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Abstract Baltic sprat (Sprattus sprattus balticus S.) is a

key species in the pelagic ecosystem of the Baltic Sea.

Most stocks of small pelagic species are characterized by

natural, fishery-independent fluctuations, which make it

difficult to predict stock development. Baltic sprat

recruitment is highly variable, which can partly be related

to climate-driven variability in hydrographic conditions.

Results from experimental studies and field observations

demonstrate that a number of important life history traits of

sprat are affected by temperature, especially the survival

and growth of early life stages. Projected climate-driven

warming may impact important processes affecting various

life stages of sprat, from survival and development during

the egg and larval phases to the reproductive output of

adults. This study presents a stage-based matrix model

approach to simulate sprat population dynamics in relation

to different climate change scenarios. Data obtained from

experimental studies and field observations were used to

estimate and incorporate stage-specific growth and survival

rates into the model. Model-based estimates of population

growth rate were affected most by changes in the transition

probability of the feeding larval stage at all temperatures

(?0, ?2, ?4, ?6 �C). The maximum increase in popula-

tion growth rate was expected when ambient temperature

was elevated by 4 �C. Coupling our stage-based model and

more complex, biophysical individual-based models may

reveal the processes driving these expected climate-driven

changes in Baltic Sea sprat population dynamics.

Introduction

Sprat (Sprattus sprattus L.) is a small planktivorous marine

pelagic clupeoid species with a wide latitudinal distribution

in shelf areas of the Northeast Atlantic and is a key

trophodynamic player in the Baltic pelagic ecosystem

(MacKenzie and Köster 2004; Peck et al. in press). On the

one hand, sprat serves as main prey item for Baltic cod

(Gadus morhua) (Rudstam et al. 1994) while, on the other

hand, it is the most abundant planktivorous fish species in

the Baltic Sea. Predation pressure by sprat on ichthyo-

plankton can not only affect the recruitment of Baltic cod

but also plays an important role in regulating its own

populations through cannibalism (Köster and Möllmann

2000). It also can exert top–down control on zooplankton

in both near and offshore areas of the Baltic Sea (Möll-

mann et al. 2004).

Baltic sprat recruitment is highly variable, which can be

partly explained by changes in atmospheric forcing and

environmental conditions (Köster et al. 2003; MacKenzie

and Köster 2004; Baumann et al. 2006a, b; Dickmann et al.

2007; Peck et al. in press). Among abiotic factors, ambient

temperature plays a central role in pacing metabolism and

growth, especially in the Baltic where sprat is located at its

northernmost limit of distribution (Muus et al. 1999).

Several important life history parameters of sprat are
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directly affected by temperature. For instance, rates of

development and survival of early life stages (Petereit et al.

2008; Peck et al. in press) and the maturation and batch

fecundity of adult sprat (Petrova 1960; Haslob 2011;

Haslob et al. 2011) depend upon temperature. During

ontogeny, different sprat life stages encounter pronounced

differences in ambient temperature due to stage-specific

differences in vertical distribution in the highly stratified

Baltic Sea (Fig. 1a; Nissling et al. 2003; Voss et al. 2007;

Baumann et al. 2008) and seasonal timing of peak occur-

rence (Peck et al. in press). In addition to these intra-annual

differences in temperature, a long-term warming trend has

been observed in response to global climate change. For

example, temperatures in the surface (MacKenzie and

Schiedek 2007) and in the deep water layers (MacKenzie

and Köster 2004) have increased within the last three

decades and are projected to continue to increase during the

twenty-first century (Meier 2006). A future warming sce-

nario, as predicted by the IPCC (2007), is likely to affect all

depth strata in the Baltic, and hence all life stages of sprat,

since the turnover rate of the entire water body in the deep

basins of the Baltic is comparatively high (Meier 2005). In

addition, increased precipitation within the Baltic water-

shed in combination with less frequent inflow events of

more saline North Sea water is predicted to lower salinities

(Meier 2006), which will in turn affect the vertical distri-

bution of and hence ambient temperature experienced by

sprat early life stages (Petereit et al. 2009).

