
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 468: 245–253, 2012
doi: 10.3354/meps09959

Published November 14

INTRODUCTION

In recent years, the focus on ecosystem manage-
ment has increased, and the spatio-temporal dy -
namics of predator−prey interactions have been
incorporated more frequently in studies of species
abundance and distribution (Williams et al. 2004).
The effects of these interactions are scale dependent.
At small spatial scales, anti-predatory behaviour will
dominate, while at larger scales prey species often
congregate in areas with favourable environmental
conditions regardless of whether predators are pres-
ent (Rose & Leggett 1990). In the marine environ-
ment, pelagic fish species often aggregate in large

schools to avoid predation. The abundance of such
schools is frequently related to mesoscale oceano-
graphic features such as eddies and fronts (e.g.
Swartzman et al. 1994, Maravelias et al. 1996), mak-
ing areas with high prey abundances predictable for
the predators.

Atlantic herring Clupea harengus are schooling
fish with long annual migrations between their
feeding and spawning areas. The largest stock rele-
vant for this study, the Baltic Sea Spring Spawning
(BSSS) herring, spawn in the early spring near the
island of Rügen (Germany) in the western Baltic,
after which they migrate north through the deep
waters of the Skagerrak to feed in the north-eastern
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North Sea. In the summer, they migrate back
through the Skagerrak and Kattegat and spend the
winter in the Sound and the Great Belt before the
next spawning period (Nielsen et al. 2001). Herring
serve as prey for several species, including mack-
erel Scomber scombrus and harbour porpoise Pho-
coena phocoena. The factors that drive the distribu-
tion of these species are not well understood,
although the distribution of the harbour porpoise
has been suggested to be tightly linked to that of its
prey (Read & Westgate 1997, Koopman 1998). This
hypothesis has rarely been tested due to lack of
data on prey abundance on a sufficiently fine spatial
and temporal scale (Santos & Pierce 2003), and the
available results are inconsistent (Palka 1995, Svee-
gaard et al. 2012). The hypothesis has also been
tested indirectly by modelling porpoise distribution
in relation to environmental factors that serve as
proxies for prey distribution (e.g. Marubini et al.
2009, Edrén et al. 2010, Embling et al. 2010, Gilles
et al. 2011). Here, depth, distance to coast, current,
temperature, sediment type and proxies for primary
production and fronts (chlorophyll and nutrients)
were found to be associated with harbour porpoise
distribution, although the subset of influential vari-
ables varied both spatially and temporally. This may
be consistent with variation in prey preferences of
harbour porpoises (Benke et al. 1998). In the Katte-
gat and Skagerrak, harbour porpoises predomi-
nately prey on herring, cod, gobies and sandeels,
and herring contribute 46 to 55% of the weight of
the diet (Aarefjord et al. 1995, Börjesson et al. 2003).
Mature herring (25 to 30 cm) may contain up to
twice the energy density of other major prey species
like cod (Lawson et al. 1998, Spitz et al. 2010),
which may explain their importance to porpoises.

Atlantic mackerel is a fast swimming, pelagic
schooling species. The North Sea holds a distinct
stock that overwinters in deeper parts of the
Skagerrak and north-eastern North Sea from where
it ascends to the surface waters in spring (Postuma
1965, Hamre 1978). Spawning takes place in mid-
May to late June in the central North Sea and to a
lesser degree also in the Skagerrak and Kattegat
(ICES 2009). After spawning, mackerel redistribute
in the North Sea or migrate into neighbouring
coastal waters such as the Skagerrak, Kattegat, the
Sound, the Belt Sea and the western Baltic Sea
(Jansen & Gislason 2011). Here, they prey on small
herring (<10 cm) and zooplankton (Dahl & Kirke -
gaard 1986). Mackerel are rarely consumed by har-
bour porpoises (Aarefjord et al. 1995, Börjesson et
al. 2003).

In this study, we tested whether the distributions of
Atlantic mackerel and harbour porpoises are related
to the distribution of a major prey species, Atlantic
herring, in the eastern North Sea, Skagerrak and
Kattegat.

MATERIALS AND METHODS

Study area

The study area covers 60 642 km2 north of 56° N
and east of 6° E (the eastern North Sea, Skagerrak
and Kattegat; Fig. 1). It stretches over a varied
bathymetry with relatively shallow water (<50 m) in
the Kattegat and the southern Skagerrak, and deeper
waters (~700 m) in the Norwegian Trench in the
Northern Skagerrak. The study area was divided into
grid cells of 0.25° N × 0.5° E (~870 km2, equivalent to
a quarter of an ICES square). This is the smallest grid
size available to allow the acoustic surveys to pass
through each grid cell.

