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INTRODUCTION

An understanding of fish distribution and move-
ment is becoming increasingly important for marine
spatial planning and the development of spatial fish-
eries management. Species and life-stages that are
reliant on a particular habitat type or that maintain
spatially persistent aggregations are of particular
concern due to the potential for major and long-term
impacts from anthropogenic activity. Due to these
impacts, legislation has been put in place to protect
essential fish habitat, such as the EU Marine Strategy
Framework Directive (MSFD 2008, Borja et al. 2011)
and EU Maritime Spatial Planning Directive (Dou-

vere 2008). However, as climate change may alter
habitat suitability, advice on protecting habitats must
also consider the scope for environmentally driven
changes in fish distribution.

The protection of juvenile aggregations has re -
ceived widespread support because protecting such
areas of aggregation has the potential to significantly
reduce mortality in fish below the legal landing size
(Apostolaki et al. 2002, Le Quesne et al. 2007). Juve-
niles may also be vulnerable to anthropogenic pres-
sures other than fishing such as underwater noise,
which can cause damage in these early life stages
(McCauley et al. 2003, Oestman et al. 2009). Areas
with aggregations of juveniles that show little over-
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lap with the distribution of adults and persist over the
duration of this life stage are often characterised as
nursery areas (Heupel et al. 2007, Colloca et al.
2009). However, Beck et al. (2001) empha sised that
the most important attribute of a nursery area is in
the contribution it makes to the supply of the
parental stock. The relative contribution of a nursery
area to the parental stock is often assumed to reflect
the density of juveniles, and there is some support for
this assumption based on tracking cohorts using
otolith microchemistry (Fodrie & Levin 2008, Wright
et al. 2010) and the annual persistence of juvenile
aggregation areas (Colloca et al. 2009).

Fish density distribution changes as a consequence
of density-independent (Shepherd & Litvak 2004)
and density-dependent (MacCall 1990) factors. Den-
sity-independent influences affecting habitat prefer-
ence have been widely considered through the use of
distribution models (DMs) that statistically relate the
spatial distribution of a species to environmental
variables (Elith & Leathwick 2009). DMs have been
used to analyse the distribution and persistence of
specific life stages of a species, such as juvenile dis-
tribution or spawning individuals (Le Pape et al.
2003, Lelièvre et al. 2014, González-Irusta & Wright
2016). DMs are particularly informative when spe-
cies are reliant on a physical characteristic, such as a
sediment type needed to bury themselves (Wright et
al. 2000). However, the relationship between local
physical conditions and fish density may be con-
founded by a number of  factors. Oceanographic fea-
tures affecting passive transport of eggs and larvae
may also affect the resulting distribution of settling
juveniles (Pola check et al. 1992, Hinrichsen et al.
2009), and physical constraints such as extremes of
temperature may be limited to certain times of year
and affect only sensitive life history stages. Finally,
the ability of DMs to characterise environmental
preferences may be confounded by spatial density-
dependent processes, un less local density remains a
constant proportion of total abundance (Petitgas
1998). Given all of this, it is im portant to examine
whether juvenile habitat preference changes over
time, what static and transitory environmental condi-
tions characterise this habitat and how density
responds to overall population abundance.

Haddock Melanogrammus aeglefinus is an impor-
tant component of demersal fisheries in the North At-
lantic, and throughout its range there have been at-
tempts to protect undersized individuals using spatial
closures. This is because the extent of discarding or of
by-catch of undersized haddock can be large relative
to commercial catches. For example, more North Sea