For the earliest life stages of sprat, eggs, and yolk-sac

larvae, the direct effect of temperature on survival has been

examined in laboratory experiments (Nissling 2004; Pete-

reit et al. 2008). In general, survival is low at temperatures

colder than 4 �C and warmer than 17 �C (Peck et al. in

press). Thermal windows of species contain regions of

optimal and suboptimal growth (Pörtner and Farrell 2008;

Pörtner and Peck 2010). In terms of the total, tolerable

range of temperatures, sprat eggs and larvae in the Baltic

Sea often experience ambient temperatures that are sub-

optimally cold and that are expected to reduce the rates of

growth. Reduced growth rate can indirectly act to decrease

survival via increases in inter- and intra-species competi-

tion, losses due to predation, and the potential for more

severe mismatch situations with prey. Up to the optimal

temperature, warmer temperatures are expected to increase

the probability of survival and the chances of successful

development through successive life stages. Observational

data summarized by Peck et al. (in press) indicated that the

optimum temperature increases as sprat develops from

early larvae through the juvenile period but that feeding

larvae have the narrowest range in suitable temperatures. In

the adult stage, temperature may play a key role in popu-

lation dynamics by affecting the reproductive potential of

the stock, either by directly affecting growth physiology

and egg production or indirectly by impacting prey avail-

ability, growth potential, and thus egg production.

Despite knowledge on individual life stages, the relative

impacts of temperature-driven processes on sprat recruit-

ment are still poorly understood. One step toward under-

standing key processes is to identify how critical life stages

are affected by key environmental factors. However, in the

case of sprat, where all life stages may respond somewhat

differently to climate-driven warming, investigating the

cumulative effects is most desired. A promising approach

to address such differential effects is a stage-based popu-

lation modeling (Leslie 1945; Lefkovitch 1965), a popular

method used to explore life cycle dynamics in other small

pelagic fishes (e.g., Rosenberg and Doyle 1986; Butler

et al. 1993; Pertierra et al. 1997; Mantzouni et al. 2007).

This approach accounts for changes in the vital rates of

each specific life stage and thus enables the identification

Fig. 1 Typical seasonal temperature distribution in the Bornholm

Basin with conceptual distribution pattern of specific sprat life stages

(a). Life stage-specific ambient temperature development over the

past 30 years in the Bornholm Basin (b) and ambient mean

temperatures (dashed lines). YSL yolk-sac larvae, Lar feeding larvae,

and YOY young of the year sprat
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of the most critical life stages in terms of population

response to environmental forcing (Caswell 2001).

In the present study, we introduce the first application of

a stage-based matrix model for sprat. For this approach, a

Lefkovitch matrix (Lefkovitch 1965) was used, which is an

elegant and straightforward computational setup account-

ing not only for survival rates but also for the probability of

growth and development from one life stage to the next. To

test the impact of climate-driven warming on the popula-

tion dynamics of Baltic sprat, we parameterized response

functions of sprat vital rates in relation to temperature. We

applied published or derived temperature-dependent func-

tions of development, mortality, and reproduction to

investigate the impact of different, predicted temperature

scenarios (IPCC 2007) on the transition and survival

probabilities of the different stages and the resulting

response of the population growth rate.

Materials and methods

Life table matrix approach

The life table matrix describes the transition of a popula-

tion from time t to time t ? 1 in terms of (i) the probability

of surviving and staying in stage i, (ii) the probability of

surviving and growing into stage i ? 1, and (iii) the

reproductive rate per stage and unit time. To construct such

a model, three important stage-specific life history traits

have to be known: (i) the duration of a specific life stage,

(ii) the stage-specific mortality or probability of survival,

and (iii) the stage-specific reproduction output. We used a

Lefkovitch matrix (A) to describe the transition of a pop-

ulation from time t to time t ? 1 in terms of vital rates of

each life stage (Caswell 2001):

Ant ¼ ntþ1 ð1Þ

where nt is a vector describing the population at each stage

time t and A is the transition matrix:

A ¼

P1 m2 � � � mq

G1 P2 0 � 0 0

0 G2 P3 0 � 0

� � � � � �
0 0 0 Gq � 1 Pq

0
BBBB@

1
CCCCA

ð2Þ

where Pi is the probability of surviving and staying in stage

i, Gi is the probability of surviving and growing into the

next stage, and mi is the maternity per fish per unit time (d);

i = 1,…,q.

