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Coastal areas are important habitats for early life stages of many fish species. These 
habitats are used as nursery grounds and can provide a significant contribution to the 
recruitment of a fish population. In 1919, standardized sampling with a beach seine along 
the Norwegian Skagerrak coastline was established mainly to target 0-group fish. Here, 
we focus on Atlantic herring and European sprat to explore whether inter-annual variability 
in the abundance of these species is indicative of variability in recruitment. We investigated 
if the abundance of 0-group herring and sprat are affected by environmental factors. 
Further, the beach seine abundance indices were compared with recruitment estimates of 
neighboring stocks. There was a clear correlation between herring and sprat abundance 
in the beach seine samples. While sprat abundance was mainly affected by environmental 
factors such as temperature and current drift, herring abundance was positively affected 
by the recruitment of the neighboring stock of western Baltic spring spawners. One 
plausible explanation could be that sprat recruit to a more local component, while herring 
of the neighboring stock utilize the Skagerrak coastline as nursery grounds. This study 
demonstrates the importance of long time series and can provide new insight into the 
dynamics and structure of multiple fish species.
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INTRODUCTION

Coastal habitats are known for their high productivity and are therefore important spawning and 
nursery grounds for many fish species (Blaber and Blaber, 1980; Orth et al., 1984). These coastal 
habitats are especially vulnerable to variability and trends in hydrographic conditions influencing 
recruitment, growth and distribution of fish populations (Albretsen et al., 2012). In recent years, 
the pressure on coastal ecosystems has increased due to anthropogenic activities leading to reduced 
biodiversity or habitat degradation (Lotze et al., 2006; Worm et al., 2006; Waycott et al., 2009; Illing 
et al., 2016). The Skagerrak-Kattegat area (Figure 1), a transition area between the North Sea and 
Baltic Sea, can be considered as a large estuarine area (Munk et  al., 2014) and is an important 
nursery area for many commercially valuable fish. The hydrography of the Norwegian Skagerrak 
coast is characterize sby the Norwegian Coastal Current (NCC) which flows westward in the 
Skagerrak and northwards along the Norwegian coast (Sætre, 2007; Albretsen et al., 2012). The NCC 
is responsible for larval drift along the Norwegian coast and highly influence recruitment of several 
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species (Sætre, 2007; Skagseth et  al., 2015). Young-of-the-year 
(YOY) Atlantic herring (Clupea harengus) and European sprat 
(Sprattus sprattus) are found in both the Skagerrak and Kattegat 
with the two species constituting the 2nd and 6th most abundant 
members of the ichthyoplankton between 1992 and 2010 (Munk 
et  al., 2014). YOY fish are of ecological importance as they 
determine year class strength and following recruitment success 
of populations (Oeberst et al., 2009; Eriksen et al., 2011). A major 
cause for the recruitment variation is the occurring mortality of 
YOY fish during the early stages of development (Hjort, 1914; 
Houde, 2008). The Norwegian Skagerrak coastline, with its 
numerous fjords and bays, provides valuable areas for larval 
and juvenile fish to grow up. Over relatively small spatial scales, 
the abundance of fish in these areas can be highly influenced 
by coastal currents. Fish can originate from local populations 
and stay within their spawning areas due to larval retention, or 
from populations that rely upon larval drift from their spawning 
grounds to their nursery areas. The Norwegian coastal current 
can play an important role in the recruitment of fish in this area 
since larvae are dependent on the current transporting them to 
suitable nursery areas (Skagseth et al., 2015).

European sprat and Atlantic herring are important species 
both economically and ecologically using the Skagerrak-Kattegat 
area a nursery ground. Both species are selective planktivorous 
feeders and are important prey for other fish such as several 
gadoid species (Engelhard et  al., 2014). While sprat typically 
spawn in batches from spring to summer without any clear 
spawning migrations (Alheit, 1988), herring are total spawners 
migrating to their specific spawning grounds in defined times 
mostly, in spring or autumn (Iles and Sinclair, 1982). However, 
both species show high level of plasticity (Geffen, 2009) and 
might vary from the general pattern. Local sprat spawning 
has been directly observed along the Norwegian Skagerrak 
coast from February to July (Vitale et al., 2015). However, drift 
of pelagic eggs and larvae from offshore areas was for a long 
period considered the most important resource of YOY sprat 
along the coast (Lindquist, 1961). In contrast to sprat, herring 
lay adhesive eggs on bottom substrate and the eggs are therefore 
most likely not affected by coastal currents. However, especially 
in shallow coastal areas storm events can induce egg mortality 
(Moll et  al., 2018). After hatching, however, the larvae can be 
spread by the currents for 3 to 4 months (Holst and Slotte, 1998; 