Fish density

Herring and mackerel densities were calculated
from 10 annual ICES coordinated acoustic herring
surveys taking place in the first 2 wk of July (2000 to
2009). The survey track lines differed slightly annually
but were ca. 1950 nautical miles (n miles) every year.
Tracks were designed to enter all ICES squares within
the study area (Fig. 1). The design of the acoustic her-
ring surveys was described by Simmonds et al. (1996).
In short, the strategy was to cover the largest possible
number of depth zones within each geographical stra-
tum. Acoustic data were recorded continuously, and
fish densities were subsequently calculated with a
sampling unit of 1 n mile. Pelagic and demersal trawl
hauls for the species identification were carried out
between 10:00 and 15:00 and between 20:30 and
03:00 h UTC, usually with 2 day-hauls (mostly demer-
sal) and 2 night-hauls (mostly pelagic). One-hour
hauls were used as a standard during the survey, but
were sometimes shortened if the catch was large.

During surveys, the length groups, number of indi-
viduals and total weight per fish species were
recorded. Mean ± SD length of herring was 20.5 ±
0.55 cm, with 95% between 15 and 30 cm; mackerel
were 28.6 ± 0.58 cm long, with the majority (89%)
being 20 to 30 cm. Numbers of herring (HER) and
mackerel (MAC) per sampling unit (1 n mile) were
pooled within each grid cell and subsequently aver-
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aged. To study the mackerel−herring relationship,
the average length distributions (2006 to 2009) of her-
ring and mackerel were calculated.

Harbour porpoise data

We included all porpoise locations around the time
of the acoustic fish surveys from June to August,
which resulted in a total number of 508 locations (1
location porpoise−1 d−1) transmitted by 34 harbour
porpoises tagged from 1998 to 2010. Of these, 17
were tagged near Skagen and 17 were tagged along
the eastern coast of Jutland and along the shores of
Funen and Zealand (Fig. 1). For the tagging proce-
dure and tag settings, see Teilmann et al. (2007) and
Sveegaard et al. (2011a).

A previous comparison of satellite tracking data
with acoustic porpoise surveys has shown that both
methods are indeed representative of harbour por-

poise distribution in these waters (Sveegaard et al.
2011b), and consequently the locations from the 34
porpoises were pooled for the analysis. The number
of harbour porpoise locations per grid cell (POR) was
calculated and used as the response variable in the
statistical models.

Data analysis

Average depth per grid cell (DEP) was calculated
in ArcGIS 10 using the 2-min gridded global relief
ETOPO2v2 database (http://www.ngdc.noaa.gov/
mgg/global/etopo2.html).

Three statistical analysis methods were used: Man-
tel test (Mantel 1967, R library ‘vegan’), Hurdle
analysis (R library ‘pscl’; Jackman 2008) and general-
ized linear models (GLMs; Dobson 2002). All analy-
ses were conducted using R version 2.11.1 (R Devel-
opment Core Team 2011).
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Fig. 1. Study area in the Skagerrak and Kattegat. The bold line encompasses the area with data for herring, mackerel and har-
bour porpoise. ICES squares are indicated, as well as an example of the acoustic herring survey transects (ESDU: Elementary 

Sampling Distance Unit = 1 nautical mile) and trawl hauls in July 2009
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Mantel test

A Mantel test is a permutation test that measures
the correlation between 2 matrices in order to esti-
mate and adjust for spatial autocorrelation in the data
(Mantel 1967). One of the matrices is a Euclidean dis-
tance matrix containing the geographical distances
between the sample points, here the centres of the
grid cells. The other matrix contains the numeric dif-
ferences between observed densities of herring,
mackerel or locations of porpoises in the same loca-
tions (averaged over the entire grid cell), or alterna-
tively the difference in average depth. The geo-
graphical distances were calculated as the shortest
possible swimming distance between grid cell centre
points for the marine species. All data were log-
transformed to reduce the effect of outliers. The 4 dif-
ference matrices were tested one by one against the
distance matrix to test for autocorrelation in the data
sets.

Partial Mantel tests were used to test for correlation
between 2 variables while adjusting for spatial
 autocorrelation (Legendre 2000). We tested the
 cor relation between the following variables: por-
poise−herring, porpoise−depth, porpoise−mackerel,
mackerel−herring, mackerel−depth and herring−
depth.

