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Fisheries independent monitoring of widely distributed pelagic fish species which conduct large seasonal migrations is logistically complex and
expensive. One of the commercially most important examples of such a species in the Northeast Atlantic Ocean is mackerel for which up to recently
only an international triennial egg survey contributed to the stock assessment. In this study, we explore whether fisheries acoustic data, recorded
opportunistically during the English component of the North Sea International Bottom Trawl Survey, can contribute to an improved understanding
of mackerel distribution and provide supplementary data to existing dedicated monitoring surveys. Using a previously published multifrequency
acoustic mackerel detection algorithm, we extracted the distribution and abundance of schooling mackerel for the whole of the North Sea during
August and September between 2007 and 2013. The spatio-temporal coverage of this unique dataset is of particular interest because it includes part
of the unsurveyed summer mackerel feeding grounds in the northern North Sea. Recent increases in landings in Icelandic waters during this season
suggested that changes have occurred in the mackerel feeding distribution. Thus far it is poorly understood whether these changes are due to a shift,
i.e. mackerel moving away from their traditional feeding grounds in the northern North Sea and southern Norwegian Sea, or whether the species’
distribution has expanded. We therefore explored whether acoustically derived biomass of schooling mackerel declined in the northern North
Sea during the study period, which would suggest a shift in mackerel distribution rather than an expansion. The results of this study show that
in the North Sea, schooling mackerel abundance has increased and that its distribution in this area has not changed over this period. Both of
these findings provide, to our knowledge, the first evidence in support of the hypothesis that mackerel have expanded their distribution rather
than moved away.

Keywords: feeding season, fisheries acoustics, NEA mackerel, North Sea, Scomber scombrus, ships of opportunity, widely distributed species.

Introduction
Mackerel (Scomber scombrus) is one of the most valuable commer-
cial pelagic fish species in Northeast Atlantic (NEA) waters, but it
also plays an important role in the ecosystem acting both as predator
of zooplankton and small pelagic fish (e.g. Pepin et al., 1987;
Knudsen et al., 2009; Langøy et al., 2012) and, in turn, providing
food for apex predators such as marine mammals (De Pierrepont
et al., 2005; Spitz et al., 2013), birds (Garthe et al., 2007) and
pelagic sharks (Stevens, 1973; Ellis and Shackley, 1995). Effective
management is therefore of crucial importance. However, mackerel
is one of the most widespread pelagic species in the NEA Ocean,

conducting large seasonal migrations which makes monitoring lo-
gistically complex and expensive. NEA mackerel are considered to

consist of three spawning components. The largest one spawns in

western waters (“western” mackerel) along the edge of the continen-

tal shelf from the northern Scottish coast south to the Bay of Biscay.

The highest egg densities are found to the west and south of Ireland

(ICES, 2011a). Mackerel spawning north of the Iberian Peninsula

are considered a separate stock (“southern” mackerel), although the

scientific evidence of this is not conclusive: while genetic studies

support this separation (Nesbo et al. 2000), tagging studies suggested

mixing occurred during the feeding season (Uriarte et al., 2001).

#Crown copyright 2015.
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A third much smaller population spawns in the North Sea. Recent
work comparing larval time series between the 1950s and 1970 s
suggested that the spawning dynamics are more complicated and
that the North Sea spawning stock should not be considered an iso-
lated natal homing stock but instead is linked with the western
spawning population (Jansen and Gislason, 2013).

Until recently, the only fisheries independent survey used for
management of the NEA mackerel stockswasthe triennial egg survey
(ICES, 2014a), which estimates total egg production through an ex-
tensive international collaborative survey effort every 3 years. The
survey has provided a valuable time series of mackerel spawning in-
formation covering several decades. However, the recent surveys
covering the spawning area in western waters found that the distri-
bution of mackerel eggs extended further west than had previously
been observed (ICES, 2011a) and that spawning has started earlier
(ICES, 2011a) posing challenges to the survey design. In the North
Sea, an analysis of a mackerel larvae time series obtained from the
continuous plankton recorder suggested that the mackerel spawn-
ing area had shifted from the traditional area in the central North
Sea to western and southern parts (Jansen et al. 2012a). Hence,
achieving full spatial coverage may be challenging for both the
North Sea- and the western shelf triennial egg surveys given changes
in spawning mackerel distribution. Furthermore, recent work indi-
cates that mackerel may be indeterminate spawners and that it may
therefore not be possible to estimate fecundity, a key parameter to
convert egg abundance into spawning-stock biomass (SSB; ICES,
2011a). The details on the possible implications for management
are not known, but it highlights the need for additional data sources.

The changes in spawning locations are just one example of the
seeming adaptability of NEA mackerel behaviour to changing con-
ditions (Trenkel et al., 2014). During the last decades, several
changes have been observed in the temporal and spatial patterns
of NEA mackerel (Jansen et al., 2012b; ICES, 2013a). One of the
most significant of these changes took place in the North Sea in
the 1970s when the local spawning stock collapsed (Lockwood,
1988; Jansen et al., 2012a; Jansen, 2014). Despite large numbers of
western mackerel migrating into the Northern North Sea during
autumn and winter (Reid et al., 2003, 2006), and a fishing ban
during the early part of the year, there has been no sign of recovery
of the North Sea stock. Reasons for this have been attributed to pos-
sible decreases in foraging opportunities due to increased wind-
induced turbulence and decreasing zooplankton concentrations
(Jansen, 2014). Another factor could have been the fishery in the
northern North Sea during autumn and winter which targeted
mackerel which could have otherwise contributed to spawning in
the North Sea (Jansen and Gislason, 2013).

