining biomass (Fig. 4f,g). Thus, mesozoo-
plankton abundance increases when there is reduced
predation pressure by gelatinous carnivores and
decreases as grazing pressure increases. Mesozooplank-
ton biomass decreases from 277 to 255 gC m�2

between years 12 and 16 and increases from 257.5 to
287.5 gC m�2 during years 25–36 (Fig. 4f).

The gelatinous predator shows strong temperature
dependence because it is not limited by predation in
the model and the total mixing forcing acts here to
counteract the temperature effect. Thus, during years
12–16, when temperature increases and total mixing
decreases, gelatinous carnivore biomass values increase
from 167.5 to 185 gC m�2 and decrease from 181 to
158 gC m�2 in years 25–36 (Fig. 4g).

Higher trophic level. Temperature simulation:
Anchovy egg production (Fig. 5b) is directly related
to interannual temperature variation as it follows the
same variability pattern as the lowest winter tempera-
ture (Fig. 5a). This is due to the fact that low winter
temperatures also mean low summer temperatures in
this temperature time series (see Fig. 2a,c). For exam-
ple, during the period in which the lowest temperature
increases from 6.36 (year 12) to 7.66°C (year 16) the
summer temperatures during the spawning season
increase from 21.8 to 26.4°C and the egg population
almost doubles from 361 to 686 ind. m�3 (Fig. 5b).
Thus, a 4.4°C increase in summer temperature over
half a decade led to the egg numbers increasing by
approximately 90%. In the period of a decrease in sum-
mer temperature from 25.6 to 21.1°C (between years
25 and 36), egg numbers decrease by 56%, from 640 to
below 282 ind. m�3.

Anchovy recruitment numbers are also highly cor-
related with temperature (Fig. 5c). For the above-
mentioned period of temperature increase, recruitment
numbers increase from 1.13 (year 12) to 2.12 (year
16) ind. m�3, which amounts to an 87% recruitment
increase corresponding to a winter temperature
increase of 1.3°C. On the other hand, a 1.31°C
decrease in winter temperature (between years 25 and
36) causes the recruitment numbers to decline from
1.99 to 1.0 ind. m�3, a decrease of 49%.

Spawner numbers, which here represent female
adults that constitute 50% of the total population, also
vary directly in proportion to the temperature varia-
tions (Fig. 5d). During the temperature increase per-
iod, spawners rise from 1.7 ind. m�3 (year 12) to
2.15 ind. m�3 (year 16). Thus an increase in winter
temperature of 1.3°C, results in an increase of 24% in
the number of spawners. During the period of tempera-
ture decrease, the number of spawners decreases by
approximately 24%, from 2.11 ind. m�3 (year 25) to
1.60 ind. m�3 (year 36).

Mixing simulation: Changes in total mixing influ-
ences anchovy egg production only very slightly (not
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 4. Temperature and mixing simulation. Model input in the form of (a) lowest winter temperature (°C) and (b) total mix-
ing rate (day�1) at the end of February. Model output: interannual variability of euphotic layer (c) total annual nitrate concen-
tration (mmol N m�3), euphotic zone integrated total annual (d) phytoplankton (gC m�2), (e) microzooplankton (gC m�2),
(f) mesozooplankton (gC m�2) and (g) gelatinous carnivore biomass (gC m�2) variations. Straight line represents the result of
the baseline simulation.
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shown here) when the intensity of mixing is either
very high or considerably low. Recruits and spawner
numbers are directly influenced by total mixing varia-
tions, owing to the fact that they are feeding during
December, which corresponds to the onset of intense
winter mixing, and increased mixing in the model
translates to greater food availability to the anchovy.
Both are positively correlated with the total mixing
rate variations, which means when total mixing is
intensified, spawners, and so recruitment numbers,
increase in the same year without any delay in timing.
However, the influence of mixing alone is small com-
pared with the temperature simulation: recruitment

numbers decrease by 7% and spawners by 5% when
total mixing rates decrease by approximately 17%
between years 12 and 16. In the period of abrupt
changes in total mixing (years 25–36), the recruitment
biomass increases by 7%, from 1.625 to 1.750 ind. m�3,
and spawners increase by 5% due to the 20% increase
in the total mixing rate during this time. This effect is
small compared with the influence of temperature
variations.