Hurdle models

The relative importance of HER and DEP on POR
was tested using a Hurdle model (Zeileis et al. 2008).
Hurdle models are useful for analysing variations in
count data with a large number of 0-values, such as
the data on porpoise densities used here. They simul-
taneously fit the distribution of absences and the
number of animals in the grid cells where animals
are present (Poisson variable). Hurdle models make
it possible to study the importance of interactions
between main effects, but do not allow for a direct
investigation of the effect of the spatial structure
(autocorrelation) in the dataset. Instead, a nearest
neighbour variable (NNPOR) was included to adjust
for autocorrelation in the Hurdle models. The num-
ber of harbour porpoise locations was weighted by
the area (size of the grid cell) over which they were
observed. The independent variables in the model
were NNPOR, HER and DEP (HER and DEP were
log10-transformed). The order of reductions in the
Hurdle model began with the binomial 0 hurdle part
and removed the least significant terms first. After
removing non-significant terms in the binomial part,

the same procedure was followed for the count model
until the most parsimonious model with the lowest
possible Akaike information criterion (AIC) was
obtained. In order to test the fit of the model, we plot-
ted the predicted versus observed number of por-
poises (Appendix 1, Fig. A1).

GLMs

The relationships between MAC, HER and DEP
were examined using a GLM, since MAC was nor-
mally distributed and did not contain 0 values. All
data were log-transformed prior to analysis, and a
mackerel nearest neighbour variable was added to
adjust for spatial autocorrelation (NNMAC). Two
models were tested: GLM for Gaussian (normally)
distributed data and GLM for Poisson distributed
data to determine which had the better fit and lowest
AIC (Burnham & Anderson 2004). In order to test
the fit of the model we plotted the predicted ver -
sus observed number of mackerels (Appendix 1,
Fig. A1).

GLM was also conducted on POR in order to
ensure that the Hurdle tests were the most appropri-
ate model for explaining the variation in POR when
compared to a simple Poisson GLM (Dobson 2002).
However, as the Hurdle analysis yielded a better fit
(AIC = 419.6) than the GLM Poisson model (AIC =
526.4) with the same regressors, our results are based
on the Hurdle model.

RESULTS

Inspection of the spatial variation of porpoise loca-
tions (POR), mackerel densities (MAC) and herring
densities (HER) in the 76 grid cells revealed that all 3
species occurred in high densities around Skagen.
However, while POR (Fig. 2A) and HER (Fig. 2C)
were found in high numbers in the Kattegat and
along the Norwegian Trench, MAC was low in the
Kattegat and high in the western Skagerrak (Fig. 2B).

Mantel tests

We found significant spatial autocorrelation in
POR, DEP and MAC but no evidence for spatial auto-
correlation in HER on the spatial scale used here
(Table 1). POR was strongly associated with areas of
high HER, as was MAC. HER was, in turn, closely
related to DEP. We found no correlation between
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POR and DEP, MAC and DEP and MAC and POR
(Table 1). Correlograms for the number of POR and
HER are shown in Appendix 1, Fig. A2.

Hurdle models

In the binary part of the Hurdle models, POR was
only related to NNPOR (Table 2) In the count part,
however, POR was related to NNPOR, HER and DEP
(Model 1, Table 2), and NNPOR and HER (Model 2,
Table 2), respectively. The 2 models were equally
parsimonious (similar AIC) and thus accepted as
valid models. NNPOR basically described the auto-
correlation in porpoise distribution already identified
in the Mantel tests. In Model 1, DEP is not significant
and, consequently, HER is the only remaining signif-
icant variable describing POR. This confirms the
results from the Mantel test that only HER was corre-
lated with POR when adjusting for spatial depend-
ency of data.
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Z p

Mantel test
POR 0.141 0.0062
MAC 0.0978 0.0253
HER −0.0956 0.995
DEP 0.305 0.0001

Partial Mantel test
POR-HER 0.2536 <0.0001
POR-DEP 0.02406 0.3046
MAC-HER 0.1895 0.0017
MAC-DEP −0.02871 0.7147
MAC-POR −0.127 0.9962
HER-DEP 0.1868 0.0002

Table 1. Summary of Mantel and partial Mantel tests exam-
ining the spatial autocorrelation within data sets (Mantel
tests) and the correlation between data sets while adjusting
for spatial autocorrelation (partial Mantel test). Test vari-
ables are locations of harbour porpoises (POR), mackerel
density (MAC), herring density (HER) and average depth
(DEP) per grid cell. Significant values (p < 0.05) are shown 

in bold

Fig. 2. Hurdle model variables. (A) Number of harbour porpoise locations within each grid cell (POR) pooled for June to
August in 1998 to 2009. (B) Mackerel density per grid cell (MAC) based on acoustic surveys and trawls from 2000 to 2009. (C)
Herring  density per grid cell (HER) based on acoustic surveys and trawls from 2000 to 2009. (D) Average depth per grid cell 

(DEP) in study area
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GLMs

MAC were related to NNMAC, HER and DEP in
both GLM (Model 1 for Gaussian distribution, Model
2 for Poisson distribution, Table 3). However, the
GLM for the Gaussian distributed data was the most
parsimonious (lowest AIC), while this model ex -
plained 50% of the variance in MAC.