haddock from the 1999 year-class were discarded
than the amount landed for human consumption
(ICES 2008). Concern over high by-catch of juvenile
haddock led to area restrictions on the small mesh
fishery for Norway pout in the North Sea (CEC SG-
MOS STEFC 2007), as well as the permanent closure
of the Emerald and Western Banks in the northwest
Atlantic (Frank et al. 2000) and an area of Rockall
Bank (Newton et al. 2008). However, despite the wide -
spread use of spatial management measures, little is
known about the temporal persistence and ontogene -
tic usage of juvenile habitat in haddock. In the North
Sea, haddock occur mainly in the north and central
areas, but can be found as far south as the Humber Es-
tuary (Saville 1959, Hedger et al. 2004). Haddock
spawn from late February through mid-April (Saville
1959, Wright & Gibb 2005) and the larvae metamor-
phose to pelagic juveniles at around 20 to 30 mm in
length and 2 to 3 mo after hatching (Bailey 1975). Ju-
veniles settle from June to August, at a total length of
29 to 80 mm (Bailey 1975, Bromley & Kell 1999, Bas-
trikin et al. 2014). During the 20th century, haddock
reached maturity at age 3, however, following 2 and
half decades of change since the 1980s, those found in
the waters off Scotland are now mostly mature by age
2 (Wright et al. 2011). Haddock feed benthically over
a wide range of sediments in cluding clay, sand and
gravel (Bigelow & Schroe der 1953, Lough et al. 1989),
and aggregations in the North Sea can be on the order
of 100 km across (Fernandes & Rivoirard 1999).

Haddock in the North Sea have been characterised
as a species occupying a cold and narrow thermal
range that is expected to decline due to the regional
warming trend and lack of alternative habitat (Dulvy
et al. 2008, Rutterford et al. 2015). However, these 2
studies only considered distribution at the species
level, which may ignore important ontogenetic dif-
ferences in thermal tolerance (Rijnsdorp et al. 2009).
Differences in thermal use linked to reproductive
state have been found in haddock (Waiwood &
Buzeta 1989), highlighting the importance of distin-
guishing habitat preferences in relation to life history
stage. Avoidance of shallow depths <50 m has also
been inferred based on models of physical prefer-
ence (Hedger et al. 2004, Dulvy et al. 2008) but the
reason for this preference has not been explained
and could be correlated with the colder temperatures
that occur in the shallow southern North Sea in win-
ter (see Berx & Hughes 2009).

In this study, we use generalized additive model
(GAM) based DMs to model the distribution of North
Sea haddock from age 0 to 3 over the period 1991 to
1997. In order to consider biomass-dependent spatial
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dynamics, geostatistical aggregation curves and the
spaces selectivity index (Matheron 1981, Petitgas
1998) were used to establish whether local density
re mained a constant proportion of total abundance.
The aim of this study was to estimate (1) the environ-
mental preferences of haddock during the first 3 yr of
life, to determine if these change and (2) the tempo-
ral usage of nursery areas by different year-classes.

MATERIALS AND METHODS

Fish survey data

The abundance of haddock was derived from the
North Sea International Bottom Trawl Survey (NS-
IBTS). Data were downloaded from the DATRAS
database (DAtabase of TRAwl Surveys; www. ices.
dk). The years 1991 to 1997 were selected since
during this period the NS-IBTS included a survey in
spring (quarter 2) and autumn (quarter 4) in addition
to the original survey times in winter (quarter 1) and
summer (quarter 3). The only exception was quarter 4
in 1997 when there was no survey (ICES 2012). The
survey used the Grande Ouverture Verticale (GOV), a
high-headline bottom trawl fitted with a 20 mm cod
end liner. A total of 8 countries were involved in the
survey: France, Germany, Scotland, England, Nether -
lands, Sweden, Denmark and Norway (Fig. 1). Each
ICES statistical rectangle (ICES 2012) was fished by 2
vessels, each from a different country, so at least 2
trawls were performed per rectangle and quarter.
Haddock abundance by ICES rectangle of age 0, 1, 2
and 3 haddock for all quarters and years was calcu-
lated using the specific age− length keys (ALKs) for
each ICES rectangle. There were no ALKs from the
Swedish hauls for age 0 haddock in quarter 3 for 1991,
1992 and 1994; therefore, the mean proportion from
the other years was calculated for each statistical rec-
tangle and used as the proportion value for the statis-
tical rectangles missing in 1991, 1992 and 1994. Swe-
den only contributed 3% to the total number of hauls
in quarter 3, but to confirm that the missing data for
Sweden did not affect the final model, the Swedish
data were randomly resampled with substitution
using bootstrapping to compare with the original
dataset. Any possible effect on the models resulting
from the missing Swedish ALK data was discarded.