The influence of total mixing on egg production in
the model is minimal and indirect. It takes 1 yr for egg
numbers to respond to changes in total mixing because
mixing is effective in winter and influences nutrient

(a)

(b)

(c)

(d)

Figure 5. Temperature simulation. Model input: interannual variation of (a) lowest winter temperatures (°C) at the end of Feb-
ruary. Model output: interannual variability of total annual anchovy (b) eggs, (c) recruits and (d) spawner population
(ind. m�3 yr�1). Straight line represents the result of the baseline simulation.
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upwelling and hence food availability to anchovy that
mature to become potential spawners the following
summer. Hence, mixing influences the number of eggs
produced only through the above-described influence
on spawner numbers.

Temperature and mixing simulation: When both the
temperature and total mixing time series (Fig. 6a,b)
are input in the model, it is again seen that tempera-
ture effects dominate the egg production levels
(Fig. 6c), although the results deviate slightly from the
egg numbers given in the temperature simulation
(Fig. 5b). The reason for these slight differences is the
indirect effect of total mixing rates effective from the
previous year. For example, in the period of tempera-
ture increase (accompanied by total mixing decrease)
from years 12–16, egg numbers increase by 92%, from
358.3 to 687.1 eggs m�3 (Fig. 6c). Within the period
of temperature decrease (or total mixing increase)
from years 25–36, the egg numbers decrease by 56%,
from 644.39 to 284.79 eggs m�3.

The main factor influencing recruitment to the
population is also temperature. The inclusion of total
mixing counteracts the effects of temperature slightly,
reducing the biomass in years of warm winters, but
increasing the biomass in years of cold winters due to a
deepening of the mixed layer, which causes increased
nutrient upwelling and hence food supply to recruits.
This means that, for the recruitment population, varia-
tion (Fig. 6d) is less than in the temperature simula-
tion (Fig. 5c). Therefore, between years 12 and 16, the
recruitment increases by 70%, from 1.21 to
2.05 ind. m�3, whereas during years 25–36, the
recruitment decreases by 44%, from 1.74 to
1.09 ind. m�3 (Fig. 6d).

The interannual variation of spawners responds
directly to the effects of both temperature and total
mixing in the same year. Spawners are mainly affected
by temperature. The total mixing effect slightly coun-
teracts the temperature effect, but not as much as in
the case of recruits. In addition, spawners also include
adults of other year-classes that carry the temperature
signal of previous years. The resulting time series
shows slightly smaller variations of spawners in this
simulation (Fig. 6e) compared with the temperature-
only simulation (Fig. 5d). In the period of temperature
increase (or total mixing decrease) between years 12
and 16, a 20% increase in the number of spawners
from 1.77 to 2.12 ind. m�3 is seen. Within the period
of abrupt temperature decrease (or total mixing
increase), from years 25 to 36, the spawner numbers
also decrease abruptly by 21%, from 2.08 to
1.64 ind. m�3.

Anchovy reproduction and recruitment

The above simulations show that temperature exerts a
greater influence than total mixing on the interannual
variations in the abundance of eggs, recruits and spaw-
ners. To better understand the egg production and
recruitment success in relation to climate variability, 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 recruits of the same year in the temperature
simulation, and a correlation (r2 = 0.88) is found
(Fig. 7a). In the temperature and total mixing simula-
tion this determination coefficient (r2) is higher, 0.93
(Fig. 7d). This indicates that anchovy recruits benefit
from increased mixing and hence higher food avail-
ability in cold winters, as already shown in the above
sections on seasonal and interannual variations
(Figs 3h and 6d), while reduced mixing in warmer
winters decreases their numbers. Hence, the decrease
in recruitment numbers due to the opposing effects of
temperature and mixing causes an increased correla-
tion in the number of eggs versus recruitment in the
temperature and mixing simulation (Fig. 7d).

The relationship between the total number of spaw-
ners and the total number of eggs under different envi-
ronmental scenarios reveals that the correlation
(r2 = 0.99) is significant (99%) in the temperature
simulation (Fig. 7b) but decreases to 94% in the tem-
perature and total mixing simulation (Fig. 7e). This
demonstrates that temperature is the dominant influ-
ence on spawners, and that decreased recruitment var-
iation in the temperature and mixing simulation does
not affect spawners.