FIGURE 1 |   Upper left corner: Overview map showing the North Sea (light blue) and Skagerrak-Kattegat (light red) including the study area. Detailed map including 
all stations sampled during the annual beach seine survey in September-October between 1919 and 2018. Not all stations are sampled annually. Blue X indicate 
stations that were sampled more than 95% of the years after 1965.
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Skagseth et  al., 2015). Also for herring, local coastal spawning 
along the Norwegian Skagerrak coast has been observed during 
spring (Eggers et al., 2014), but the extent of larval drift, utilizing 
the coast as nursery area, from other populations in the North 
Sea and Skagerrak-Kattegat area remains unquantified. Due to 
well-defined spawning grounds and low connectivity, herring 
populations within the Skagerrak-Kattegat region are genetically 
distinct (Bekkevold et al., 2005; Pettersson et al., 2019; Han et al., 
2020). However, these populations are considered as a single 
stock, the Western Baltic spring spawners (WBSS). In addition, 
a second stock, the North Sea autumn spawners (NSAS), also 
occur in the area utilizing it as an important nursery ground 
(Clausen et al., 2015). The relationship between young herring 
along the Norwegian Skagerrak coast and these two stocks has 
not been determined. For sprat, recent genetic and otolith shape 
studies revealed that sprat occurring along the Norwegian coast 
are distinct from sprat in the North Sea or Skagerrak-Kattegat 
(Quintela et al., 2020; Quintela et al., 2021; Saltalamacchia et al., 
2022). Based on these results and other information, such as 
survey indices, growth data (see ICES, 2018 for details), sprat in 
the North Sea or Skagerrak-Kattegat are currently managed as one 
large single stock excluding sprat along the Norwegian coastline 
which are currently not assessed (ICES, 2018). A previous study 
by Torstensen and Gjøsæter (1995), however, indicated that the 
abundance of sprat along the Norwegian coastline was correlated 
with the abundance of the offshore stock of sprat in the Skagerrak 
and Kattegat. Thus, sprat along the Norwegian coastline are 
pheno- and genotypically distinct from offshore sprat but there 
might be a synergy between their stock/population dynamics, as 
indicated by number of recruitments.

Based on the knowledge gap for herring and the contradictory 
results of previous and current studies for sprat, the aim of the 
present study is to evaluate the dynamics of young herring 
and sprat along the Norwegian Skagerrak coast. We investigate 
whether the variability in abundance of these two species is 
related to recruitment or spawning stock biomass (reproductive 
output) of each species and whether there is a synergy between 

these two species. We also investigate potential linkages between 
the Western Baltic and local spring-spawning herring stocks and 
the potential links between the North Sea, Skagerrak-Kattegat 
and Norwegian coastal sprat stocks. We used an annual beach 
seine survey designed to monitor the occurrence and abundance 
of 0-group fish along the Norwegian Skagerrak coast to provide 
an index of young herring and sprat abundance. This index was 
compared with stock abundance estimates, recruitment and 
survey indices from the North Sea, Skagerrak-Kattegat, and 
the Western Baltic. Linkages to physical forcing, e.g., through 
annually varying climatic conditions, were investigated using 
data from local hydrographic stations and climate data.

MATERIAL AND METHODS

The time series for the beach seine catches covers the period 1919-
2018, however, other explanatory parameters/observations were 
not available for the same period. Therefore, it was necessary to 
vary the time series and the selection of stations at various points 
in the analyses. For the estimation of correlations, the longest 
period in which all descriptors were available was chosen.

Beach Seine Survey
On average 115 (range 69-154, excluding the period of the 
second World War when only 4 station were sampled; Figure S1) 
stations along the Norwegian Skagerrak coast (Figure  1) have 
been sampled annually by a beach seine survey in September-
October since 1919 (Tveite, 1971; Torstensen and Gjøsæter, 
1995). Originally, the beach seine survey was initiated to 
quantify the recruitment of Atlantic cod (Gadus morhua) and 
other gadoids. The survey usually starts in the southwest of the 
Norwegian Skagerrak coast, and continuing northeastwards. In 
the present study, we use data from 11,470 beach seine hauls 
taken during the period 1919-2018 (Table S1). The beach seine 
has a stretched mesh size of 15 mm, is 40 m long and 1.7 m deep, 
and is estimated to sample an area of up to 390 m2 (Torstensen 

FIGURE 2 | Length distribution of herring and sprat collected from 1919-2018 during the annual beach seine survey along the Norwegian Skagerrak coast by 
region. Dashed line indicates separation between 0-group and age 1 fish.
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and Gjøsæter, 1995). For more details about the beach seine 
survey see Barceló et al. (2016) and references therein.