The calculation of Pi and Gi follows Butler et al. (1993)

and Caswell (2001). The dominant eigenvalue k of the

transition matrix indicates whether the population is growing

(k[ 1), is stable (k = 1), or is declining (k\ 1). The T
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intrinsic growth rate r is given by the natural logarithm of k.

Growth and survival probabilities and thus population

growth rate were calculated on a daily basis. To yield annual

population growth, k365 was calculated and used to compare

effect sizes of different life history trait simulations. The

eigenvalues of the population transition matrix were com-

puted using the software ‘‘poptools’’ (Hood 2008).

For the Baltic sprat population matrix, six life stages

were defined: eggs, yolk-sac larvae, feeding larvae, young

of the year (YOY), adult 1, and adult 2 (Table 1; Fig. 2).

The size ranges of the early life stages (yolk-sac larvae to

young of the year) follow observed values from the litera-

ture (Nissling 2004; Baumann et al. 2008; Petereit et al.

2008; Peck et al. in press). Two adult stages were defined:

1-year-olds in which a highly variable portion can be

mature in any year (ICES 2002) and specimens of 2 years

and older that are generally all mature. The sizes of the adult

stages were obtained from age length keys developed from

fishery surveys within the Bornholm Basin (Haslob 2011).

Parameterization of vital rates

To build a model that can provide estimates on how tem-

perature affects population growth rate, temperature-

dependent functions of the matrix input parameters were

developed. In the case of eggs and yolk-sac larvae, tem-

perature-dependent daily mortality and growth rates were

derived from the literature data (Table 1).

For feeding larvae, the effect of temperature on growth rate

(mm day-1) was derived from observed RNA/DNA data of

field caught Baltic sprat larvae (dataset presented in Clem-

mesen et al. 2011). Based upon RNA/DNA values of indi-

vidual larvae and in situ temperature (upper 30 m), weight-

specific growth rates (d-1) were calculated using the model

published by Buckley et al. (2008) and converted to length

growth (mm d-1) using the weight and length of the indi-

vidual larvae at catch and the allometric length–weight rela-

tionship published in Peck et al. (2005). A dome-shaped

polynomial regression (r2 = 0.81, optimum growth at

11.9 �C, Table 1) was fitted to mean length growth data in

relation to in situ temperature (nearest �C). Stage duration Dlar

(d) was then estimated assuming constant growth (mm d-1)

by dividing the size interval (35 mm) by the growth rate.

The effect of temperature on the mortality of feeding

sprat larvae has not been examined in controlled laboratory

studies. Thus, mortality rates were estimated from ichthy-

oplankton surveys conducted in the Bornholm Basin from

2000 to 2008 (Table 1) by converting abundance-at-length

to abundance-at-age using the temperature-dependent

growth model. Mortality rates were then obtained by fitting

exponential decay models through the abundance data.

Since no temperature dependence was observed, a mean

value for all years was used, which was subsequently tuned

to yield a stable start population (k = 1) for the simulations

facing no change in ambient temperature.

Temperature-dependent growth of YOY sprat was

derived from experimentally obtained temperature-depen-

dent RNA–DNA ratios (Peck et al. in press) and converted

to weight-specific growth rate using a linear relationship

(Peck, unpubl data). The corresponding increase in length

was estimated from published length–weight relationships

of different size classes of sprat (Peck et al. 2005), and its

relationship to temperature was best described with a

quadratic function (Table 1). YOY stage duration Dyoy (d)

was then estimated assuming constant growth (mm d-1) by

dividing the size interval (50 mm) by the growth rate.

Mortality rates for YOY sprat were estimated from data

provided by a multi-species virtual population analysis

Fig. 2 Conceptual stage-based

population model for Baltic

sprat. Pi = survival probability,

Gi = transition probability,

EPi = reproductive output in

produced eggs per individual.

YSL yolk-sac larvae, Lar larvae,

YOY young of the year sprat,

Age 1 one year old sprat, and

Age 2? two year old sprat and

older

2624 Mar Biol (2012) 159:2621–2632

123



(MSVPA, ICES 2006). For this purpose, the exponential

decline in abundance of age 0 (4th quarter) to age 1 (1st

quarter of following year) was estimated each year from

1974 to 2005. Since no temperature dependency was

detected, a mean value was calculated and used for the

subsequent matrix modeling.