The correlation coefficient between spawners and
recruits is 84% when temperature influence alone is
considered (Fig. 7c), and 78% for the temperature and
mixing simulation (Fig. 7f).

To explore whether the influence of changes in mix-
ing, which take place during winter, on anchovy
recruitment numbers is indeed related to food avail-
ability to anchovy and not some other mechanism, me-
sozooplankton biomass was correlated with both
environmental influences. Temperature alone is nega-
tively correlated to mesozooplankton in the tempera-
ture-only simulation (r2 = 0.79, Fig. 8a) because of a
smaller nutrient supply to the mixed layer in warmer
years, as well as increased abundances of anchovy and
gelatinous carnivores in warmer years (Fig. 4f,g) that
graze on them. The mixing rate is positively correlated
in the mixing-only simulation (r2 = 0.91, not shown);
however, the mesozooplankton biomass changes only a
little in the mixing-only simulation. In the temperature
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(a)

(b)

(c)

(d)

(e)

Figure 6. Temperature and mixing simulation. Model input: interannual variation of (a) lowest winter temperatures (°C) and
(b) total mixing rates (day�1) at the end of February. Model output: interannual variability of total annual anchovy (c) eggs, (d)
recruits and (e) spawners population (ind. m�3 yr�1). Straight line marks result of the baseline simulation.
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and mixing simulation, both environmental effects
combine, and cold temperatures in winter cause the
mixed layer depth in the model to increase, intensify-
ing the nutrient supply from the source layer in addi-
tion to increased mixing, resulting in a high positive
correlation of total mixing rate maxima with mesozoo-
plankton biomass (r2 = 0.84, Fig. 8b) and increased
zooplankton biomass with increased mixing rates.

Furthermore, anchovy recruits are negatively corre-
lated to mesozooplankton (r2 = 0.73, Fig. 8c) as
anchovy is feeding on mesozooplankton in the model.
A higher negative correlation, which explains 95% of
the variation, is found between mesozooplankton and
gelatinous predator production (Fig. 8d), which can
be explained by the predator–prey relationship of both
compartments (see Fig. 4f,g). It should be noted that
the mesozooplankton bloom in the model occurs in
summer, with a second smaller bloom in winter, as
observed in the Black Sea (Oguz et al., 2001). During

the summer spawning season, adult anchovy compete
with gelatinous carnivores for this food source,
whereas during winter, anchovy recruits compete with
gelatinous carnivores at a time when food is essential
for their development. The above analysis clearly
shows that gelatinous predators may influence anchovy
population dynamics through competition for food.

Next, a regression analysis between the spawners of
1 yr (n) and egg numbers produced by these spawners
in the following year (n + 1) was calculated for both
the temperature simulation (Fig. 9a) and the tempera-
ture and mixing simulation (Fig. 9b). This was done to
investigate further whether there is a relationship
between this year’s spawners (12 months starting 1
June) and next year’s egg production. Neither analysis
shows any correlation, indicating that no such rela-
tionship exists.

In an effort to analyze the control spawner numbers
have over the seasonal egg production of anchovy,

(a) (b) (c)

(d) (e) (f)

Figure 7. Correlation analysis of total annual (a) eggs versus recruitment, (b) eggs versus spawners and (c) recruitment versus
spawners for the 50-yr temperature simulation. Correlation analysis of total annual (d) eggs versus recruitment, (e) eggs versus
spawners and (f) recruitment versus spawners for the 50-yr temperature and mixing simulation (ind. m�3 yr�1).
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50-yr model output of available spawners during differ-
ent time periods of the model year were correlated with
the total number of eggs produced during the spawning
season (Fig. 10). However, relationships between the
number of spawners of the current (n) model year at
the beginning of the spawning season (1 June)
(Fig. 10a), during the entire spawning season (June–
September) (Fig. 10b) and during winter of the previ-
ous (n�1) model year (December–March) (Fig. 10c)
with current (n) year’s egg production showed no cor-
relation for any of the selected time intervals.