Nine different combinations of age (from 0 to 3) and
quarter were analysed (see Table 1). For each of these
combinations, the abundance per haul of haddock at
the targeted age in the associated quarter was calcu-
lated. As the starting point of a surveyed cohort, the

abundance of age 0 haddock in quarter 3 was chosen,
since by that time (summer) almost all juveniles
hatched in that year will have entered their demersal
phase and are of sufficient length to be caught during
scientific trawling (Bastrikinet al. 2014).

Spatial dynamics of juvenile haddock distribution

To determine the relationship between the abun-
dance and spatial distribution of juvenile haddock in
the North Sea, geostatistical aggregation curves and
the space selectivity index (Ssp) were used (Petitgas
1998). Both were calculated for every year within
each age−quarter combination. The curves showed
the proportion of total biomass (P) per surface unit,
which in this study was the number of haddock, as a
function of the proportion of space (hauls) occupied
by this biomass (Tz). Further information on how to
calculate geostatistical aggregation curves can be
found in Petitgas (1998). The Ssp was used in order to
differentiate between different spatial dynamics; it is
a dispersion parameter, analogous to variance, that
informs us about the level of aggregation. Ssp was
calculated applying the formula used by Tamdrari et
al. (2010). To test if there were significant differences
between years, bootstrapping was used for each age−
quarter combination (Petitgas 1998). The dataset for
each age−quarter combination, using all years, was
randomly resampled 1000 times with re place ment.
The P-curves were recalculated using this dataset and
the mean Ssp and 95% confidence intervals were cal-
culated using the boot and boot.ci functions from the
‘boot’ package in R (Canty & Ripley 2015). If the Ssp
value for one of the years fell outside the confidence
interval, the null hypothesis that there was no signif-
icant variation in Ssp among years was rejected.

Environmental data

Environmental data layers of the North Sea were
constructed in ArcGIS 10.0 (ESRI) for the temporally
invariant variables depth, sediment type and spring -
tide (maximum tidal speed during the study period),
following the methods described by González-Irusta
& Wright (2016). In addition, layers for each combina-
tion of year and quarter were constructed in R v.3.0.1
(R Core Team 2013) for the variables salinity and tem-
perature (see Fig. S1 in the Supplement at www. int-
res. com/ articles/ suppl/  m553 p203 _ supp. pdf for an
overview of the environmental layers). Temperature
and salinity layers were calculated using data from
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Fig. 1. Distribution of hauls by country in the North Sea International Bottom Trawl Survey (NS-IBTS) for every quarter, years 
1991–1997 combined (quarters 1–4: winter; spring; summer; autumn, respectively), overlaid on the bathymetry
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the oceanographic model ‘European North West
Shelf− Ocean Physics Reanalysis from METOFFICE
(1985− 2012)’, downloaded from www. myocean. eu.
We used mean values for February in quarter 1, May in
quarter 2, September in quarter 3 and November in
quarter 4. Taking into account the resolution of all the
variables and the errors in the presence data, all layers
were resampled to a final resolution of 3 × 3 km using
the bilinear resampling algorithm tool in ArcGIS.

Data analysis

Statistical analyses were carried out in R v.3.0.1 (R
Core Team 2013). The distribution of juvenile haddock
in the North Sea was modelled using GAMs with the
implementation gam in the package ‘mgcv’ (Wood
2011). To adjust the model to the highly skewed abun-
dance data, we used a 2-step model. First, the proba-
bility of presence was modelled using a binomial
GAM. The inclusion of variables in both models was
analysed using a GAM backwards/forwards stepwise
process based on Akaike’s information criterion (AIC;
Akaike 1974). Then, the abundance (per 30 min of
trawling, rounded to the nearest integer with zeros re-
moved) was modelled using a negative binomial
GAM to correct for over-dispersion (Hegel et al.
2010). These 2 models were then multiplied to pro-
duce the delta model. Before modelling, the explana-
tory variables were checked for any correlation using
variance inflation factors (VIFs; Zuur et al. 2009). The
VIFs were all lower than 3 (Zuur et al. 2010), except
for depth in quarter 3 for the probability of presence
models. To account for this correlation, depth was re-
moved from the probability of presence models of
quarter 3. To check for any spatial autocorrelation in
the residuals, a visual analysis was computed using a
variogram, ap plying the function variogram from the
‘gstat’ package (Pebesma 2004). As all variograms
showed no trend with distance, the spatial autocorre-
lation in the residuals was considered nil in all models
(Diniz-Filho et al. 2003). In addition, the relative im-
portance of the variables was calculated for all the
probability of presence and abundance models com-
paring the explained deviance with or without the tar-
get variable. To avoid overfitting, the complexity of
the smoothers was limited by constraining the number
of knots to 4 (Wood 2004).