The effect of temperature on growth rates of adult sprat

is unknown and, consequently, the stage duration of the

two adult stages was kept constant. As the first adult stage

corresponds to age group one fish and the second adult

stage contains fish from 2 to 7 years in age, the durations

for these two stages were set to 365 and 2,190 d, respec-

tively (Table 1). Adult life stage mortality was derived

from MSVPA data as in the case of YOY fish. For the first

adult stage, mortality rates of age 1 fish were used and for

the second adult stage, the mean mortality of fish age 2 and

older was estimated. The fecundity per fish was estimated

by using length-dependent models of sex ratio (i.e., pro-

portion mature females), daily spawning fraction (i.e.,

proportion females with hydrated oocytes), and batch

fecundity. Among these reproductive parameters, the

length at first maturation and the batch fecundity were

affected by ambient temperature (Table 2). The spawning

period was assumed to last 60 d, a mean time series value,

when at least half of the population was observed to be in

spawning condition (Haslob unpubl). The total annual egg

production per fish within this period was then divided by

365 to yield average daily egg production per fish in the

model. A possible effect of ambient temperature on the

overall duration of spawning season and its interaction with

batch fecundity are unknown and were thus not considered.

In order to get a baseline for the population model,

ambient temperatures for specific life stages were calcu-

lated. Hydrographic data were obtained from the ICES

oceanographic data base for the years 1976–2008 (http://

ocean.ices.dk). Observations on the seasonal occurrence

and vertical distribution of the early life stages were used

to calculate the mean ambient temperatures for the stage-

specific depth strata (Nissling et al. 2003; Voss et al. 2007;

Baumann et al. 2006a, b). For the adult stages, mean

ambient winter temperature (entire water column) was

calculated since proportion mature sprat and batch fecun-

dity are affected by this temperature. Then, all stage-spe-

cific ambient temperatures were increased by 2, 4, and 6 �C

to mimic different climate change scenarios predicted by

the IPCC (2007). The effect of specific life stages on

population response was investigated by (i) simulating

changes in mortality rates and growth rates of feeding

larvae and YOY juveniles, and (ii) elasticity and sensitivity

analyses (Crouse et al. 1987; Caswell 2001).

Results

Specific sprat life stages have been observed within a wide

range of temperatures (Fig. 1). Sprat eggs and yolk-sac

larvae are located at depths having the coldest ambient

temperatures, whereas feeding larvae occur in upper water

layers during the second quarter. The warmest tempera-

tures are experienced by YOY sprat during the third quarter

of the year in surface water layers. An increasing trend in

ambient temperatures during the last 30 years can be seen

in all depth layers (Fig. 1b).

The base transition matrix for the population facing no

temperature change is displayed in Table 3. At cold tem-

peratures, daily mortality rates (and transition probabilities)

Table 2 Models used to estimate the daily fecundity per fish with data sources and references

Parameter Model

Sex ratio (PFL) as proportion of females per length class L (cm) PFL ¼ 0:35þ 0:65

1þe� L�13:38
0:67ð Þ [1]

Proportion mature (Pm) as function of length class L (cm). Parameter L50 dependent on

ambient winter T (�C)
Pm ¼ 0:99

1þe� L�L50
0:61ð Þ [1]

L50 in relation to ambient winter temperature T (�C) L50 = 12.34 - 0.66 9 T [1]

Spawning interval (SIL) per length class L (cm) in days
SIL ¼ 0:28

1þe �1�ðL�10:23Þ
0:70ð Þ

� ��1 [2]

Batch fecundity (BF) in relation to fish length class L (cm) and ambient winter

temperature T (�C) BF ¼ 359:54� L� e
�0:5

ln T
6:97ð Þ

1:46

� �� �2

� 2753:16

[3]

References: [1] survey data Bornholm Basin 1999–2009 (Haslob 2011), [2] derived from data published in Haslob (2011) [3] Haslob et al. (2011)

Table 3 Population matrix for Baltic sprat based on stage-specific

vital rates for ambient temperatures

Egg YSL Larvae YOY Age 1 Age 2?