Despite the poor state of the North Sea spawning component, the
North Sea has remained important for NEA mackerel. In July and
August, after spawning, the western population enters summer
and autumn feeding grounds in the southern Norwegian Sea
and the northern North Sea. Here the post-spawning mackerel
from the west mix with those from the North Sea (Uriarte et al.,
2001). The extent of this mixing cannot be quantified at present
due to a lack of methods for assigning individual mackerel to spawn-
ing components (Jansen and Gislason, 2013).

In the last few years, changes in the summer distribution of NEA
mackerel were reported. Commercial landings suggested prevalence
of mackerel in Icelandic waters (Astthorsson et al., 2012; ICES,
2013a). While mature mackerel had traditionally been found here
numbers were generally small. The start of a warm period from
the mid-1990s coincided with an increase in mackerel landings.

More recently, also 0- and 1-groups mackerel have been observed
in the area (Astthorsson et al., 2012). The increase in mackerel
around Iceland during the summer feeding season meant that
mackerel distribution has extended beyond the area regulated in
the original management plan (ICES, 2013a). This has led to scien-
tific and political disagreements about quota shares between the
respective countries (e.g. http://www.bbc.co.uk/news/uk-scotland-
north-east-orkney-shetland-26554619). One of the questions at the
heart of this disagreement is whether this change is the result of a
shift in distribution away from the North Sea or the result of a
(north-) westward expansion of the western fraction of the NEA
mackerel population. The relative distribution and biomass of
mackerel in the waters of the various fishing nations targeting mack-
erel is likely to affect any future negotiations between parties.
Furthermore, theoretical modelling (Hannesson, 2013) has high-
lighted the importance of the nature of the migration as a factor
in determining the bargaining position of each of the parties, distin-
guishing between density-dependent migration where the mackerel
migrates only if it exceeds a threshold density, or stochastic migra-
tion where migration is “random”, directed by oceanographic con-
ditions that vary randomly. Apart from the political significance, the
important ecological role of mackerel in the North Sea ecosystem
suggests that any changes in its distribution will have consequences
for other species as well. Information on the distribution and
biomass of mackerel in the most important feeding areas of the
North and Nordic Seas is therefore required. A new international
survey in Nordic waters started in 2007 and aimed, among others,
at estimating the biomass of the main pelagic fish stocks using a
swept-area approach from a number of predefined surface tows
(IESSNS; ICES, 2014a). Preliminary results suggested the presence
of large numbers of mackerel in the more northwestern waters of
its distribution, including the Norwegian Sea. However, that
survey series in its current form is relatively short (one survey in
2007 and annually from 2010 onwards) and spatial coverage has
been variable, so the results from new methodologies need to be
compared with and combined with those from other methods for
the stock assessment to be reliable. Crucially, the survey does not
routinely cover the northern North Sea, traditionally an important
area for mackerel feeding. Although existing pelagic surveys in the
area have started to widen the scope beyond the original target
species (e.g. North Sea pelagic survey HERAS; ICES, 2015), there
are no dedicated fisheries independent surveys targeting mackerel
during summer in the North Sea. In addition, even if sufficient
funds were available to conduct a survey that would cover the
entire distribution of mackerel, there is currently no single accepted
method that adequately assesses mackerel in the various areas of
its distribution due to the regionally different feeding behaviours
and differences in vertical distribution within the water column
(Anon., 2009). It is nonetheless important to have a better under-
standing of mackerel distribution at this time of year as from 2010
to 2013 half of the total annual commercial mackerel landings
were taken during the summer feeding period (Quarter 3, ICES,
2013b). Perhaps without an improved understanding necessary to
underpin management, continued changes in mackerel distribution
may lead potential new mackerel fishing nations to set their own
quota to the detriment of the NEA mackerel population.

In this study, we present a new time series of mackerel data from
the North Sea during the summer feeding season. The data were
obtained by applying an existing mackerel detection algorithm to
multifrequency acoustic data, opportunistically recorded aboard
the annual August North Sea International Bottom Trawl Survey
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between 2007 and 2013. It offers a unique opportunity to investigate
trends in biomass and spatial patterns in the distribution of school-
ing mackerel in this traditionally important feeding area, during a
period when significant changes have been observed in other parts
of its range. Specifically, we aimed to establish whether the recent in-
crease in numbers of mackerel recorded in waters around Iceland
and in the Norwegian Sea were the result of an expansion of the
stock or a northwest-ward shift in distribution away from the trad-
itional feeding area. If these changes were the result of a shift we
expected to observe a decline in annual mackerel abundance in
the northern North Sea, possibly combined with a northward
change in distribution of mackerel in the northern North Sea. The
results are discussed in light of the current knowledge about mack-
erel behaviour during summer.

Material and methods
Survey and acoustic data acquisition
Acoustic data were collected during the Quarter 3 (August–
September) International Bottom Trawl Survey (IBTS; ICES, 2013c).
The Q3 IBTS is an internationally coordinated survey which aims
at providing fisheries independent data to underpin management
of demersal fish species, although pelagic species such as mackerel
are also frequently caught. A range of vessels contribute to this
survey and various components are standardized including the
use of the bottom trawl, the Grand Ouverture Verticale, which has
a vertical opening of 4–5 m. The current study is based on data col-
lected from 2007 to 2013 during the English component of the IBTS,
aboard the RV Cefas Endeavour.