DISCUSSION

Harbour porpoises, mackerel and herring did not
distribute evenly within the Kattegat and Skagerrak
during the studied summer period, and positive rela-
tionships were found between porpoises and herring,
between mackerel and herring and depth and be -
tween herring and depth. Consequently, we ac cept
our hypothesis that harbour porpoises and mackerel
were positively related to herring densities, which in
turn are positively related to water depth.

This is the first demonstration of a direct relation-
ship between harbour porpoises and a specific prey
species. Satellite tracking of harbour porpoises in
these waters has revealed a seasonal change in dis-
tribution, with porpoises congregating near Skagen

and along the Norwegian Trench in the Skagerrak
during spring and summer (Sveegaard et al. 2011a).
Here, their distribution overlaps with the BSSS her-
ring in June and July, when the herring migrate from
the North Sea through the Skagerrak to their spawn-
ing sites in the western Baltic (Nielsen et al. 2001).
This indicates that porpoise migration may be driven
by the arrival of herring in the Skagerrak and that
porpoises stay in the area until the herring move
south into the Baltic.

We found mackerel density to be related to herring
distribution and depth. The majority of mackerel
(89%) in the acoustic surveys were medium-sized
fish of 20 to 30 cm. Mackerel of this size are 0 to 2 yr
old and prey on small fish (<10 cm, primarily herring)
and crustaceans (primarily the copepod Calanus fin-
marchicus; Dahl & Kirkegaard 1986). C. finmarchicus
is also a primary prey of herring (Corten 2001, Broms
et al. 2012), and prey competition between these 2
species has previously been suggested (Prokopchuk
& Sentyabov 2006). The relationship found between
mackerel and herring may thus combine mackerel
preying directly on herring, and their simultaneous
competition with herring for copepods. The spatial
distribution and dietary preferences of mackerel and
herring were recently studied in the Norwegian Sea
(Langøy et al. 2012). There, only limited overlap
between the 2 species and no predation of mackerel
on herring were found, suggesting that drivers for
mackerel distribution may change both spatially and
temporally.

Both mackerel and herring densities are corre-
lated with depth, and their distributions correspond
to 2 major upwelling zones: the Northern Kattegat
front, which separates the surface water in a strong
salinity gradient between the Kattegat (26‰) and
Skagerrak water (34‰), and the Norwegian Trench,
representing a steep drop from about 100 to 700 m
in depth (Danielssen et al. 1997, Jakobsen 1997).
Both areas are biologically productive with enhanced
primary production due to upwelling of nutrients
(Pingree et al. 1975, Wolanski & Hamner 1988),
making the areas attractive for marine predators
like the harbour porpoise. Aggregations of fish and
harbour porpoises have previously been found in
connection to oceanic fronts. In the north-western
North Sea, herring prefer zooplankton-rich waters
at depths between 100 and 150 m (Maravelias et al.
2000). Johnston et al. (2005) examined the move-
ment of 6 satellite tagged harbour porpoises in the
Bay of Fundy and found that they preferred regions
with strong currents, where prey aggregate in large
numbers. Skov & Thomsen (2008) found that small-
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GLM          Model variables                          AIC
ID

1        MAC~NNMAC***+HER***+DEP**   1885.874
(Gaussian)

2        MAC~NNMAC***+HER***+DEP**   1503414.303
(Poisson)

Table 3. Summary of a generalized linear model (GLM) for
describing the distribution of mackerel density. Model vari-
ables are mackerel density (MAC), nearest neighbour
mackerel (NNMAC), herring density (HER), and average
depth (DEP). AIC: Akaike information criterion. *p < 0.05, 