0.8832 0 0 0 0.9873 45.0948

0.0534 0.8403 0 0 0 0

0 0.0078 0.9561 0 0 0

0 0 0.0002 0.9778 0 0

0 0 0 0.0101 0.9963 0

0 0 0 0 0.0020 0.9988

Stage abbreviations as in Fig. 2
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for sprat eggs and yolk-sac larvae were estimated to be

high (low) and increased (decreased) with increasing

temperature (Fig. 3a, b). Yolk-sac larvae seem to be more

sensitive to extremely low temperatures compared to eggs,

but exhibit lower mortality rates in warmer temperatures.

Daily mortality rates for eggs reached a minimum at 5 �C

and increased beyond this temperature due to decreased

stage durations. The transition probability, that is, to

survive and to grow into the next stage, increases linearly

with temperature. Due to the extremely high daily mor-

talities of yolk-sac larvae at low temperatures in combi-

nation with relatively long stage durations, the transition

probability was virtually 0 (zero) until 5 �C. Beyond this

value, the transition probability increases also linearly

with temperature. Similar to the egg stage, the daily

mortality rates of yolk-sac larvae increase again with

increasing ambient temperature due to the decrease in

stage duration. This increase is very subtle within the

range of investigated temperatures. However, at temper-

atures warmer than 6 �C, an exponential growth function

was employed to more accurately estimate the daily

mortality for yolk-sac larvae.

The length growth rate of feeding larvae in relation to

temperature was best described by an optimum curve

(Table 1) with a maximum at 11.8 �C. A similar optimum

function was found for YOY sprat (Table 1) that suggested

a maximum growth rate (mm day-1) at 20.1 �C, a value

which can be reached in Baltic surface waters in late

summer.

The mean (±SD) mortality rate of feeding larvae esti-

mated from field data was 0.16 (±0.07) d-1, covering a

range between 0.05 and 0.34 d-1. Inputting the mean daily

mortality to the transition matrix resulted in a negative

population growth rate (r = -0.44, Fig. 5a). A stable

population in the base model run was obtained by tuning

this mortality term to 0.04 d-1, a value slightly lower than

the lowest observed mortality rate from field data.

Simulations revealed that the direct influence of tem-

perature on length-specific fecundity per fish was rather

low (Fig. 4). Fecundity was predicted to increase with a 2

and 4 �C increase but was predicted to decline with a 6 �C

increase (Table 1). Both sensitivity and elasticity of k to

reproduction were always lower than to the survival and

transition probabilities of all stages.

Simulations of changes in feeding larvae mortality

resulted in pronounced effects on k. An increase of ambient

temperature by 2 and 4 �C resulted in a positive k in cases

where the mortality was reduced by at least 60 % (Fig. 5a).

When increasing the ambient temperature by 6 �C, the

population growth rate started to decline. As expected, a

reduction in the estimated daily mortality rates of YOY

sprat also resulted in higher values of k (Fig. 5b), but the

increase was less than when temperature-dependent chan-

ges in feeding larval mortality were tested. A slight

increase in ambient temperature results in an increase in k
since the population was initiated at a steady state

Fig. 3 Daily mortality rates

z (circles) and transition

probabilities Gi (triangles) in

relation to ambient temperature

for sprat eggs (a) and sprat yolk-

sac larvae (b)

Fig. 4 Modeled length class–specific daily fecundity per fish in

relation to changes in temperature
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(Fig. 5b). Without reducing the mortality, an increase of

2 �C in ambient temperature results in a 270 % increase in

k. In contrast to the case of feeding larvae, a drastic (80 %)

reduction in mortality did not result in a proportional

increase in k. A further increase of ambient temperature

only caused a slight increase in k and a 6 �C increase

caused a decline (Fig. 5b). The simulations on reduced

mortality of feeding larvae and YOY indicated a higher

sensitivity of k to larval mortality than to YOY mortality.

Similar results were obtained by simulating changes in

the growth rate of feeding larvae and YOY sprat. While k
was quite sensitive to changes in larval growth rate

(Fig. 5c), the impact of changes in YOY growth rate to k
was relatively small (Fig. 5d). In both cases, increasing

ambient temperatures resulted in a pronounced increase in

k, being highest after a 4 �C increase and declining after a

6 �C increase. The overall range in population growth rate

due to changes in fish growth rate and temperature is higher

in the case of feeding larvae.