When the 50-yr mean summer (nth yr) and mean
winter (n�1th yr) temperatures were regressed against
the total number of eggs produced in each (nth) year
during the spawning season, results indicated a high
correlation explaining 98% of the variance for the
summer temperatures, which are incidentally the tem-
peratures anchovy encounter during the spawning sea-
son (Fig. 11a) and no correlation with winter
temperatures (Fig. 11b).

Comparing temperature variability (Fig. 12, ●)
with variability within the different age classes of
anchovy in the temperature-only simulation showed
that the variability in the anchovy recruitment (age

0+) group (Fig. 12,▼) directly matches the maximum
summer temperature signal of the same (nth) year.
This means that the years with lower temperatures
generate years with a lower recruitment population,
and the years with higher temperatures promote higher
recruitment. When older age groups are considered,
the temperature signal can still be tracked in the stock,
but there is a delay timing equal to the year-class age.
For example, the 1-yr adult stock (Fig. 12, ♦) carries
the temperature signal of the previous (n�1th) year,
during which it is apparently more vulnerable to tem-
perature variations. As a result, the temperature signal
translates to the 1st year-class numbers with a delay in
timing of 1 yr. The same applies to the following age
classes, where 2-yr-old adults (Fig. 12, +) match the
temperature signal (n�2nd yr) they are subjected to
when they were in the recruitment stage. The age 2+
group reacts to changes in the temperature signal with
a delay of 2 yr. Similarly, in the age 3-class adults
(Fig. 12, �) the temperature signal (n�3rd yr) can be
tracked with a 3-yr delay. One reason for continuously
higher numbers of age 3+ than age 2+ is because the
age 3+ population includes all anchovy that are of age
3 or older. Another reason for lower population

(a) (b)

(c) (d)

Figure 8. Regression analysis of (a) tem-
perature maxima (°C) versus total annual
mesozooplankton production in the tem-
perature only simulation (gC m�3 yr�1).
(b) Total mixing rate maxima (day�1),
(c) total annual recruitment
(ind. m�3 yr�1), and (d) gelatinous car-
nivore biomass (gC m�3 yr�1) versus me-
sozooplankton production (gC m�3 yr�1)
of the temperature and mixing
simulation.
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numbers in the age 2+ than age 3+ year-class is that
fishing mortality accounts for higher losses in age 2+
year-class, whereas for age 3+, senility (i.e., natural
mortality) accounts for more than fishing mortality.

The propagation of the temperature signal through
anchovy age-classes over time causes a curious phe-
nomenon in that even though total eggs and recruit-
ment numbers are increasing significantly (90 and

(a) (b)

Figure 9. Regression analysis of number
of current (nth) year total annual spaw-
ners versus next (n + 1th) year eggs for
50 yr of (a) temperature simulation and
(b) temperature and mixing simulation
(ind. m�3 yr�1).

(a) (b) (c)

Figure 10. Regression analysis of number of total current (nth) year spawners (including age 0+, 1+, 2+ and 3+) at (a) the begin-
ning of the spawning season (June 1st), (b) during the spawning season (June–September) and (c) during the following
(n + 1th) years of winter (December–March) versus total egg production (nth yr) in the spawning season of the temperature and
mixing simulation (ind. m�3 yr�1).

(a) (b)

Figure 11. Regression analysis of mean
temperatures (°C) during (a) summer
(June–September) and (b) winter (from
December to March) in relation to egg
production (ind. m�3 yr�1) in the
spawning season of the temperature and
mixing simulation.
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87%, respectively) during times of temperature
increase (e.g., years 12–16) the total population of
adult anchovy (1+ to 3+ year-class) actually decreases
slightly by 6% (Fig. 12, ○), mainly owing to a decrease
in the age 1+ year-class (and to a lesser extent the age
classes 2+ and 3+), which is a consequence of the
decrease in temperature from years 11 to 12. This
decrease in the adult population is also the reason that
spawner numbers, although dominated by the 0+ year-
class, do not react as strongly to environmental
changes compared with recruits or eggs (Figs 5c,d and
6d,e).

Interannual variation in egg and recruitment num-
bers over the 50-yr simulations is 2.3- and 2.1-fold,
respectively. Model-simulated total anchovy abun-
dance varies by 1.8-fold.