In general, for each haul, the total abundance of herring and 
sprat were counted. However, up to the 1960s for unknown 
reasons herring and/or sprat were not counted in some hauls 
(276 and 536 for herring and sprat, respectively), instead the 
abundance for these hauls were indicated using an index from 
0-5 [Table S2, similar to Torstensen and Gjøsæter (1995)]. We 
converted these index values to actual count number by using 
the midpoint of each index interval as estimated count of herring 
and sprat for these hauls (Table S2).

Total length was measured in 0.5 cm and 1 cm intervals for 
herring and sprat, respectively. Based on the length distribution 
(Figure 2) of herring (2.5-20 cm) and sprat (3-14 cm) and the 
very low abundance of herring larger than 14.5  cm (128 of 
a total of 11,520) and sprat larger than 10 cm (62 of a total of 
33,512), we assumed that all herring and sprat represent 0-group 
fish and did not exclude the larger individuals. Based on otolith 
readings of individuals in this region and time of the year (not 
part of the beach seine data) we know that 1-year-old herring and 
sprat usually are larger than 14.5 cm and 10.0 cm, respectively 
(Figure  S2).

Stock Estimates and Survey Indices of 
Herring and Sprat
We used stock estimates and survey indices provided by the 
International Council for the Exploration of the Sea (ICES, 
2020). Herring abundance from the beach seine time series was 
compared to stock estimates from North Sea autumn-spawning 
herring (NSAS) and western Baltic spring-spawning herring 
(WBSS), whereas sprat abundance was compared to stock 
estimates of the sprat stock in the North Sea and Skagerrak-
Kattegat. The survey indices we used for the three stocks were 
obtained by the “ICES International Bottom Trawl Surveys” 
(IBTS; http://ices.dk/community/groups/Pages/IBTSWG.aspx) 
in quarter 1 (Q1, January-February) and 3 (Q3, July-August), 
the “ICES coordinated acoustic survey in the Skagerrak and 
Kattegat, the North Sea, West of Scotland and the Malin Shelf 
area” (HERAS; ICES, 2015) taking place in June-July, and the 
“German acoustic autumn survey” (GERAS; ICES, 2017) taking 
place in October. Since the beach seine data represent 0-group 
fish, we linked age-based survey indices to the original year 
class, i.e., the survey index of age 1 fish estimated in 2005 was 
linked to the 2004 year class of the beach seine. An overview of 
all survey indices and stock estimates (spawning stock biomass 
and recruitment) is given in Tables S3, S4.

Zooplankton
The variability in herring and sprat abundance in relation to 
zooplankton abundance was also investigated. We extracted data 
provided by the Continuous Plankton Recorder (CPR) surveys 
(CPR Survey, 2018). We only used data from the North Sea 
(51.5°N – 62.0°N and 4.0°W – 8.0°E) and Skagerrak-Kattegat 
(east of 8.0°E). Further, we only included abundance data of 
Calanus finmarchicus, C. helgolandicus, and large and small 

copepods which are important prey items for herring and sprat 
(Falkenhaug and Dalpadado, 2014; Kristiansen et  al., 2022). 
Small copepods (<2 mm) were identified based on the “traverse” 
counting method, i.e. counted directly on the silk using a 
microscope, whereas the large copepods (>2 mm) are removed 
from the silk and counted using a stereomicroscope (Richardson 
et al., 2006). Annual indices were calculated for further analyses 
as the average of all observations for each of the four plankton 
groups (C. finmarchicus, C. helgolandicus, and large and small 
copepods).

Physical Parameters
Continuous temperature and salinity measurements (daily) from 
the Institute of Marine Research station in Flødevigen (Figure  
1) were used to calculate annual, quarterly, and monthly mean 
temperatures from 1919-2018. Temperatures were measured at 
1 m and 19 m depth. From 1974 onwards, temperatures were also 
measured at 75 m depth. Mean temperatures were calculated for 
each depth independently.