The survey duration is a month, typically starting in the first week
of August every year. It covers �72 standard bottom trawl stations
which are evenly distributed across the entire North Sea (Figure 1).
Multifrequency (38, 120, and 200 kHz) acoustic data were recorded
and provided coverage of the water column across the North Sea
during the steam between stations. Although the order at which
the stations are sampled varies from year to year, the survey generally
starts in the south and gradually moves north by zigzagging across
the North Sea in east-westerly orientated “transects”. The three
split-beam transducers on the RV Cefas Endeavour were mounted
on a drop-keel, deployed at �2 m below the hull (7.7 m below the
surface)andtheirproximitymeetsrecommendationsformultifrequency
data collection with near-optimum beam overlap (Korneliussen et al.
2008). Ping rate was set to 1 s21, pulse duration to 0.512 ms, and
power setting for 38, 120, and 200 kHz to 2000, 250, and 105 W, re-
spectively. The only exception was during 2007 and 2008, when the
pulse duration for the 120 kHz was set to 0.256 ms to correspond to
the settings of the available 120 kHz calibration (Table 1).

Acoustic data acquisition was a peripheral aim during the sur-
vey and consequently lacked some of the operating standards
recommended for dedicated acoustic surveys (e.g. Simmonds and
MacLennan, 2005; Korneliussen et al., 2008). There was for example
no opportunity to conduct echosounder calibrations during the
survey (Foote et al., 1987); acoustic data acquisition was generally
monitored by the scientist in charge after relevant settings (existing
calibration files and above details) had been loaded by an acoustician
at the start of the survey. The unsupervised nature of data acquisition
compromised data quality on some occasions: in both 2009 and
2013 technical issues with the network a few days into the survey
resulted in a loss of data collection for 2 weeks. Noise of an
unknown source interfered with the 200 kHz in 2008 which resulted
in unsuitability of quantitative use of these data. During the first 2

years (2007 and 2008) acoustic data were only recorded during day-
light hours, whereas from 2009 onwards acoustic datawere recorded
continuously for 24 h.

Acoustic processing: extracting schooling mackerel
Frequency-specific calibration settings obtained during calibration
exercises nearest to the specific survey were loaded (Table 1). Acoustic
data were cleaned and processed in Echoview software (Myriax
Software Pty Ltd, Hobart, Tasmania, Australia) which included:
removal of data shallower than13 m,attributed to the7.7 m transducer
depth plus a maximum of �5 m of instable echoes within the nearfield
of the 38 kHz transducer, and ,1 m above the seabed (“deadzone”);
exclusion of pings collected during stationary or slow vessel movement
(e.g. trawling operations) and bad weather. A Background Noise
Removal variable (De Robertis and Higginbottom, 2007), available
in Echoview Software, was applied to the raw 200 kHz Sv echogram.
The algorithm compensates for the effects of noise on echo-integration
data by estimating the mean component attributable to noise, and re-
moving this from the measurements. Importantly, the estimate of noise
was also used to estimate the signal–to-noise ratio (SNR). A threshold
based on the SNR was then applied which improved target detection in
low SNR scenarios: at high frequencies; when acoustic targets are weak
backscatterers, or weakly aggregated; when occurring deeper in the
water column, or a combination of these factors (De Robertis and
Higginbottom, 2007)

Mackerel backscatter was extracted from the fisheries acoustic
data, using an existing multifrequency mackerel detection algo-
rithm (Korneliussen, 2010), which was converted into Echoview

Figure 1. Overview map of the North Sea displaying the bathymetry
and positions of the fixed trawl stations (black dots) of the English
component of the Q3 (August–September) International Bottom
Trawl Survey. Boundaries delineating the three relevant ICES Divisions
(roman numerical) are emboldened; the boundary of the 50 m depth
stratum is represented by the dashed line.
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software. The dominant acoustic feature used in this algorithm to
characterize mackerel was the typical frequency response of mack-
erel at the three operating frequencies. Unlike most other pelagic
fish species, mackerel backscatter is stronger at 200 kHz than at
38 kHz, a feature that is mainly due to the species lacking a swim-
bladder (Gorska et al., 2005). In summary, the algorithm is based
on a stepwise modular sequence of analyses. The two key steps
include: (i) Categorization speedup, which represents a set of
simple tests that are minimum requirements for a multifrequency
datapoint to be considered as mackerel and included a number of
simple threshold rules; (ii) allocation of a mackerel categorization
value, or “similarity number” (S), which consisted of a test at a
pixel level against known acoustic categories and the most probable
acoustic category was connected to that pixel. This resulting
number, ranging from 0 to 1 (with 1 representing “mackerel” and
0 “non-mackerel”), is referred to as similarity because in a mathem-
atical sense it is not a probability (Korneliussen, 2010). The variable
S was the product of three separate components: (i) The relative fre-
quency response similarity (Sr). The implemented values of the ideal
relative frequency response, r( f ), were based on measurements at
sea and in pens (Korneliussen, 2010), but to account for interannual
variation upper and lower bounds of the error-band at each fre-
quency were included. In addition, as the ability of r( f ) to identify
mackerel differs between frequencies, the similarity numbers for
each frequency were weighted. The values at 200 and 38 kHz were
considered most important and were given four and two times
the weight of the values at the less stable 120 kHz (Gorska et al.,
2007), respectively. (ii) The backscatter strength similarity (Ssv),
which avoided very weak or strong scatterers. (iii) The geographical
position similarity (Spos) which was set to 1, reflecting the fact that
the area is well known to be part of Mackerel’s distribution range).