DISCUSSION

In the present study we investigate how changes in
water temperature and water column mixing, as they
naturally occur between different years, impact
anchovy population dynamics. Model results show
that temperature exerts a strong control over the lower
trophic level by contributing directly to lower trophic
level compartment metabolic rates and by promoting
bottom-up control. On the other hand, total mixing is

seen to induce a smaller response by most compart-
ments of the lower trophic levels.

In the nitrate compartment, colder winters result in
higher nitrate concentrations by enabling higher
entrainment of nutrients into the euphotic zone
through formation of a deeper mixed layer, a physical
process observed in the Black Sea. When the model is
forced with the effects of both temperature and total
mixing, both factors combine, enhancing nutrient
entrainment even more, acting as a bottom-up control
on the lower trophic level compartments. The
response given by the rest of the Lower Trophic Level
(LTL) (biota) is more complex. Phytoplankton growth
is influenced by temperature but benefits more from
changes in winter mixing, so that this group reacts
immediately to changing environmental conditions.
However, it takes several months until the bottom-up
control reaches the phytoplankton and microzoo-
plankton level. This influence is then added to the
current direct effects of temperature and total mixing.
Thus the model results for phytoplankton show that
its biomass reacts to environmental changes not only
at the beginning of summer but throughout the sum-
mer season, whereas microzooplankton biomass shows
a slightly delayed reaction to these changes, with tem-
perature changes being of greater importance than
mixing changes. Observations from the Black Sea

Figure 12. Time series of summer temperature maxima (°C) at the end of August (●) and total number of the whole anchovy
population (▲), total number of adult anchovies (○), as well as total numbers of anchovies in age classes 0+ (▼), 1+ (♦), 2+
(+), and 3+ (�) of the temperature-only simulation (ind. m�3 yr�1).
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(Oguz, 2005b) confirm these dynamics. In the 1980s, a
strong phytoplankton biomass increase was correlated
with a sharp decline in winter temperature values.
This was caused by an increased rate of nutrient supply
from the chemocline, leading to higher spring phyto-
plankton production during cold winters.

In mesozooplankton, the bottom-up direct effect of
temperature diminishes due to the on-going predator–
prey interactions between mesozooplankton and gelat-
inous carnivores as well as anchovy. Winter mixing in
combination with temperature effects increases meso-
zooplankton production. In the LTL model, gelatinous
carnivores control mesozooplankton, as the gelatinous
predator does not undergo food saturation. Thus, me-
sozooplankton biomass only increases when there is a
lack of grazing pressure by the gelatinous carnivore,
and decreases with higher gelatinous carnivore bio-
mass and hence additional grazing pressure. The
above-described dynamics of the lower trophic level
model are consistent with available observations from
the Black Sea and have been analyzed in detail by
Oguz et al. (2001).

The gelatinous predator shows strong temperature
dependence because it is not limited by predation in
the model and total mixing forcing acts to counteract
the temperature effect. Therefore, although warm tem-
peratures promote anchovy production, they also limit
anchovy abundance because of increased food compe-
tition with gelatinous carnivores. Similar prey–preda-
tor relationships as a result of climate-induced
variations were also identified for the sprat–cod inter-
actions, which constitute the majority of the fish spe-
cies in the Baltic Sea ecosystem (K€oster et al., 2001).

Seasonal variations

As expected, model simulations of seasonal variation
showed that temperature strongly controls egg produc-
tion through regulation of the onset of spawning activ-
ity, daily survival rates and egg abundance during the
spawning season. When summer temperatures
increased by 2°C relative to the minimum temperature
simulation, the beginning of the spawning season
shifted to start 19 days earlier, and a further increase
of 2°C caused spawning to commence an additional
12 days earlier. Further, higher summer temperatures
increased both recruitment numbers and the timing of
their appearance, as temperature significantly influ-
ences anchovy larval survival rates. This effect then
translated into anchovy recruiting to the population
38 and 21 days earlier with each 2°C increase in sum-
mer temperatures, and the peak number of recruits in
December increasing by 25 and 13%, respectively,
with respect to the minimum temperature simulation.