To cover a larger area, we also used the Atlantic multi-decadal 
oscillation (AMO) which is based upon the average anomalies 
of sea surface temperatures (SST) in the North Atlantic. The 
AMO is calculated from the Kaplan SST V2 dataset which was 
provided by NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, 
from their website at https://www.esrl.noaa.gov/psd/. For this 
study, we calculated the annual, quarterly, and monthly average 
anomalies for the North Sea and Skagerrak-Kattegat combined 
and separately from the Kaplan SST V2 dataset.

Lastly, because herring and sprat larvae are in the water 
column and subject to transport mechanisms, the effect 
of anomalies in ocean circulation, represented by current 
velocity vectors, upon the abundance of herring and sprat were 
investigated. We used simulation data from the global ocean 
model MPIOM, forced with ERA40 reanalysis data provided 
by Mathis et  al. (2015). We applied an empirical orthogonal 
function (EOF) analysis, similar to Principal Component 
Analysis (PCA), to extract anomalies from multi-dimensional 
variables by taking into account regional correlation and 
variability patterns (Preisendorfer and Mobley, 1988). In this 
case, we applied the EOF analysis to the current velocity vectors, 
including direction and speed. EOFs were applied for the North 
Sea and Skagerrak-Kattegat combined and separately. The first 
three EOFs, explaining ~68% of the variability, were included in 
further analysis (Figure S3).

Data Analyses
All statistical analyses and plotting were conducted in the R 
software (version 4.0.4; R Core Team, 2020). The significance 
level p<0.05 was adopted for the whole of this study. We used all 
stations for the length distribution analysis to demonstrate that 
mainly 0-group sprat and herring were caught with the beach 
seine. In the 1960s there have been some changes in sampling 
stations (Barceló et  al., 2016), therefore we used only stations 
that were sampled in more than 95% of the years after 1965 for 
further analyses (Figure S1). However, the full time series from 
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1919-2018 was considered for these stations where possible, no 
data was dismissed.

The count data (numbers of individuals caught) in these 
stations were used to estimate an annual abundance index (AAI) 
for herring and sprat for each year of the time series using the 
natural logarithm:

AAI
count

Number of sampled stations
=

+( )∑ log 1

We compared the variances of sprat
 ( )σ sprat

2

  
and herring 

( )σ herring
2

AAI with an F-test using a random walk to investigate 
which time series was more stable. For the F-test, we tested the 
H herring sprat0

2 2:σ σ= against H herring sprat1
2 2:σ σ< . We conducted 

a similar comparison of variance of AAIs sample before and 
after 1965 which we used for the selection of stations. We 
tested the H0 1965

2
1965

2:σ σ< ≥= against H1 1965
2

1965
2:σ σ< ≥< for both 

species, sprat and herring, separately. Correlations between the 
AAIs and ICES survey indices and stock estimates (Tables S3, 
S4), plankton and physical parameters (Tables S5−S8) were 
individually calculated using the cor() function in R estimated 
to explore the relationship with abundance variability. Annual, 
quarterly, and monthly mean values for the plankton and physical 
parameters were calculated and their correlation tested against 
AAIs of sprat and herring. We also calculated the correlations 
both for the North Sea and Skagerrak-Kattegat combined, as well 
as separately. The correlations were estimated for the entire time 
series or for the longest possible time series based on the available 
data. Variables with the highest correlations were considered in a 
following modelling approach.

We followed the protocol of Zuur et  al. (2010) for data 
exploration before applying models. We constructed two models 
to explain the abundance of 0-group sprat and herring. First, 
we fitted Bayesian hierarchical temporal models, using the 
Integrated Nested Laplace Approximation (INLA) methodology 
(Rue et  al., 2009). This approach allows for the existence of 
temporal autocorrelation between years (t). The chosen general 
structure for the model selection included a random walk:

AAI Intercept Covariatest t t t= + + +µ 

µ µ νt t t= +−1

 t tN and N~ , ~ ,0 02 2σ ν συ( ) ( )

where μt represents a temporal trend and εt and vt independent, 
identical, normal distributed (N) noise and a variance of σ2 
For the annual Covariatest we used the following fixed effects 
structure for sprat:

Covariates AAI ICES Plankton
AMO Temperature D

Sprat Herring= + +

+ + + rrift

and for herring:

Covariates AAI ICES ICES
Plankton AMO

Herring Sprat NSAS WBSS= + +

+ + +TTemperature Drift+

where ICES, ICESNSAS, ICESWBSS represent the stock/survey index 
for sprat, NSAS and WBSS herring, respectively, Plankton the 
plankton data, AMO the Atlantic multi-decadal oscillation data, 
Temperature the daily temperature data in Flødevigen, and Drift 
the first three axis of the EOF analysis. For each of the main 
variables, we selected only the most significant physical variable 
(i.e. annual, quarterly or monthly mean for Plankton AMO 
Temperature and Drift), and one ICES index per stock (i.e. stock 
estimate or survey index by age). The selection of variables was 
built on 1. significant correlations, 2. correlation coefficient, and 
3. biological and ecological meaning (i.e. if everal drift variables 
were significant, we chose the one closest to the spawning time). 
Further, variables with missing data were not considered for 
the modelling approach even though they correlated with the 
AAIs. The Drift component was related to ocean circulation and, 
therefore, a full interaction between the first three EOFs was 
used. We also tested whether using generalized additive models 
(GAM) improved the model fit, but this was not the case. This 
was also supported by the validation of the final selected models 
showing no trends in the residuals. The temporal ranges for the 
models were limited to the minimum temporal availability of 
covariates (Tables S3, S4). Consequently, only data from 1982-
2012 (restricted by IBTS Q1 – 1982 and EOFs – 2012) were 
used for sprat and 1991-2012 (restricted by IBTS Q3 – 1991 and 
EOFs – 2012) for herring. We used the “R-INLA” package (Rue 
et al., 2009) for model fitting. For model selection, the Deviance 
Information Criterion (DIC, Spiegelhalter et al., 2002) was used 
as a metric of goodness of fit. In cases where the DIC difference 
was less than 5 the simplest model was chosen.

RESULTS

Annual Abundance Index (AAI)
Overall, the AAI of sprat (mean AAI = 0.51) was higher compared 
to herring (0.28; t-test, p<0.001). AAIs varied inter-annually for 
sprat and herring (Figure  3). The time series of herring AAI 
was more stable (lower variance) than for sprat (F-test, ratio of 
variance = 0.44, p<0.001). However, for both species, the AAIs 
showed a decreasing trend for at least the last 20 years. The AAIs 
of sprat and herring were highly positively correlated (r = 0.69, 
p<0.001, Figure 4). In general, the AAIs showed more variability 
after 1965 for sprat (F-test, ratio of variance = 0.35, p<0.001) and 
herring (F-test, ratio of variance = 0.45, p<0.01).
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Effects of Biotic, Environmental, and 
Physical Factors
No correlations between AAI of sprat and any ICES indices were 
significant (Table S3). The correlation analyses between AAI 
of sprat and other factors demonstrated that very few factors 
were significant (13 of 459 comparisons, Tables S5, S6), and 
most of them between the AAI of sprat and the temperature at 
75 m depth in Flødevigen. For the Bayesian model approach, the 
important variables do not reflect the results of the correlation 

analyses (Table 1). The final model for sprat explaining most of 
the variation of the AAI included the AAI of herring (positive), 
AMO index (positive), temperature (negative) and the interaction 
between the first and second EOF (negative, Figure 5; Table 1 for 
EOFs). The AAI of sprat was not temporally autocorrelated for 
the sampling period included in the model.

The AAI of herring was mainly significantly correlated with 
ICES indices for WBSS (7 out of 8), and only the recruitment 
index for NSAS (Table S4). Also, environmental and physical 

TABLE 1 | Annual abundance index (AAI) of sprat final model for the period 1982-2012: parameter estimates (mean, standard deviation (sd) and 95% confidence 
interval (CI) for fixed effects and selected variables, and the precision parameter (σ) of the Gaussian distribution. 