The probability of presence and the abundance
models were applied to the GIS layers to generate a
map for each age−quarter combination. The 2-step
model approach was performed for every age−quar-
ter combination, giving 27 models (9 probability of

presence models, 9 abundance models, combined
into 9 delta models). For age1-quarter1, salinity val-
ues lower than 28 were not included in the delta
model to avoid extreme values in the model predic-
tion. In total, 186 models were computed. In order to
delimit the juvenile aggregation areas for each com-
bination of age and quarter and show them on a sin-
gle map, we applied the methodology described in
Colloca et al. (2009) to the delta models. These
authors used geostatistical aggregation curves to
define a threshold at the point where a tangent line
to the curve had a 45° slope. According to these
authors, the 45° point is the exact point at which
there is a change in the spatial distribution of fish
from a dispersed distribution pattern to an aggre-
gated pattern. For fish densities lower than this
threshold, a relative increase in the area is followed
by a proportionally lower increase in the number of
fish included, and vice versa; for values above this
threshold, the increase is higher in the number of fish
than in the area. This threshold was calculated sepa-
rately for each year in each combination of age and
quarter. The threshold was then applied to the delta
models in order to delimit the nursery areas for each
year in each combination of age and quarter. The
value of each cell (Fv) was considered 1 (the cell is
considered suitable for aggregation) if the predicted
abundance in this cell was higher than the corre-
sponding threshold, and 0 otherwise (the cell is not
considered suitable for aggregation). Finally, the
index of persistence (Ii) was computed as:

(1)

where n is the number of years considered. Ii ranged
between 0 (cell i never had a value higher than the
threshold) and 1 (cell i always had a value higher
than the threshold) for each cell in the study area.
The Ii allows us to show one unique map for the spe-
cific combination of age and quarter.

The model evaluation used cross-validation. For
every age−quarter combination the data were ran-
domly divided into a training (80% of the data) and
an evaluation (20% of the data) subset. The predic-
tive ability of the training subset for the probability of
presence models was evaluated by calculating the
kappa value (Cohen 1960) and area under the curve
(AUC; Fielding & Bell 1997). The statistics were
 calculated using evaluate in the R package ‘dismo’
(Hijmans et al. 2011). The abundance model was
evaluated using the Spearman correlation coefficient
between observed and predicted abundance values.
This was also executed for the delta model.
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RESULTS

Model evaluation outcomes are shown in Table 1.
Probability of presence models had AUC values
ranging from 0.73 to 0.91 and kappa values ranged
from 0.28 to 0.72. The explained deviance ranged
from 16.1 to 56.6%. The 3 models with kappa values
lower than 0.4 also showed the lowest ex plained
deviance (<23%); they were models from quarters 2
and 4, which were quarters with the lowest sampling
effort. The Spearman coefficient values for negative
binomial models ranged from 0.44 to 0.58, a narrower
range than the values for the same statistic observed
in the delta models (0.35 to 0.71).