The assumption of a 2°C temperature variability is in
line with observations of natural variability in sea sur-
face temperatures in the Black Sea due to climatic
teleconnections, such as the North Atlantic Oscilla-
tion (NAO). From 1980 to 1995 a total approximately
1.8°C decrease in the basin-averaged, winter (Decem-
ber–March) mean sea surface temperature (SST) was
observed with respect to the long-term trend, which
coincided with the strong positive phase of the NAO
(Oguz, 2005b). Similarly, warm SSTs dominated the
1960s during a negative phase of theNAO (Oguz, 2005b).

The influence of both mixing and temperature
showed that mixing has an influence on the early
developmental stages of anchovy, as mixing is a winter
phenomenon (November–March) and slightly
increases/decreases food availability for anchovy dur-
ing that time in cold/warm years. Recruitment num-
bers are affected by mixing, its effect counteracting the
temperature influence. It should be noted that turbu-
lence is not incorporated in this model due to its com-
plexity, although it may influence anchovy population
and weight growth. Anchovy are visual feeders, thus
the turbulence level is expected either to promote or
to suppress the feeding behavior of anchovy, which
may also have serious consequences for the resulting
predator–prey dynamics (Megrey and Hinckley, 2001).

Houde (1987) suggested that in the early life his-
tory of marine fishes, cohort-specific survival rates are
closely related to the ‘transition length’, the length at
which weight growth rate exceeds the instant mortal-
ity rate and after which biomass growth starts increas-
ing progressively. In the model presented here, the
transition length was 6.0 cm and marked the length at
which anchovy in the model are counted as recruits to
the population. For further information on the influ-
ence of environmental factors determining interannu-
al variations of day-age until anchovy reach this
transition length, we refer to Oguz et al. (2008a;
Figs 4–6).

Interannual variations

Modeling 50-yr interannual variations of temperature
and mixing confirmed the sensitivity of egg production
to temperature. Mixing had no significant effect on
egg production since this process is taking place at a
time in summer when mixing is very low and only
indirectly influences egg production through slightly
increasing spawner numbers. Anchovy recruitment
biomass and spawners also respond strongly to interan-
nual changes in temperature. The addition of mixing
counteracts the temperature effects, resulting in
decreased recruitment variability that follows tempera-
ture, but with a weaker signal. This is observed for
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spawners as well, but to a lesser extent. Temperature is
the dominant influence for spawners because, in addi-
tion to newly recruited anchovy (age 0+), the spawner
group also includes individuals of adult age classes that
are influenced by environmental conditions of previ-
ous years (Fig. 12). In addition, recruits have higher
feeding rates in the model than do older anchovy,
which translates into a better utilization of food. Such
higher feeding rates for recruits have been observed in
Black Sea anchovy (Unsal, 1989; Ozdamar et al.,
1991; Uckun et al., 2005; Samsun et al., 2006). How-
ever, survival of recruits and spawners in the model is
more dependent on temperature than on the bottom-
up supply of nutrients induced by changes in mixing
rates.

The finding of the model therefore indicate that
temperature variability may impose a serious control
over anchovy egg production and larval survival rates,
by increasing individual fecundity and larval survival.
This may be the main cause of variation in anchovy
recruitment. Observational studies connecting envi-
ronmental conditions with growth show that growth
rates are higher where the temperatures are higher
(Zenitani, 1995; Takahashi and Watanabe, 2004a;
Itoh et al., 2011; Bonanno et al., 2013). Although the
Argentinian anchovy (Engraulis anchoita) recruitment
success is explained by variations in food availability
for the larvae (Marrari et al., 2013), growth rates for
the Japanese anchovy (E. japonicus) are found to be
more vulnerable to temperature variation than to
nutrient availability (Takahashi and Watanabe,
2005). This is due to the dependency of feeding rates
and metabolism on temperature (Houde, 1989).
Another reason for increased growth and survival
chances for anchovy larvae in habitats where higher
mean temperatures are observed is an increase in
avoidance of predators with increase in their body size
(Methot and Kramer, 1979; Palomera et al., 1988; Ho-
ude, 1989; Dulcic and Kraljevic, 1996; Wang and
Tzeng, 1999).