Fixed effects Variable Mean sd 95% CI

Intercept 0.710 0.039 0.632 - 0.787
AAI herring 0.236 0.037 0.162 - 0.309
ICES Recruitment 0.055 0.040 -0.024 - 0.133
Plankton C. helgolandicus quarter 2 0.021 0.046 -0.071 - 0.112
AMO AMO quarter 3 0.091 0.038 0.016 - 0.167
Temperature Temperature at 19 m quarter 2 -0.148 0.040 -0.228 to -0.069
EOF1 EOF1 august in North Sea -0.090 0.041 -0.172 to -0.008
EOF2 EOF2 august in North Sea -0.139 0.045 -0.228 to -0.051
EOF3 EOF3 august in North Sea 0.058 0.047 -0.036 - 0.152
EOF1: EOF2 0.109 0.037 0.036 - 0.181
EOF1: EOF3 0.047 0.056 -0.064 - 0.157
EOF2: EOF3 -0.109 0.057 -0.221 - 0.006
EOF1: EOF2: EOF3 0.075 0.066 -0.057 - 0.207
σ 0.193 0.028 0.148 – 0.256

Covariates included in the final model, i.e., zero is not included in the 95% confidence intervals, are shown in bold. ICES, Stock/survey index provided by the International Council for 
the Exploration of the Sea (ICES); AMO, Atlantic multi-decadal oscillation; EOF, empirical orthogonal functions.

FIGURE 3 | Mean annual abundance index (AAI) of 0-group herring and sprat from the beach seine survey 1919-2018 along the Norwegian Skagerrak coast. 
Colored and shaded bars (blue for herring, red for sprat) indicate the years which were included in the final model. The black line shows the 5-year-running AAI 
average. The running average was weighted = (0.8 ^ n) where n represents the difference from the estimated year. No samples were collected during the 2nd World 
War and no running average was estimated.
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factors were more often significantly correlated with herring AAI 
(30 of 459 comparisons, Tables S7, S8) than sprat. Like sprat, the 
temperature at 75 m depth in Flødevigen was the factor mostly 
correlated with herring AAI. Further, several plankton variables 
were significantly correlated with the AAI of herring. However, 
neither plankton nor physical factors were of importance for 
the final model for herring AAI (Table 2): only the abundance 
of sprat and the WBSS recruitment had a positive effect on the 
herring AAI (Figure 6). The AAI of herring was not temporally 
autocorrelated for the sampling period included in the model.

DISCUSSION

Abundance data from the annual beach seine survey along the 
Norwegian Skagerrak coast provide new insight into the coastal 
dynamics of herring and sprat. 0-group data on abundance for 
both species are relatively variable and show high fluctuations 
between years. Our study indicates a clear synergy between the 
0-group dynamics of these two pelagic species. Further, sprat 
dynamics appear to be solely influenced by environmental 
factors, whereas the dynamics of herring appear to be mainly 
affected by the dynamics of neighboring herring populations. 
Therefore, sprat along the Norwegian Skagerrak coast represent 
an independent local population being in line with recent genetic 
and otolith shape analyses (Quintela et al., 2020; Saltalamacchia 
et al., 2022). On the other hand, herring abundance significantly 
correlated with dynamics of the major stock occurring in this 
region, namely the western Baltic spring-spawning herring 
(WBSS), with recruitment of North Sea autumn-spawning 
herring (NSAS), and with temperature. However, only the stock 
dynamics of WBSS are important in the modelling approach 
which can be a consequence of collinearity between predictor 
variables, e.g., the decline of WBSS and increasing temperature 
over the last decade. In general, a reduction in biodiversity has 
previously been reported for this area (Lekve et al., 1999), but 

recently the species richness of pelagic fish has increased which 
is tightly linked to warming temperatures (Barceló et al., 2016). 
Thus, suggesting a shift in the small pelagic fish community in 
this region if temperatures continue increasing.

Dynamics of small pelagic fish, such as sprat and herring, 
are highly dependent on bottom-up processes like abiotic (e.g., 
temperature) or biotic (e.g., prey quantity and quality) factors 
or physical processes (e.g., advection or turbulence; Peck et al., 
2021). This is clearly the case for sprat along the Norwegian 

TABLE 2 | Annual abundance index (AAI) of herring final model for the period 1991-2012: parameter estimates (mean, standard deviation (sd) and 95% confidence 
interval (CI)) for fixed effects and selected variables, and the precision parameter (σ) of the Gaussian distribution. 