To a certain extent, the results from the simulations

were confirmed by the sensitivity analysis. The sensitivity

of k in relation to the survival probability Pi denotes the

same picture as the elasticity, or the proportional sensi-

tivity, of k (Fig. 6a, b). At the steady state ambient

temperature scenario, the survival probabilities of the two

adult stages have the greatest impact on population

growth, especially that of the second adult stage. When

elevating the ambient temperature, the importance of the

second adult stage decreases and approximates to that of

the first adult stage, which slightly increased. The sensi-

tivity of k to all other stages also increases but only to a

minor extent. The elasticity values of k in relation to the

transition probability Gi were similar and low compared

to Pi for most of the stages, although values for the first

adult stage were lowest (Fig. 6c). Similar to the elasticity

values of Pi, the values of Gi increased slightly with

increasing temperatures. A completely different picture

was revealed by the absolute sensitivity values of k in

relation to Gi. Here, the values for the feeding larvae

vastly exceeded the values of the other stages (Fig. 6d).

An increase in temperature by 2 �C resulted in a steep

increase in the sensitivity values of feeding larvae and a

slight increase in those of the first adult stage, indicating

that the transition probability of feeding larvae stage has

the greatest impact on the population dynamics, followed

by that of the first adult stage. A further increase in

temperature does not result in pronounced changes in

sensitivities.

Fig. 5 Simulated effects of

changes in larval mortality (a),

young-of-the-year mortality (b),

larval growth rate (c), and YOY

growth rate (d) on the model

population growth rate r.

Changes in respective

parameters are given in percent
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Discussion

The results of the present study indicate that a warming

scenario for the Baltic Sea will likely increase the popu-

lation growth rate (r) of Baltic sprat, with a maximum

increase in r predicted with 4 �C warming of the long-term

ambient mean temperature. This amount of warming is

well within the range of warming projected by climate

models for the Baltic Sea within the twenty-first century

(Meier 2006). At a simulated higher temperature change of

6 �C, population growth rate started to decline, although

population growth remained far above a steady state. This

rapid population growth rate is probably due to the func-

tional form of the optimum growth curves describing the

effects of temperature on feeding larvae and YOY juve-

niles, which were incorporated into the model. Different

thermal windows supporting growth of larvae versus YOY

juveniles are justified based upon differences in the sea-

sonal timing and spatial/vertical distribution of these two

early life stages of Baltic sprat. For example, feeding larvae

are often retained within the deep Baltic basins, which

serve as sprat spawning habitats, during their occurrence

from March to July. These larvae must be able to grow

efficiently at relatively cold, springtime water temperatures

(given sufficient prey availability). On the other hand,

juveniles are often found schooling in shallow (and often

coastal) waters during summer, which are among the

warmest Baltic Sea habitats. This shift to increased opti-

mum temperature from larvae to juveniles has also been

observed in other species (Schiemer et al. 2003; Pörtner

and Peck 2010). However, some uncertainty remains in the

temperature-dependent growth function for feeding larvae

because only field-based growth data were available and it

is impossible to separate the effects of temperature and

prey availability on field growth rates.

The simulation of changes in mortality and growth rate

among the different warming scenarios as well as the

sensitivity of k to the transition probability demonstrated

that the modeled sprat population was heavily affected by

changes occurring during the feeding larvae stage. The

importance of early larvae is in line with some of the oldest

hypotheses suggesting a strong link between the strength of

fish recruitment and survival of early life stages (Hjort

1914; Cushing 1990). On the other hand, the elasticity

analyses revealed that the survival probability of the adult

stage had the largest impact on the modeled population

Fig. 6 Temperature-dependent

elasticity (a, c) and sensitivity

(b, d) of k in relation to the

survival probability (Pi) and the

transition probability (Gi). Note

the different scaling on the

y-axis. Stage abbreviations as

in Fig. 2
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growth rate. However, the pronounced higher elasticity and

sensitivity values of Pi for the adult stages are likely due to

the relatively long and fixed stage duration of the two adult

stages compared to the shorter durations of the other life

stages in the model. Thus, the high elasticity values for the

adult stages will lead to the very low elasticity values for

the transition probability of all other stages, as the sum of

the proportional sensitivity always equals one, making it

impossible to detect differences in the elasticity values.