The relationship between small pelagic fish produc-
tion and temperature in the Black Sea is also evident
in observations (Shulman et al., 2009) and is in line
with modeling studies for other seas; the recent
anchovy expansion in the North Sea was shown to be
dependent on increased summer warming that conse-
quently increases local anchovy production (Petitgas
et al., 2012). Similarly, Pethybridge et al. (2013)
found temperature to be the major influence on
anchovy growth and fecundity in the North-western
Mediterranean Sea. A similar trend was observed in
the Baltic Sea, where a close link between sprat
recruitment and 45-yr climate variations has been

observed (MacKenzie and K€oster, 2004). Low temper-
atures affect sprat recruitment abundance via control-
ling the individual fecundity levels (Grauman and
Yula, 1989), regulating egg and larval survival chances
(Grauman and Yula, 1989; Ojaveer, 1998; Nissling,
2004).

Regression analysis

The dominant influence of temperature compared to
mixing can also be seen in the regression analyses of
spawner versus egg biomass where a correlation of 99%
was found in the temperature-only simulation and
94% when mixing was included. When eggs versus
recruitment numbers were regressed in order to iden-
tify the survival chances of produced eggs in response
to environmental variability, the recruitment success
was 88% for the temperature simulation and 93% for
the temperature and mixing simulation. In cold years,
the deepening of the mixed layer released available
nutrients into the water column that caused phyto-
plankton and subsequently zooplankton growth, which
increased the resources available for consumption by
feeding larvae and thus resulted in enhanced recruit-
ment success through bottom-up food supply during
winter (Fig. 8c). This scenario was reversed in warm
years. Recruitment versus spawner relationship pro-
duced 84 and 78% correlations for the temperature
simulation and temperature and mixing simulation,
respectively. This result is mainly due to the ratio of
recruitment stock in the total spawners as well as the
higher feeding rates of recruits compared to older
anchovy (Unsal, 1989; Ozdamar et al., 1991; Uckun
et al., 2005; Samsun et al., 2006) resulting in more
efficient utilization of food in winter. Total spawners
include individuals of other age classes, which have
been influenced by the environmental conditions of
previous years (Fig. 12). Anchovy recruitment stages
were seen to be more sensitive to environmental con-
ditions compared to older age classes, which has also
been shown for anchovy in the North-west Mediterra-
nean Sea (Pethybridge et al., 2013) and supports the
theory that earlier life stages are more vulnerable to
climate change effects than the older age classes (Ri-
jnsdorp et al., 2009). The results of the regression
analyses agree well with those calculated by Wang
et al. (1997) with an individual based model for Ches-
apeake Bay anchovy using varying density dependent
growth rates.

More importantly, the regression analysis between
the number of spawners at the beginning of the spawn-
ing season, during the entire spawning season, and dur-
ing winter with egg production showed no correlation
for any of the selected time intervals (Fig. 10) but did
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show a 98% correlation with mean summer tempera-
tures (Fig. 11a). These results indicate that the
amount of eggs produced in a given year is not depen-
dent on the current stock of anchovy available, but
rather on the prevailing temperature conditions during
the spawning season of that year. This is in contrast to
an earlier theory on recruitment that relates recruit-
ment success to the number of available spawners
(Cushing, 1996). However, MacKenzie and K€oster
(2004) have found similarly that the spawner avail-
ability, whilst important, is a secondary contributor to
egg production in Baltic sprat.