Fixed effects Variable Mean sd 95% CI

Intercept 0.367 0.037 0.294 – 0.439
AAI sprat 0.170 0.039 0.092 – 0.247
ICES NSAS Recruitment 0.029 0.045 -0.061 – 0.119
ICES WBSS Recruitment 0.111 0.039 0.033 – 0.189
Plankton Total small copepods in Skagerrak -0.011 0.049 -0.109 – 0.086
AMO AMO quarter 3 0.049 0.049 -0.049 – 0.146
Temperature Annual temperature at 75 m -0.003 0.052 -0.107 – 0.100
EOF1 EOF1 quarter 1 in Skagerrak -0.029 0.049 -0.125 – 0.068
EOF2 EOF2 quarter 1 in Skagerrak -0.067 0.047 -0.160 – 0.026
EOF3 EOF3 quarter 1 in Skagerrak 0.011 0.050 -0.088 – 0.11
EOF1: EOF2 0.067 0.048 -0.028 – 0.163
EOF1: EOF3 0.052 0.111 -0.171 – 0.274
EOF2: EOF3 -0.013 0.075 -0.162 – 0.136
EOF1: EOF2: EOF3 -0.025 0.082 -0.189 – 0.138
σ 0.168 0.027 0.125 – 0.231

Covariates included in the final model, i.e., zero is not included in the 95% confidence intervals, are shown in bold. Variables from the Skagerrak is a combination of Skagerrak-
Kattegat data. ICES, Stock/survey index provided by the International Council for the Exploration of the Sea (ICES) for North Sea autumn spawning (NSAS) and western Baltic spring 
spawning (WBSS) herring; AMO, Atlantic multi-decadal oscillation EOF, empirical orthogonal functions.

FIGURE 4 | Correlation (including the correlation factor) between the herring 
and sprat annual abundance index (AAI) collected from 1919-2018 during 
the annual beach seine survey along the Norwegian Skagerrak coast. Red 
points (squares) were used for the sprat model, blue points (triangles) were 
used for both, sprat and herring, models. The fitted linear (dashed-blue) and 
locally weighted smoothing (loess) line (solid-red) and their 95% confidence 
intervals are shown.
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Skagerrak coast where the abundance dynamics were influence 
by several of these bottom-up processes, mainly temperature 
and EOFs which reflects the general drift patterns in this region. 
According to Mathis et al. (2015), negative EOFs correspond to 

less drift in the region which could explain the negative effect of 
EOFs on the abundance of sprat could leading to higher larval 
retention of sprat on their nursery grounds and consequently 
higher abundance. Furthermore, the population dynamics of 

A B

FIGURE 6 | Herring. Fit of the final model explaining the mean annual abundance index (AAI) of 0-group herring for the period 1991-2012 by AAI of sprat and 
recruitment of western Baltic spring spawning herring (WBSS). Posterior means and 95% confidence intervals for each variable of importance are shown. See Table 
2 for model details.

A B C

FIGURE 5 | Sprat. Fit of the final model explaining the mean annual abundance index (AAI) of 0-group sprat for the period 1982-2012 by AAI of herring, the Atlantic 
multi-decadal oscillation (AMO) and temperature. Posterior means and 95% confidence intervals for each variable of importance are shown. See Table 1 for 
model  details.
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sprat have previously been associated with AMO variability in 
the North Sea and Baltic Sea (Alheit et al., 2005; Alheit et al., 
2014) supporting our results for Norwegian coastal sprat.

A common factor negatively affecting the dynamics of 
sprat and herring was temperature. Even though temperature 
was not important for the herring models, it was still highly 
negatively correlated with abundance. This is in line with Polte 
et al. (2021) demonstrating that warm winters lead to reduced 
reproductive success in western Baltic herring based on reduced 
survival rates due to a mismatch between herring larvae and 
prey availability. Temperature is also the most important 
bottom-up factor negatively influencing the recruitment of 
sprat and herring in this region (Margonski et  al., 2010; Voss 
et  al., 2012; Corten, 2013). Especially during the larval stage, 
both species have clearly defined optimal thermal windows 
for survival (Peck et  al., 2012a; Peck et  al., 2012b; Dodson 
et  al., 2019). Temperature has similar consequences for the 
survival and recruitment of sprat and herring which could be 
a reason that the AAIs of both species were highly correlated 
and important in the modelling approach since the abundance 
of 0-group herring and sprat is often used in assessments as an 
indication of recruitment. Further, the increasing temperature 
due to climate change might be the underlying cause for the 
decline in AAI for both sprat and herring in recent years. 
Besides the environmental effects, it is surprising that there 
seems to be no connectivity for sprat, having free-drifting 
pelagic eggs and larvae, with populations in the central part 
of the Skagerrak-Kattegat or the North Sea. Whilst, there are 
in theory no physical or biological barriers that would prevent 
dispersal of egg and larvae from the North Sea into Skagerrak-
Kattegat and further to the coast (Knutsen et al., 2004; Stenseth 
et  al., 2006), the occurrence of seasonal fronts (Munk, 2014) 
may provide barriers to the free movement of eggs and larvae 
around this frontal area. For other species, like Atlantic cod 
(Gadus morhua), North Sea ecotypes occur along the Norwegian 
Skagerrak coast and differ genetically and phenotypically from 
the fjord ecotypes (Knutsen et al., 2018). However, the concept 
that sprat occurring along the Norwegian Skagerrak coast are 
not linked with sprat in neighboring stocks, as indicated in the 
present study is in line with findings of Torstensen and Gjøsæter 
(1995) more than 25 years ago. This demonstrates the stability 
within this ecosystem as an important nursery habitat for small 
pelagic fish and strengthens the notion of the existence of a local 
sprat population along the Norwegian coast.