The sensitivity analysis of the transition probability

revealed the highest impact of the feeding larval stage on

population growth rate. Model simulations suggested that

changes in the rates of larval mortality and growth had a

considerable impact on the population growth rate. How-

ever, a drastic (70 %) reduction in the mean larval mor-

tality rate was needed to obtain a stable population with a

growth rate of zero (k = 1).

The rapid response of small pelagic, zooplanktivorous

fishes such as sprat to climate-driven changes in marine

systems has often been attributed, in part, to fluctuations in

reproductive rates and/or spawning durations (Tsuruta

1992; Zenitani and Kimura 1997). Batch fecundity and

proportion mature at length were temperature-dependent in

the model. However, the impact of the reproductive output

with increasing temperatures on population growth was

low compared to changes in larval mortality or larval

growth rates. This is due to the used batch fecundity model

that has the optimum temperature at approximately 7 �C

which is well in the range of the modeled scenarios. Given

that mean ambient winter temperature during spawning

was 4.13 �C, an increase of 4 �C is expected to exceed the

optimum temperature for egg production.

Projected warming of the Baltic Sea is expected to

result in more favorable conditions for sprat recruitment

in the region, one of the coldest (highest latitude) areas

supporting sprat populations in European waters (Peck

et al. in press). Many life history traits of Baltic sprat such

as survival and recruitment have been positively related to

increases in temperature (MacKenzie and Köster 2004;

Nissling 2004). The lack of higher latitude sprat popula-

tions suggests that YOY juveniles in the Baltic are

exposed to cold winter conditions that, in some years, are

close to the thresholds for survival. Temperature-depen-

dent, overwinter YOY mortality is a strong factor limiting

the latitudinal distribution of many marine fishes

(Conover 1992; Sogard 1997; Hales and Able 2001). To

the best of our knowledge, no estimates of overwintering

survival exist for Baltic sprat except for some indications

of overwinter mortality due to changes in maturity-at-

length (Haslob 2011). Not only survival and maturation of

juvenile (age 1) fishes, but also the growth, condition, and

egg production of mature adults may be affected by

unfavorable winter conditions. It has to be noted that a

synchronous warming of all water layers as simulated in

this study is probably not a realistic scenario. It is more

likely that changes in water circulation and vertical mix-

ing will profoundly affect stratification dynamics and

oxygen supply to the deep basins, which may also affect

survival and growth of sprat early life stages (Petereit

et al. 2009; Voss et al. 2011). Besides warming, a number

of other physical processes will be impacted by climate

changes that have been correlated with sprat survival. For

example, climate change may affect the direction and

strength of atmospheric wind forcing that will affect

wind-driven surface currents and turbulence. These factors

may affect the degree of retention of early life stages in

the deep basins (Baumann et al. 2006a, b) or turbulence-

mediated feeding success (Voss et al. 2008), both of

which have been correlated with year-class success in

Baltic sprat.

The matrix model presented in this study was con-

structed to identify how warming would likely affect the

vital rates of different life stages and subsequent population

growth rates of Baltic Sea sprat. Many of the parameters

required to run the stage-based model were available from

previous studies and could be expressed as functions of

temperature, e.g., egg and yolk-sac larval stage durations

(Nissling 2004; Petereit et al. 2008), growth rates of

feeding larvae and YOY juveniles (Peck et al. in press;

Clemmesen unpubl data), size-at-maturity, and batch

fecundity (Haslob 2011; Haslob et al. 2011). For eggs and

yolk-sac larvae, the results of laboratory studies examining

direct effects of temperature on mortality were utilized.

Since these estimates did not include predation or other

sources of mortality acting in the field, it was surprising that

the population growth rate was negative based upon initial

observed parameter estimates. This suggests that observed

feeding larvae mortalities and/or field-based (VPA) mor-

tality of juveniles and adults were overestimated.