The geostatistical aggregation curves, associated
an nual Ssp values, mean values and confidence
intervals for every age−quarter combination are

shown in Fig. 2. The geostatistical aggregation
curves were similar between years although with a
higher variability of shapes between periods, from
curves with low levels of aggregation (the curves
reach maximum values of P at high values of Tz; e.g.
age1-quarter3 or age2-quarter3) to curves with high
levels of aggregation (maximum P at low Tz values
e.g. age0-quarter4, age2-quarter1, age3-quarter1). For
every age−quarter combination the annual Ssp val-
ues fell within the associated confidence interval,
indicating no significant difference among years.
Most years fell well inside the confidence interval
regardless of the combination of age and quarter,
indicating there were no significant differences in
the aggregation level between combinations of age
and quarter. However, the combinations age0-quar-
ter3, age2-quarter1 and age3-quarter1 had a confi-

dence interval with a lower limit that was
higher than combinations of age1-quarter3

and age2-quarter3 for most years, suggest-
ing there were ontogenetic differences in
the level of aggregation. Overall, the com-
bined analysis of the geostatistical aggre-
gation curves and Ssp values indicate that
the spatial dynamics for every age−quarter
combination corresponds to Dynamic D2:
‘consistent spatial pattern’ (Petitgas 1998,
Tamdrari et al. 2010) and therefore it was
possible to establish that the density at
each point remains a constant proportion
of the population abundance.

Environmental preferences of
juvenile haddock

Depth was the most important variable in
5 of the 6 binomial models that included it
as explanatory variable, and had a signifi-
cant effect in all 6 models (Table 2). In the
binomial models for quarter 3, which did
not include depth, temperature (age1-quar-
ter3 and age2-quarter3) and salinity (age0-
quarter3) were the most important vari-
ables. Salinity, temperature and springtide
were included in all binomial models. Of
the 6 analysed variables, only temperature
(age1-quarter1), salinity (age1-quarter1)
and sediment type (age0-quarter4, age1-
quarter4) were not significant for all the
abundance models (Table 2). The only
variable not included in one of these mod-
els was sediment type in age0-quarter3.
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                           Explained       N          AUC           Kappa     Spearman
                         deviance (%)
                                    
Binomial model (presence)                                                                
Age0-quarter3         45.8         1852   0.88 ± 0.01   0.58 ± 0.02          
Age0-quarter4         16.1         1553   0.75 ± 0.02   0.28 ± 0.03          
Age1-quarter1         23.9         2308   0.80 ± 0.01   0.40 ± 0.03          
Age1-quarter2         21.5         1471   0.73 ± 0.02   0.33 ± 0.03          
Age1-quarter3         56.6         1852   0.91 ± 0.02   0.72 ± 0.03          
Age1-quarter4         22.3         1521   0.78 ± 0.02   0.35 ± 0.05          
Age2-quarter1         27.0         2308   0.80 ± 0.02   0.42 ± 0.04          
Age2-quarter3         55.6         1852   0.91± 0.01   0.71 ± 0.02          
Age3-quarter1         29.4         2308   0.81± 0.02   0.41 ± 0.04          

Negative binomial model (abundance)                                            
Age0-quarter3         38.4         916                                            0.55 ± 0.05
Age0-quarter4         28.9         360                                            0.57 ± 0.09
Age1-quarter1         27.6         695                                            0.43 ± 0.06
Age1-quarter2         21.5         663                                            0.46 ± 0.06
Age1-quarter3         28.3         1087                                            0.52 ± 0.05
Age1-quarter4         42.1         445                                            0.60 ± 0.07
Age2-quarter1         29.2         750                                            0.47 ± 0.06
Age2-quarter3         37.7         1030                                            0.50 ± 0.09
Age3-quarter1         39.2         682                                            0.49 ± 0.05

Delta model (combined)                                                                     
Age0-quarter3                                                                             0.66 ± 0.03
Age0-quarter4                                                                             0.35 ± 0.06
Age1-quarter1                                                                             0.46 ± 0.03
Age1-quarter2                                                                             0.47 ± 0.05
Age1-quarter3                                                                             0.70 ± 0.03
Age1-quarter4                                                                             0.45 ± 0.05
Age2-quarter1                                                                             0.44 ± 0.10
Age2-quarter3                                                                             0.71 ± 0.03
Age3-quarter1                                                                             0.42 ± 0.09