Although the above algorithm was applied at a pixel level, we
focused on the schooling component of mackerel. There is anec-
dotal evidence that during summer at least part of the feeding mack-
erel population in the North Sea is more loosely dispersed. The
relatively weak echoes makes these dispersed mackerel more difficult
to distinguish from zooplankton scattering layers within which they
are feeding, and we therefore could not confidently extract this
mackerel component of unknown quantity. First, all strong marks,
representing fish,weredistinguished fromweakerscatters in avirtual
echogram which displayed the thresholded (2212 dB) sum of the
three frequencies (Fernandes, 2009). Regions were drawn around
all the resulting fish schools, using the SHAPES school detection al-
gorithm (Barange, 1994) available within Echoview software. At this

stage, all fish schools were included, including those with acoustic
properties characteristic of fish with swimbladders. However, only
selected fish schools for which the average pixels within that
school had a similarity value of 0.4 or higher were eventually
retained in the final echogram and defined as mackerel. This
number was chosen based on results from a pelagic survey where
ground-truth hauls of mackerel were available (Peltic survey,
Jansen et al., 2015; ICES, 2015).

The school selection and extraction of mackerel data from the
acoustic data was automated using a scripting module. As this
method resulted in inclusion of small numbers of erroneously
selected regions, a final visual scrutiny was conducted before ana-
lysis. These erroneously selected “schools” were often caused by
interference and bad weather which were easily identified in the
data. However, during the visual scrutiny process, particular focus
was on the possible inclusion of sandeel echotraces, given the fact
that the acoustic signature of sandeel schools (van der Kooij et al.,
2008) has some overlap with those accepted within the error distri-
bution of the mackerel algorithm. As part of this scrutiny individual
frequency response graphs were plotted and were considered in
combination with known behavioural (position in the water
column, proximity to sandbanks, and clustering of schools) and
morphological characteristics of schools. This process was too time-
consuming to apply to the entire dataseries, and as sandeels have a
distinct distribution in the North Sea (Jensen et al., 2011), the
focus was on two key areas in the North Sea where sandeels are
most abundant: the Dogger Bank (in the central North Sea) and
off the Northeast coast of Scotland.

To convert the acoustically derived densities to biomass, stand-
ard methods were used (e.g. Simmonds and MacLennan, 2005).
We extracted the nautical area scattering coefficient (sA) allocated
to mackerel based on the algorithm at 200 kHz rather than the
more conventional 38 kHz. The first reason for this was the possible
inclusion of clupeid pixels within selected mackerel schools, which
would lead to overestimation of mackerel within the school: al-
though the mackerel detection algorithm would score individual
pixels with the properties (S) of clupeids low, for a selected school
to be identified as mackerel the average similarity index for all
pixels within the boundaries of the school was required to be
above the chosen threshold. The risk of occasional inclusion of a
non-mackerel pixel would therefore in theory have been possible,
so long as the average similarity remained within the defined bound-
aries. Although this would result in inflated mackerel backscatter
when exporting either 38 or 200 kHz frequencies, the effects at

Table 1. Calibration settings for the three frequencies aboard the RV Cefas Endeavour.

Transducer type

2006 2009 2012 2013

ES38-B ES120 – 7 ES38-B ES120 – 7 ES200 – 7C ES38-B ES120 – 7 ES38-B ES120– 7C ES200– 7C

Absorption coefficient (dB km21) 9.3 40.4 9.9 33.1 46.7 8.9 42.9 8.2 44.0 67.3
Sound speed (m s21) 1498.9 1498.9 1481.9 1481.9 1481.9 1506.5 1506.5 1516.3 1511.0 1511.0
Pulse duration (ms) 0.512 0.256 0.512 0.512 0.512 0.512 0.512 0.512 0.512 0.512
Power (W) 2000 500 2000 250 120 2000 250 2000 250 105
Transducer gain (dB) 24.57 25.44 24.73 25.44 26.76 24.61 26.3 22.85 26.76 26.79
Sa correction (dB) 20.62 20.79 20.71 20.50 20.35 20.56 20.58 20.87 20.35 20.35
Two wave beam angle (dB) 220.6 220.8 220.6 220.8 220.7 220.6 220.8 220.6 221.0 220.7
Major axis 3 dB beam angle (degrees) 7.14 7.13 6.96 7.00 6.73 7.12 7.04 7.09 6.96 6.80
Minor axis 3 dB beam angle (degrees) 7.16 7.12 7.03 7.06 6.73 7.18 7.13 7.02 6.51 6.49

Please note that the 120 kHz in 2006 was calibrated at a pulse duration of 0.256 ms21. Therefore during 2007 and 2008, the pulse duration for the 120 kHz was
kept at 0.256 ms21, whereas from 2009 onwards the pulse duration for all frequencies was set to 0.512 ms21. In 2012, no successful calibration was conducted on
the 200 kHz echosounder. The 120 kHz transducer was replaced in 2013.
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200 kHz are much smaller because mackerel target strength (TS)
relative to fish with swimbladders could be as much as 8 dB
higher at 200 kHz (Korneliussen, 2010). The second reason for
using the mackerel backscatter at 200 kHz was the likely higher sta-
bility of the mackerel backscatter at 200 kHz than at 38 kHz, due to
potential effects of temperature and fat content on scattering prop-
erties of the flesh, which is dominant at 38 kHz (Gorska et al., 2007,
Korneliussen, 2010). These physical properties could have been the
cause for occasional observations where mackerel schools, present
in the 200 kHz echogram, were not visible at 38 kHz. The only
mackerel TS values published to date are those at the conventional
38 kHz frequency. We therefore used a simple method (Saunders
et al., 2012) to derive a mackerel TS at 200 kHz by using the fre-
quency response equation (Korneliussen and Ona, 2003): r( f ) ¼
sv( f )/sv(38). Here f ¼ 200 kHz and r (200) ¼ 3.4 (Korneliussen,
pers. comm.). This represents 5.31 dB on the logarithmic scale,
which was combined with the existing TS length relationship for
mackerel at 38 kHz according to:

(i) TS38 kHz ¼ 20 log 10(L) 2 86.40 dB (Misund and Beltestad,
1996) becomes

(ii) TS200 kHz ¼ 20 log 10(L) 2 86.40 dB + 5.31 dB which is:

(iii) TS200 kHz ¼ 20 log 10(L) 2 81.09 dB.