The stage-based matrix model approach utilized in this

study is able to identify critical life stages but not the

underlying processes. However, our efforts to parameterize

this model revealed important gaps in knowledge con-

cerning how temperature affects mortality (in feeding lar-

vae, YOY, and adults) and growth (in adults) of Baltic

sprat. Furthermore, due to the indeterminate spawning

strategy of sprat, some assumptions on spawning frequency

and duration were necessary in order to calculate daily egg

production by the two adult stages. These appear to be

important target areas for future studies investigating

temperature effects on life history traits of Baltic sprat.

Constructing a similar model that includes direct (physio-

logical) and indirect (predation) sources of mortality would

be worthwhile. Such a model could identify uncertainties in

other parameters (growth, mortality, and reproduction) that

might yield more stable values of k.
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A second line of fruitful research would be to compare

and/or combine the outputs of relatively simple, stage-

based models and more complex, individual-based models

(IBMs) (Peck and Hufnagl 2012) that include the effects of

foraging on growth and survival. A number of biophysical

IBMs have been formulated for the early life stages (eggs

and larvae) of clupeid species such as herring (Clupea

harengus) and sprat that include physiological-based for-

aging and growth subroutines (Daewel et al. 2008; Hufnagl

and Peck 2011; Peck and Hufnagl 2012). An IBM applied

to sprat larvae in the Baltic Sea suggested a causal rela-

tionship between observed, decadal changes in diel forag-

ing (vertical migration) behavior of larvae and depth-

specific changes in the abundance of zooplankton in larval

nursery areas (Hinrichsen et al. 2010). During the YOY

juvenile phase, sprat in starving condition has been found

in coastal waters of the southwest Baltic (Baumann et al.

2007). That study demonstrated that those larvae collected

in August had lower (food-limited) growth rates compared

to juveniles collected in late November. Furthermore, tight

food web coupling between sprat and zooplankton is sug-

gested by the presence of trophic cascades in the Baltic Sea

ecosystem (Möllmann et al. 2008) and density-dependent

changes in the condition of zooplanktivorous fish com-

peting for limited prey resources (Casini et al. 2011). All of

these studies suggest that prey dynamics (indirect effects of

climate) need to be included in models that hope to explore

the effects of projected warming of the Baltic Sea on sprat

population dynamics. Although more complex, physio-

logical-based models exist that simulate the whole life

cycle of small, zooplanktivorous fishes as well as the

dynamics of their prey fields (e.g., Megrey et al. 2007),

these models are difficult to parameterize (Travers et al.

2007). A hybrid model that combines an early life stage

IBM with a stage-based matrix model for juveniles and

adults could be more easily constructed and used to test

hypotheses regarding the importance of climate-driven

physical and biological processes to sprat population

dynamics in the Baltic Sea.

Our stage-based approach to understanding the effects

of warming on sprat populations dynamics does not allow

for species interactions and changes in temperature may

also result in a number of indirect (trophodynamic) effects

such as shifts in predator–prey overlap (Pörtner and Peck

2010). Apart from the links between sprat and their prey,

increasing water temperature may also affect other aspects

of the food web that alter the productivity of sprat popu-

lations. For example, in the last decade, the European

anchovy (Engraulis encrasicolus) has (re-)immigrated to

the Baltic Sea (Draganik and Wyszynski 2004; Raab et al.

2011) and is expected to compete with sprat for prey when

the two species overlap. Recent warming has also been

associated with an increase in invasive species in the Baltic

region (Ojaveer et al. 2011). An example of this is the

relatively recent increase in Mnemiopsis leidyi, a cteno-

phore that will compete with ichthyoplankton for zoo-

plankton prey resources and that can pose a direct

predation threat for pelagic fish eggs and larvae (Haslob

et al. 2007; Schaber et al. 2011).

Given the complexity of possible temperature-depen-

dent drivers of Baltic sprat survival (Voss et al. 2007), our

current approach can be seen as a first step toward pro-

jecting climate-driven changes in this region’s sprat pop-

ulation. We have identified a number of potential, critical

life stages, where intermediate (?4 �C) climate-driven

warming might act to initially increase population growth

rate. When taking into account all sources of mortality,

larger amounts of warming (?6 �C) were expected to pose

limits to population growth rate. More importantly, we

have identified the aspects of the thermal ecology of Baltic

sprat that require future studies such as the potential

importance of YOY overwinter survival and feedback

loops between temperature, prey, and sprat reproduction.
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