Table 1. Evaluation outcomes for the probability of presence (binomi-
nal), abundance (negative binominal) and the combined delta models.
The probability of presence model was evaluated using kappa and area
under the curve (AUC); abundance and delta models were evaluated by
calculating the Spearman coefficient using cross-validation. Values in 

bold indicate poor model performance
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The relationship between haddock abun dance and
the continuous environmental variables (depth,
salinity, springtide and temperature) for all analysed
combinations of age and quarter are shown in Fig. 3.
The effect of depth on predicted abundance of had-

dock juveniles was consistent across 3 of the 4 sea-
sons (quarters), generally showing a peak around
80 m depth with a negative trend for shallower
depths. The exception was the relationship between
abundance during quarter 3. In that quarter, abun-
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Fig. 2. Aggregation curves for haddock abundance in every year for each age−quarter combination. Curves show proportion
of total biomass (P) per surface unit (Tz). Units for Tz and P are percent. Mean value, 95% confidence interval and annual value 

of space selectivity index Ssp (values in brackets) are shown for each combination of age and quarter
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dance peaked around 120 m, and above 75 m depth,
abundance did not increase for age 0. Salinity had a
positive effect on predicted abundance except in
quarter 1, with no apparent differences among age
classes. The effect of springtide on abundance was
also quite consistent among quarters and ages, with a
negative effect of springtide for values <0.3 m s–1, a
positive effect for values between 0.3 and 0.6 and a
negative effect for values >0.6 for most combinations
of age and quarter. However, age1-quarter3 and
age1-quarter4 showed a slightly different trend (non-
negative trends for values <0.3 m s–1 or >0.6 m s–1).
The effect of temperature on the predicted abun-
dance differed among quarters and ages. In quarter
1, age 1 showed no effect for temperatures from 5 to
8°C and then a positive effect for values >8°C,
whereas the effect for age 3 was exactly the opposite
with a positive effect on abundance for values rang-
ing from 5 to 8°C and no effect for higher values. In
quarter 2, the temperature effect was negative, espe-
cially for values >9°C. In quarter 3, the effect differed
among ages 0, 1 and 2. For age-0 haddock, tempera-
ture had negative effect for values >10°C whereas in
the other ages a negative trend was not observed
until >14°C. Finally, in quarter 4 temperature had

a positive effect on abundance from 10 to 11.5°C
for age 0 and 1, and negative outside this range for
age 1.

The coefficient values for the factors sediment type
and year are shown in Fig. 4. Excluding mixed sedi-
ment (which showed highly varying values), mud
showed the lowest coefficient values for all quarters.
Sand and coarse sand showed similar coefficient val-
ues except in quarter 1 for ages 2 and 3, when the
coefficient for sand was significantly lower than for
coarse sand. Year coefficients showed great variabil-
ity across the studied period (Fig. 4). The 1993 year-
class was weak, as shown by the low coefficient
value for this year for age 0 haddock in quarter 3,
whereas 1994 appeared to be a stronger year-class.

Ontogenetic and seasonal changes in aggregations

The main juvenile aggregation areas for each com-
bination of age and quarter, based on the index of
persistence, are shown in Fig. 5. A value of 1 means
that the area was predicted to be suitable for aggre-
gation in all the years analysed, whereas a value of 0
indicates that the area was never predicted as being
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                                       Presence         Abundance                Presence          Abundance               Presence          Abundance
                                      p         RI             p         RI                 p         RI             p         RI                 p         RI             p         RI

                                        Age0-quarter3                           Age0-quarter4                           Age1-quarter1

Depth                             −         −         <0.001   18.7           <0.001   29.5       <0.001   8.6             <0.001 183.1     <0.001   12.4
Salinity                     <0.001 214.6     <0.001   6.5             0.029   20.3       <0.001   6.2             0.373   11.3       0.099     2.7
Springtide                  0.118     9.6       <0.001   50.3             0.203     3.3       <0.001   5.2             0.043   18.0       <0.001   9.7
Temperature             <0.001 119.4     <0.001   6.7             0.132   20.1       0.037     1.3             0.038     4.3         0.520     1.8
Sediment type           0.0125   10.9           −         −             <0.001   17.1       0.189     3.0             0.040     8.7       <0.001   6.9
Year                           <0.001   93.6       <0.001   39.9                −         −         <0.001   10.1             0.033   13.1       <0.001   19.5

                                        Age1-quarter2                           Age1-quarter3                           Age1-quarter4