Long-term recruitment variability

The model results further reveal the critical impor-
tance of temperature in driving long-term recruitment
variability, indicating that cooler years (with cold win-
ters and cool spawning seasons) result in lower recruit-
ment, while in warmer years (with mild winters and
warm spawning seasons) the recruitment success is
higher. This agrees with reports of the anchovy stock
variations in the Black Sea corresponding to fluctua-
tions in the NAO (Niermann et al., 1999; Oguz,
2005b; Oguz et al., 2006; Oguz and Gilbert, 2007),
which however may have also been influenced by
increased fisheries activity within the same time frame
(Oguz, 2005b; Oguz and Gilbert, 2007). This tendency
has also been found in the North Sea (Petitgas et al.,
2012) and Baltic Sea, where the analysis of 45 years of
Baltic Sea observations implied a high consistency
between sprat recruitment and large-scale climatic
variations (i.e., NAO) and even estimates of potential
recruitment and landing abundance possible for the
following years (MacKenzie and K€oster, 2004). Biolog-
ical responses to such decadal-scale climate variations
in the form of oscillations may provide the most accu-
rate estimates for longer-term climate change effects
(Trathan et al., 2007). Long-term changes in environ-
mental variability therefore have the potential to
modify anchovy population dynamics and with it eco-
system dynamics, as well as predator–prey interactions.
In the Baltic Sea example, sprat are the major preda-
tors of cod ichthyoplankton and therefore warm atmo-
spheric indices can cause a regime transition towards
high sprat abundance while leading to a decreased
population growth of cod (K€oster et al., 2001; Mac-
Kenzie and K€oster, 2004). Lehodey et al. (2003)
showed with multi-trophic level modeling that the
production of tropical tuna such as, skipjack (Katsuw-
onus pelamis) and yellowfin (Thunnus albacares) and
subtropical tuna, albacore (Thunnus albacares) are reg-
ulated remarkably under control of climate indices
such as ENSO and the Pacific Decadal Oscillation.

Observations suggest a positive relationship
between the Western Mediterranean Oscillation index
of a particular year and the landing-per-unit-effort of
1st year-class sardine (Sardina pilchardus) and anchovy
(Engraulis encrasicolus) of the following year, in the last
30 yr in the north-western Mediterranean (Martin
et al., 2012). This study shows that the climate index
is positively correlated to landing-per-unit-effort of
both fish species the following year, which is the time
period necessary for larvae to grow into 1st year-class
as adults (Martin et al., 2012).

For fisheries assessment, it is important to deter-
mine the extent of the variability of fish stocks (Mac-
Kenzie and K€oster, 2004). In the North Pacific Ocean,
the switchbacks in the polarity of low frequency Paci-
fic Decadal Oscillation that occurred in 1925, 1947
and 1977 are found to be closely related with the shifts
in Alaskan salmon production (Mantua et al., 1997).
Environmental variations are also shown to drive
recruitment variability in highly exploited stocks of
northern cod (Gadus morhua) and haddock (Melano-
grammus aeglefinus) larvae, eastern oyster (Crassostrea
virginica) and Antarctic krill (Euphausia superba; Hof-
mann and Powell, 1998).

Recent studies turned their attention to the com-
pelling 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). Bioenergetics
modeling of fish as done in this study is a powerful
approach for its capability of simulating the fish life
history dynamics under environmental variations
(Megrey et al., 2007) and has a great potential to be
used in fisheries management (Hinrichsen et al.,
2011).

CONCLUSIONS

In this modeling study it was found that anchovy are
most sensitive to temperature variations in their early
life stages (eggs, larvae and recruitment) and tempera-
ture variability is thus the main cause in varying
recruitment. In addition, recruitment success is highly
dependent on temperature variations and the tempera-
ture effects explicitly drive the variations of the adult
age classes in the early life stages, more so than the
effect of temperature on nutrient supply or metabolic
rates. The temperature influence proliferates in the
anchovy stock through age classes from year to year.
However, the overall effect on the entire stock at once
is hard to resolve by traditional, current management
based approaches. Under such circumstances, future
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yield estimations can be anticipated considering indi-
vidual anchovy age groups, with the time lag it
requires for the environmental effect to propagate to a
certain age.

Further results indicate that changes in total mixing
affect lower trophic levels minimally. Total mixing
counteracts temperature to slightly diminish the lower
trophic level reaction to temperature only, as low mix-
ing is limiting the nutrient supply in the model.

In conclusion, considering the intense fisheries
pressure, today’s management strategies should aim to
develop approaches integrating both the ecosystem
processes and variability in the environmental condi-
tions (Hofmann and Powell, 1998). Although in this
model the environmental forcing is limited to daily
temperature and total mixing rate variations, the
multi-trophic-level modeling approach is sensitive
enough to link the anchovy population response with
the environmental variability through a lower trophic
level model. However, evaluation of the environmen-
tal effects alone is difficult in marine ecosystems that
are impacted by heavy fishing activity (Mertz and
Myers, 1994). The influence of intense exploitation
may overlay the effects caused by environmental varia-
tions (Hofmann and Powell, 1998).
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