We acknowledge that the above method simplifies some of the
complex acoustic properties of mackerel (Nesse et al., 2009), and
considered this an interim solution until ongoing theoretical and
field experiments yield a validated TS value at 200 kHz. To convert
the acoustic density of mackerel to numbers, a mean length was
required. Due to the absence of dedicated pelagic trawls during the
survey, no in situ length frequency data were available. Therefore,
we used length data from the bottom trawl catches of the English
Q3 IBTS during which the acoustic data were collected. However,
as bottom trawl-derived length data were thought not to be fully rep-
resentative of fish size in midwater schools, we also extracted length
data for each of the ICES Divisions, from North Sea mackerel landings
(ICES, 2008, 2009, 2010, 2011b, 2012, 2013b, 2014b) at the same time
of year (Q3: July—September). The landing-derived mackerel lengths
were expected to be overestimates because of a minimum mackerel
landing size of 30 cm in the North Sea. Biomass of the schooling com-
ponent of mackerel was derived by ICES Division for each year using
the associated bottom trawl-derived length data and a fixed length–
weight relationship based on fish collected during the IBTS survey
(Silva et al., 2013).

As mentioned previously, coverage in 2009 and 2013 was incom-
plete for the southern North Sea, resulting in an absence of data for
parts of ICES Divisions IVb and IVc. To ensure the time series was
based on consistent annual survey coverage of the schooling mack-
erel distribution, a stratum was created based on the areas where
depths were .50 m (Figure 1). This stratum overlapped with the
area where most schooling mackerel was present. For this stratum,
an alternative annual biomass estimate of the schooling component
of mackerel was calculated using mackerel length from the survey
trawls within the stratum.

Mackerel biomass and distribution
Spatial patterns in the annual biomass of schooling mackerel in the
North Sea were investigated using the acoustic densities of schooling
mackerel. Schooling mackerel backscatter per ICES rectangle
(18 longitude by 0.58 latitude) were plotted for each of the annual

English IBTS surveys for visual exploration. To assess whether any
shift occurred in the distribution of schooling mackerel from 2007
to 2013, the weighted distribution or centre of gravity was calculated
(Engelhard et al., 2011) using the backscatter values of the annual 1
nautical mile sampling units. Although in 2008 interference pre-
vented the quantitative use of the data, the efficacy of the mackerel
detection algorithm was not adversely affected and hence the distri-
bution of acoustically derived mackerel was included. As the back-
scatter within the schools was likely to be higher due to inclusion
of interference the centre of gravity for 2008 has to be used with
caution.

Trends in schooling mackerel biomass estimates derived in this
study were compared with two time series available for NEA mack-
erel: annual values of the SSB for the western component of NEA
mackerel stock and 3-year values of the SSB for the North Sea com-
ponent, both of which are derived from relevant triennial egg
surveys (ICES, 2011a). The annual values for the western compo-
nent of NEA SSB were derived in the assessment (ICES, 2013b) by
fitting an integrated catch-at-age model following settings defined
by benchmark assessments and which uses the SSB from the
western triennial egg survey as the tuning index (ICES, 2014a).
A similar model is not routinely used for the North Sea SSB and
SSB was therefore only available for every third year.

Results
Schooling mackerel schools were less likely to be found at night com-
pared with during the day (Pearson’s x2 test: x2 ¼ 121.7796, d.f. ¼
1, p , 2.2 × 10216), although there was no significant difference
between the day and night (log-converted) acoustic densities (t ¼
1.1759, p ¼ 0.2437). Due to this diurnal effect and interannual dif-
ferences in temporal coverage (daytime only in 2007 and 2008 vs.
24 h from 2009 onwards), and with an aim to provide a consistent
time series, schooling mackerel distribution and biomass estimates
were based on a subset of the data containing the daytime data only.

Mackerel distribution
The distribution of the acoustically derived schooling component of
mackerel in the North Sea was consistent between 2007 and 2013
(Figure 2). Mackerel schools appeared to be prevalent in the north
of the North Sea (ICES Divisions IV a and parts of b), with a notice-
able absence in the southern North Sea (southern part of IVb and
IVc). The highest acoustic densities were consistently found in the
northern North Sea, particularly off northeastern Scotland/
Shetland and the Norwegian trench. Further south densities of
schooling mackerel were found in the central and western parts of
the North Sea. The centre of gravity by year confirmed very
limited interannual change in mackerel distribution (Figure 3).
The annual centres of gravity based on all data (not shown) and
those based on the data within the stratum (Figure 3) were at
nearly identical positions, confirming that the reduced coverage in
the southern North Sea in 2009 and 2013 did not adversely affect
the results.