On the other hand, the AAI of herring along the Norwegian 
Skagerrak coast was clearly linked to the stock dynamics of 
WBSS. The strong reduction in abundance is in line with very low 
recruitment in recent years (ICES, 2020). In the present study, we 
cannot conclude whether there are separate spawning grounds 
along the Norwegian coast that have similar dynamics to those 
of WBSS or is utilized as a WBSS nursery ground thus reflecting 
the recruitment dynamics of this stock. This needs to be further 
investigated with for example the use of otolith microchemistry 
to link herring back to their nursery areas (Moll et  al., 2019). 
Otolith microchemistry of 0-group herring collected during the 
beach seine survey could be used as a baseline and compared 
with the otolith microchemistry results of adult herring on 

typical WBSS spawning grounds. This could demonstrate if 
0-group herring occurring along the Skagerrak coast are “true” 
WBSS herring. However, the recent climate changes with rising 
temperatures are decreasing the productivity of herring in this 
region (Moyano et al., 2020; Polte et al., 2021) as also indicated 
be the clear decrease of AAI in recent years.

In general, a beach seine is not the optimal gear to catch 
highly migratory shoaling fish species, consequently our results 
must be interpreted with caution. 0-group sprat and herring 
at that time of a year with an average size of 7.04 and 9.05 cm, 
respectively, are active swimmers, fully metamorphosed, and 
could easily avoid the beach seine (Moyano et  al., 2016 and 
references therein). In addition, Torstensen and Gjøsæter 
(1995) also reported the escape of small individuals through 
the meshes. However, the survey design with its fixed but 
randomly distributed stations for more than 100 years using a 
standardized gear allows for a high number of samples (11,470 
hauls) to obtain a reliable annual abundance index (AAI). 
Furthermore, the length distribution of herring (range 2.5-
22.0  cm) indicates that older sprat could have been caught if 
they were present in the areas covered by this survey. Therefore, 
the length distributions represent the “true” presence of fish, 
clearly indicating that both species, herring and sprat, caught 
during this survey are primarily 0-group fish. This is in line with 
anecdotal information from fishermen claiming that especially 
young sprat remains closer to the coastline than older sprat. 
Even though, only a subset of the time series was used (because 
of missing data), the respective time series consist of more than 
30 and 20 years for sprat and herring, respectively. This subset 
of data still represents the dynamics of sprat and herring along 
the Norwegian Skagerrak coast. Furthermore, the change in 
variability of AAIs after 1965 is most likely caused by changes in 
the spatial coverage due to increasing number of stations and by 
the change in how abundance is recorded. In the earliest years, 
abundance was recorded as an index (see Table S2), whereas 
this changed in the 1960s when abundance of individuals was 
reported as number of individuals counted. Thus, the change in 
variability of AAIs is most likely not ecologically driven. All in 
all, the estimates AAIs using 0-group fish could represent valid 
estimates for recruitment as most mortality happens in early life 
stages (Oeberst et al., 2009; Moyano et al., 2020).

In conclusion, the AAI provided by the beach seine survey 
along the Norwegian Skagerrak coast, whilst probably reflecting 
the dynamics of inshore sprat abundance, should not be used 
as an indication of young sprat abundance in either the North 
Sea or the Skagerrak-Kattegat management ecoregion. It does, 
however, support the current practice by ICES of not including 
near-shore sprat in the North Sea-Skagerrak-Kattegat stock 
assessments. In contrast, the AAI for herring is clearly linked to 
the stock dynamics of WBSS, but not to NSAS, and could thus 
potentially contribute to the assessment of WBSS.
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