**p < 0.01, ***p < 0.001

Hurdle         Model variables                            AIC
ID

1          POR~NNPOR***+HER**+DEP+BinNN*  408.838
2          POR~NNPOR***+HER**+BinNN*            408.674

Table 2. Summary of Hurdle models for describing the dis-
tribution of harbour porpoise locations. Model variables are
locations of harbour porpoises (POR), nearest neighbour
porpoises (NNPOR), herring density (HER) and average
depth (DEP). Bin: binary part of data, AIC: Akaike infor-

mation criterion. *p < 0.05, **p < 0.01, ***p < 0.001
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scale changes in local currents caused by tidal cur-
rents in an area with steep changes in bathymetry
were the main factors associated with porpoise
presence. They further suggested that feeding at
predictable frontal structures with increased prey
availability may be a beneficial foraging strategy, as
it reduces the foraging area of the porpoises. It
would have been interesting to include variables
representing fronts and currents in our study, but
since data were pooled over 3 mo in order to obtain
sufficient harbour porpoise location data, this was
not feasible. Furthermore, pooling of data on cur-
rents and fronts over a longer time span makes  little
sense, as these factors may change daily.

The choice of spatial and temporal scale may affect
our results since prey and predator patchiness may
change over different scales. For instance, Bailey &
Thompson (2009) found that porpoise distribution
was only significantly related to the environmental
variables sand, distance to coast and depth when
these were measured on a grid scale of 1 × 1 km and
2 × 2 km, but not on a 4 × 4 km grid scale. Optimally,
different scales should be included in the models. In
this study, however, the spatial coverage of the
acoustic surveys was planned for large-scale estima-
tion of fish abundance, which made analysis on
smaller spatial scales impossible. Nevertheless, since
herring, mackerel and harbour porpoises move sev-
eral thousand kilometres every year, their spatial dis-
tribution is likely to be associated with environmen-
tal features that can be measured at this scale.

Temporal scale (resolution in time) is another influ-
ential factor since variations in climatic factors,
weather conditions and prey movement from year to
year may cause a temporal shift in the onset of her-
ring migration (Broms et al. 2012). However, this
study was restricted by the number of harbour por-
poise satellite locations, which would be inadequate
for comparing shorter time intervals.

The results of this study are only applicable to the
summer season and probably only within the defined
study area because variables determining the pres-
ence of prey may change according to prey species,
area, season and even spatial scale. Still, the positive
correlation found between the distribution of 2 mar-
ine predators and 1 of their prey species gives us a
unique insight into the tight coupling between pred-
ators, prey and the spatial distribution of environ-
mental variables. Clearly, herring densities do
explain a substantial part of the variation in the sum-
mer distribution of harbour porpoises at the studied
spatial scale. The relationship between densities of
mackerel and herring is less evident, and the influ-

ence and distribution of their common prey species
Calanus finmarchicus needs to be examined further.

Our results may allow for implementation of sys-
tem-oriented management of marine mammals and
fish. The highest number of porpoise locations was
found near Skagen, and in 2010, this area was desig-
nated as a ‘Special Area of Conservation’ for harbour
porpoises according to the EC Habitat Directive
(92/43/EEC). Based on our findings, we advocate that
the management of harbour porpoises should include
monitoring and management of important prey spe-
cies. This will be in concordance with the EU Marine
Strategy Framework Directive (adopted in June 2008;
2008/56/EC) aiming to protect the marine environ-
ment across Europe and to achieve good environ-
mental status of the EU’s marine waters by 2020
by adopting an ecosystem management approach. Si-
multaneous monitoring of predator and prey will fur-
ther aid the understanding of their interactions and
influence on each other’s distribution. More research
is needed to fully understand the predator−prey rela-
tionship between harbour porpoise, mackerel and
herring. However, our findings provide new insight
into the interplay between 2 important marine preda-
tors and their prey, and other  similar studies might
help uncover the ecological complexity underlying
the distribution of marine  species.
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Appendix 1. Evaluation of model fits and autocorrelation structure

Fig. A1. Phocoena phocoena and Scomber scombrus. Predicted number of observations vs. observed number of observa-
tions per quarter ICES square displaying (A) number of harbour porpoises predicted with the Hurdle test (formula = POR ~
NNPOR + HER + DEP) and (B) number of mackerel predicted with the generalized linear model (MAC ~ NNMAC + HER
+ DEP, family = Gaussian). The predicted and observed numbers of porpoises were highly correlated (Pearson r = 0.64; 

Spearman rho = 0.76), and the same was true for mackerel (Pearson r = 0.71; Spearman rho = 0.76)

Fig. A2. Phocoena phocoena and Scomber scombrus. Correlograms for (A) harbour porpoise and (B) herring. Significance 
levels for Pearson correlations at different lag distances are indicated by each point
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