Mackerel biomass
Patterns in the acoustically derived biomass of schooling mackerel
remained fairly constant between 2007 and 2010 after which it
increased until 2013 (Figure 4a). The trend was similar when
biomass was calculated based on ICES Divisions and on the
stratum. Between 99.6% (2010) and 100% of all annual acoustically
observed mackerel schools were found within the stratum.
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As expected, mean mackerel lengths by ICES Division were
consistently higher in the commercial landings compared with
those from the bottom trawls, apart from IVb in 2013 (Table 2;
Figure 4b). The highest mean length was in 2007 (35.13 cm, IVa)
and the largest length difference between the two datasets was in
IVb in 2012 (DL ¼ 7.0 cm). Within both datasets, the largest mack-
erel were found in the northern North Sea (IVa, Table 2). The
bottom trawl-derived mean lengths for the three divisions showed
similar trends over the study period; increasing from 2007 to
2010, followed by a drop in mean length and increasing again in
2013. The landings derived lengths for IVb and IVc showed
similar pattern as those from the bottom trawls, although they did
not increase in 2013. In contrast, mean mackerel lengths from the
commercial data for division IVa gradually decreased over the
time series (by a total of 1.5 cm). The total acoustically derived

biomass values for the North Sea based on commercial length
data (Table 2) were, on average, �140 kt higher than those pre-
sented here (based on bottom trawl catches; Figure 4a). However,
the offset varied between years with the largest difference in 2012
(354 kt). Consequently, despite similar overall patterns in the
biomass time series based on landings derived length data, a reduc-
tion in the increase between 2012 and 2013 was observed, compared
with the biomass trends based on the survey trawl-derived lengths
(Table 2).

Mackerel biomass trends derived from other sources are shown
for comparison in Figure 4c and d for the period 1999 to 2013.
The SSB estimates based on the western egg survey remained
below 2500 kt until 2007. From 2007, it increased sharply until its
peak in 2011 (�5000 kt) after which numbers fluctuated at high
levels of �4500 kt (Figure 4c). The biomass of the North Sea SSB

Figure 2. Annual maps of daytime acoustic densities of schooling mackerel at 200 kHz per ICES statistical rectangle (legend: log mean sA in m2

nautical mile22) as derived from the Q3 International Bottom Trawl Surveys (2007–2013). Data were log transformed to enhance visibility of spatial
patterns.
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showed an increase up to 2005, followed by a strong decrease to 2008
and a small increase in 2011 (Figure 4d).

Discussion
In this study, we set out to investigate mackerel dynamics during the
summer feeding period in the North Sea using a unique 7-year
acoustic dataseries, recorded opportunistically during the Quarter
3 (Q3) IBTS. To provide a consistent time series, two modifications
were made to the data to address the interannual variability in tem-
poral (daylight vs. 24 h sampling) and spatial (survey coverage)
sampling. The former was addressed by focusing only on the acous-
tic data collected during the daytime and the latter by creating a
stratum, consistently covered during all surveys, where the vast ma-
jority (.99.6%) of schooling mackerel were present. The time series
(2007–2013) of acoustically derived biomass of schooling mackerel
showed relatively little change from 2007 to 2010 after which a
strong increase was observed. The absence of a decline in mackerel
abundance in the northern North Sea provides strong evidence
that the reported increase of mackerel in waters outside of the
study area (north and northwestwards) is due to an expansion in
the distribution of this species rather than a northwards shift. In
addition, the results showed no substantial change in the distribu-
tion of mackerel schools in the North Sea during summer.

Mechanisms driving mackerel expansion
The reasons for the expansion of mackerel feeding areas to the north
and northwest of the current study area are not fully understood, al-
though combined effects of environmental conditions and an in-
crease in the mackerel stock size are likely to play a role (ICES,
2013a). The SSB of NEA mackerel stock in the last 6 years has

been at its highest for the last three decades. This has inevitably
led to an increasing pressure on local food resources and, possibly
compounded by small numbers of zooplankton prey in some
parts of its traditional habitat (Norwegian Sea, ICES 2013d), is
likely to have driven this expansion (Astthorsson et al., 2012; ICES,
2013a, Olafsdottir et al., 2016). As temperatures have increased in
the north and northwestern extremities of the species’ distribution,
where colder temperatures were previously a limiting factor (ICES,
2013a), mackerel have been able to expand their range. The density-
dependent effects were corroborated by recent studies which found
strong negative correlations between stock size and growth of both
juveniles and adults (Jansen & Burns, 2015; Olafsdottir et al., 2016).

Summer mackerel migration and distribution
in the North Sea
Mackerel from the western NEA spawning component migrate into
the North Sea during summer and mix with those spawning in the
North Sea, yet little is known about the extent of this mixing. We
speculate about which component of the population is schooling
and therefore captured in the acoustic data. The distribution of
schooling mackerel in the North Sea appeared to be associated
with those areas that are dominated by inflow of Atlantic water:
the Fair Isle current between Orkney and Shetland, the East
Shetland Atlantic Inflow, and the inflow near the Norwegian Deep
(e.g. Reid et al., 1997). The southernmost schools in the west of
the North Sea appeared to spatially overlap with the Scottish
Coastal water current which runs south along the UK east coast
until it meets the mixed waters off Flamborough (Turrell, 1992;
Brown et al., 1999). This association with inflow of Atlantic waters
from the north could suggest that most schooling mackerel were
those from western waters rather than the North Sea.