Depth                        <0.001   20.5       <0.001   6.1                 −         −         <0.001   10.0           <0.001   58.9       <0.001   8.2
Salinity                       0.002   45.7       <0.001   3.6             <0.001   63.1       0.003     3.3             0.035   25.1       <0.001   6.3
Springtide                 <0.001   38.2       <0.001   6.6             <0.001   46.8       0.003     2.8             0.085     6.4       <0.001   3.8
Temperature             <0.001   22.3       <0.001   4.9             <0.001 274.6       0.016     2.9             0.871   0.02      <0.001   3.7
Sediment type               −         −         <0.001   8.9             0.003   23.4       <0.001   6.8             <0.001   28.0       0.063     3.2
Year                           <0.001   28.4       <0.001   17.4           <0.001 102.3     <0.001   38.6             0.029   12.5       <0.001   23.8

                                        Age2-quarter1                           Age2-quarter3                           Age3-quarter1

Depth                        <0.001 205.1     <0.001   18.1                −         −         <0.001   16.3           <0.001 199.1     <0.001   6.5
Salinity                       0.364     8.1       <0.001   6.3             <0.001   46.2       <0.001   3.7             0.249   11.7      <0.001   7.4
Springtide                  0.002   31.8       0.001     5.8             <0.001   77.8       <0.001   8.9             0.044   14.1       <0.001   8.7
Temperature              0.083     5.2       <0.001   5.5             <0.001 333.5     <0.001   4.6             0.005     8.3         0.014     4.0
Sediment type           0.003   14.8       <0.001   6.3             0.002   15.3       0.002     4.2                 −         −         <0.001   5.9
Year                            0.156     8.9       <0.001   28.2           <0.001   67.5       <0.001   46.2           <0.001   27.0       <0.001   31.5

Table 2. Overview of the p-values and relative importance (RI) for each of the environmental variables (depth, salinity,
springtide, temperature, sediment type) and year on the probability of presence (binomial generalized additive model, GAM)
and abundance (negative binomial GAM) of haddock. Outcomes are shown for every age−quarter combination. The RI is the 

variation in deviance in the specific model after deletion of a variable. Significant p-values (at p < 0.05) are in bold
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suitable. Haddock aggregations were not seen in
the shallower areas of the southern North Sea and
the southern extent of aggregations increased along
the western North Sea between ages 0 and 2. The
main aggregation areas for age0-quarter3 were to the
west and south of the Norway trench, with practically
no areas west of the Fladen grounds (see Fig. S1 in
the Supplement at www. int-res. com/ articles/ suppl/
m553 p203 _ supp. pdf for the location of Fladen

Ground and other geographic features). In the fol-
lowing quarter, aggregations extended west and
south of this muddy area and by age1-quarter3, the
aggregation areas were located mainly off the north-
east UK coast and up to the Northern Isles (Orkney
and Shetland Isles), with only some small aggrega-
tions in the east (south of Viking Bank). This led to an
east− west split in persistent aggregations around the
Greenwich meridian by age 1.
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Fig. 3. General additive model (GAM) smooths showing the effect on the predicted abundance of juvenile haddock for the en-
vironmental variables depth, salinity, springtide and temperature. Smooths are presented for each age and quarter; note that 

the temperature range differs among quarters

http://www.int-res.com/articles/suppl/m553p203_supp.pdf
http://www.int-res.com/articles/suppl/m553p203_supp.pdf
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DISCUSSION

There was no evidence of a major shift in the habi-
tat used by haddock during the different life-stages
examined as haddock showed similar environmental
preferences for all ages and quarters. Rather than re-
main in the areas in which they settled, haddock ap-
pear to disperse soon after settling and do not aggre-
gate again until spawning. This lack of a disjuncture
between juvenile and adult distribution may reflect
both the importance of environmental constraints on
distribution and a lack of strong intra-specific inter-
actions. Oceanographic conditions were found to be
an important influence on juvenile distribution, as
also seen in hake Merluccius merluccius (Colloca et
al. 2009). However, in contrast to the persistent high
densities of juvenile hake linked to stable oceano-
graphic conditions in the Mediterranean found by
Colloca et al. (2009), seasonal and inter-annual varia-
tion in North Sea temperature and salinity were asso-
ciated with changing juvenile haddock distribution.
Pelagic and recently settled 0-group haddock are of-
ten found in the same areas as Atlantic cod Gadus
morhua (Lough et al. 1989, Bromley & Kell 1999,
Baistriken et al. 2014). However, while most age 0
cod subsequently tend to become concentrated in
coastal and shallow areas (Gibb et al. 2007) away
from major adult concentrations (González-Irusta &
Wright 2016), this was not the case for haddock. This
might reflect the importance of cannibalism as a ma-