A comparison between the acoustically derived biomass index
with the western and North Sea SSB time series, suggested that the
acoustically derived schooling index best resembled the trends in
western NEA mackerel SSB. Both show an increase during the
study period although for the acoustic index the period of strongest
increase is between 2010 and 2013, whereas the western SSB appears
to stabilize after 2011. The North Sea SSB shows a different pattern
with a strong decrease before 2008 and only a small increase from
2008 to 2011. Due to the limited coincidence of the two time
series, and, for the NS SBB, limited resolution, as well as uncertain-
ties in the acoustic index, no further analysis was conducted but
these results could be further evidence that the schooling compo-
nent of mackerel in the North Sea is dominated by specimens that
migrated from the western waters after the spawning season,
rather than mackerel that spawn in the North Sea.

The continued increase in schooling mackerel biomass after
2011 is not reflected in the western SSB, which instead shows limited
change between 2011 and 2013. This increase of mackerel in the
North Sea relative to the SSB could be explained by a possible
forward shift in timing of southward migrating mackerel that have
been feeding in the Nordic seas. A density-dependent effect, demon-
strated by observed reductions in mackerel growth and weight at
length (Olafsdottir et al., 2016), could have driven a premature mi-
gration of mackerel feeding in Nordic waters southward to the nor-
thern North Sea, in search of feeding grounds. Although this is
possible, in 2013 schooling mackerel biomass in the northern
North Sea (IVa) actually showed a decrease in growth, while the in-
crease in mackerel biomass in the central North Sea (IVb) acceler-
ated. This suggests that the same density-dependent processes that

Figure 3. Annual-weighted mean distribution (centre of gravity) of
acoustically derived mackerel schools in the North Sea within the
stratum.
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forced mackerel to expand north and west ward also could have led
mackerel to expand southward in 2013.

Effects of mackerel schooling and phenology
We emphasize that the trends in biomass and patterns in distribu-
tion presented here were based on the acoustically derived schooling
mackerel only and dispersed mackerel were not included. Previous
reports suggested that mackerel in the North Sea were mainly dis-
persed throughout the water column during summer (Anon.,
2009). The presence of significant amounts of schooling mackerel
suggests that mackerel feeding behaviour in the north of the

North Sea (Misund, 1988, 1993) may instead be more comparable
with that in the Norwegian Sea, where mackerel were found school-
ing, although predominantly in the top 40 m of the water column
(Godø et al., 2004). However, mackerel were caught, often in
small numbers, at most bottom trawl stations in the North Sea, in-
cluding in the south (not shown), which confirms that not all mack-
erel were captured by acoustic methods. Trawl and acoustic methods
sample different components of the water column: the acoustic data
covered all but the top 13 m below the surface and a small “dead-
zone” above the seabed. The bottom trawl catches in contrast
sampled from the seabed to �4 m above it and previous studies,

Figure 4. (a) Trends in acoustically derived schooling mackerel biomass collected during English IBTS (2008 was omitted for reasons discussed in
the text) using mean mackerel lengths based on IBTS trawl catches (England only). (b) Mean mackerel lengths based on IBTS trawl catches (England
only) during Q3 IBTS (solid lines) and from the commercial landings data during Q3 (dashed lines). (c) Annual estimates of SSB of western NEA
mackerel (ICES, 2014b). (d) SSB of North Sea Spawning component derived from triennial egg survey, calculated for every third (survey) year (ICES,
2012). Note the different scaling on the x- and y-axis. North Sea subareas indicated by colours in legend.
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comparing concurrently collected acoustic and trawl data above the
seabed on the North Sea IBTS, found no clear relationship between
the two (e.g. Mackinson et al., 2005).

We did not conduct a quantitative analysis on the mackerel
caught in the bottom trawl because of the relatively small compo-
nent of the water column sampled by this gear and, more important,
because mackerel exhibit strong avoidance behaviour to most
methods of trawling (Slotte et al., 2007). However, in the absence
of midwater trawls on acoustically detected mackerel schools, we
did use the bottom trawl catches to extract mackerel length data
for the biomass calculations and it is likely that the larger faster
swimming fish were not well represented in the catch. This is con-
firmed by the higher mean mackerel lengths in commercial landings
and suggests that the presented biomass values were underestimates.
However, given the enforced minimum landing size for mackerel in
the North Sea, “true” mackerel length values probably lie some-
where in between the two. Despite the higher biomass values
using lengths from the commercial catches, the general trends in
mackerel biomass remained the same, other than a slight decrease
in biomass growth in 2013. Another factor that may have influenced
the observed trends in biomass is the fact that a fixed length–weight
relationship for mackerel was used, based on ten years of bottom
trawl survey data in the North Sea. Recent observations of a reduc-
tion in mackerel mean weight at length in the northern North Sea
(Olafsdottir et al., 2016) would results in a reduction of the increas-
ing trend in biomass towards the end of the time series. Both these
uncertainties would be resolved by conducting pelagic trawls on
mackerel schools during the IBTS.

The absence of acoustic data from the surface waters will have led
to undersampling of mackerel. A recent case study (ICES, 2014a)
compared the vertical distribution of acoustically derived mackerel
schools in the northern North Sea from the 2013 North Sea herring
survey and from the 2013 IBTS survey, with the swept-area-based
mackerel estimates from the surface tows (estimated to sample the
top 0–30 m) of the 2013 IESSNS survey which in this year also
covered part of the northern North Sea. It concluded that the

surface blind-zone was important for mackerel but it also demon-
strated that, unlike in the Nordic Seas, the majority of mackerel in
the northern North Sea were located below the area sampled by
the surface trawl and were therefore available for acoustic sampling
techniques. The current study demonstrated that a significant frac-
tion of the stock aggregated in schools in the North Sea during
summer which, to our knowledge, extended further south than
has previously been reported.

Quality of acoustic data
The acoustic data from which mackerel biomass and distribution
datawere derived were opportunistically collected as part of an exist-
ing bottom trawl survey. Therefore, some of the conditions at which
the data were recorded did not necessarily meet those that are aimed
to be achieved during dedicated acoustic surveys. This includes the
absences of a systematic survey design which is usually applied: as
the acoustic densities recorded during steaming are expected to be
representative of the mean acoustic densities for a certain area,
bias due to over (or under-) sampling of specific habitats, is gener-
ally reduced by conducting parallel transects across bathymetrical
features. In this study, the surveys’ tracks followed a more random
approach, resulting from the direct steam from one bottom trawl
station to the next. However, as the survey track was conducted
without any prior knowledge of mackerel distribution and because
the trawl stations were evenly distributed across the North Sea, the
resulting survey track covered the ICES rectangles evenly and with-
out bias. Another important factor that could have affected the
acoustic results was the absence of a dedicated calibration. However,
as calibration settings conducted during other surveys (on the
same vessel) were loaded, biofouling was regularly removed from
the transducers, and as the Simrad EK60 system has been shown
to be stable with minimal changes in transducer gain (Knudsen,
2009), we argue that it was justified to use the biomass estimates
as a comparable and relative index. Ongoing theoretical work on
the Target Strength of mackerel at 200 kHz will further contribute
to more accurate acoustic biomass estimations. Misidentification
of mackerel schools was also considered a source of uncertainty in
the data. The algorithm has been demonstrated to correctly identify
94% of schools (Korneliussen, 2010) when using six operating fre-
quencies. In this study, the algorithm was based on three frequencies
and although that included the most important 38 and 200 kHz,
several other schooling species have a frequency response that lies
within the permitted error range of those described for mackerel
Sandeels (Ammodytes spp.) generally have a stronger backscatter
at 120 kHz than at 38 kHz (van der Kooij et al., 2008) although
this is size dependent and particularly valid for 1-year-old fish
(Johnsen et al., 2009). Because the mackerel algorithm included
error bands, in theory some sandeel backscatter could have been
(mis)identified as mackerel. However, the visual scrutiny process
found no sandeel schools among those automatically classified as
mackerel, and the complete absence of schools classified as mackerel
(correctly or not) in one of the key sandeel habitats (Dogger Bank)
confirmed that erroneous inclusion of sandeels elsewhere was un-
likely to have played a significant role. Preliminary results on the fre-
quency response of horse mackerel (Trachurus trachurus) show that
the backscatter at 200 kHz is also higher than at 38 kHz (Fernandes
et al., 2006), although on average no more than 1.5 times. It is there-
fore possible that small numbers of schools are misidentified.
Addition of more frequencies would reduce the uncertainty, as
would the use of pelagic ground-truth hauls. Given the success of
the algorithm during other surveys where ground-truth hauls

Table 2. Mean lengths (cm) and associated biomass (t) obtained
from trawl survey catches and commercial landings, for ICES
Divisions and years where acoustic backscatter was extracted on
schooling mackerel.

Year ICES Division

Trawl survey
Commercial
landings

Length Biomass Length Biomass

2007 IVa 29.76 412 929 35.13 498 516
IVb 26.65 53 494 28.33 57 334

2008 IVa 28.71 – 34.99 –
IVb 27.50 – 29.08 –

2009 IVa 29.90 473 045 34.72 560 575
IVb 27.65 335 470 31.65 391 116

2010 IVa 31.88 547 880 34.34 596 171
IVb 31.03 78 201 34.47 88 090

2011 IVa 31.33 949 272 34.64 1 064 015
IVb 26.47 77 643 32.89 99 338

2012 IVa 28.97 1 450 563 34.48 1 767 507
IVb 25.44 116 960 32.46 154 201

2013 IVa 31.59 1 668 182 33.63 1 791 059
IVb 32.78 562 175 29.57 500 124

Biomass estimates in 2008 were not calculated due to interference in the
acoustic data.
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were available (Peltic survey, ICES 2015; Jansen et al., 2015), we are
confident that the overall classification of mackerel was likely to be
largely correct.

Recommendations
This study has demonstrated benefits of collecting acoustic data op-
portunistically on existing surveys, in this case focusing on a species
which, due to its expansive distribution, large migrations, and re-
gionally varying behaviour, is difficult and expensive to survey by
other means. With increasing focus on more efficient use of costly
research vessel time as well as a drive to concurrent sampling of in-
creasing components of the marine environment it can also contrib-
ute to policy drivers such as the European Union Marine Strategy
Framework Directive, a framework with the overall objective of
achieving or maintaining Good Environmental Status in Europe’s
seas by 2020 (Anon., 2008). The current application is mainly suit-
able to species with unique acoustic properties, particularly when it
is not possible to conduct ground-truth hauls to validate acoustic
marks. Inclusion of additional frequencies would improve the con-
fidence of the acoustic species identification, especially when the
unique frequency responses of different species are more accurately
defined.

The methods presented could be extrapolated to other existing
surveys such as the triennial mackerel egg survey. Although acoustics
are not recorded as standard, the position of plankton stations along
equidistant transects, and the availability of pelagic trawling gear,
currently mainly used to collect biological data on spawning mack-
erel, would make it particularly suitable. Indeed, applications can be
found beyond scientific surveys, with most commercial fishing
vessels using a range of different frequency echosounders. Although
extracting biomass indices from the data will present challenges of a
different nature, such as hyper-stability, they could provide a useful
addition data source, where information is limited.
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