jor source of mortality in juvenile cod but not
haddock (Bogstad et al. 1994, Tsou & Colli 2001), al -
though there may be re source competition between
age-classes in haddock (Marshall & Frank 1995).
Given that juvenile haddock aggregations do not ap-
pear to occupy distinct areas of habitat repeatedly se-
lected over time and that there was not a disjunction
be tween juvenile and adult areas, we can conclude
that the aggregations of juvenile haddock found in
this study cannot be regarded as nursery areas as de-
fined by Hislop (1996).

Despite the lack of a distinct nursery habitat, there
were differences in the temperature, depth, salinity
and sediment preference of age-classes which did
lead to changes in the extent and distribution of a
haddock year-class over time. In particular, the
changing response to temperature supports the need
to consider ontogeny when predicting climate re -
lated distributional changes (Rijnsdorp et al. 2009), as
many other studies of climate impacts on North Sea
fish stocks have only considered species level
changes (Dulvy et al. 2008, Rutterford et al. 2015).

The binomial, negative binomial and delta models
showed good or very good performance, and even
the poorest performing models were similar to or bet-
ter than those of similar fish distributional studies
(Lelièvre et al. 2014, Grüss et al. 2014, González-
Irusta & Wright 2016). The model performance in
quarter 3 was especially good, probably as a conse-
quence of the stronger link between environmental
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Fig. 4. Coefficient values for the different levels of the explanatory variables sediment type and year, which were included as 
factors in the model. Error bars: SD
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variables and juvenile haddock distribution during
the summer. Haddock showed a ‘consistent spatial
pattern’ (D2; Petitgas 1998) in all the analysed peri-
ods. Therefore, the prediction of the physical habitat
preference of juveniles should not have been con-
founded by changes in annual abundance. This con-
sistency in spatial pattern contrasts with evidence for
density-dependent habitat selection in juvenile had-
dock from the southwestern Scotian Shelf (Marshall
& Frank 1995). The lack of evidence for density-
dependent habitat selection in the present may
reflect the period of the surveys; although the quar-
terly surveys corresponded to a range of year-class
strengths; year-classes more than twice as large as
those examined here were recorded in the 1970s and
in 1999 (ICES 2008). Moreover, there were differ-
ences in the level of aggregation between ages, sea-
sons and year-classes. Values observed for ages 2
and 3 in quarter 1, and age 0 in quarter 3 were signif-
icantly different from the values ob served for ages 1

and 2 in quarter 3, when haddock appeared to be less
aggregated. These differences are important since
they correspond to periods where aggregation is
expected. Age 0 in quarter 3 corresponds to the end
of juvenile settlement phase, whereas ages 2 and 3 in
quarter 1 coincide with the spawning season of had-
dock (Saville 1959, Wright & Gibb 2005) and the age
at first spawning (Wright et al. 2011).

Depth explained the largest deviance of the contin-
uous variables in the abundance models for most age-
classes and seasons. Depth has been proposed to be a
more important constraint than temperature on the
distribution of haddock in winter (Hedger et al. 2004)
and autumn (Dulvy et al. 2008). In all quarters except
quarter 3, haddock seem to prefer depths around
80 m for the 3 year classes; whereas in quarter 3 (the
season with the warmest temperature), haddock ju-
veniles showed a preference for deeper waters (100
to 120 m). Haddock were found in salinities corre-
sponding to Scottish coastal water, the Fair Isle and
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Fig. 5. Distribution of the index of haddock aggregation persistence. The index ranges from 0 (aggregations found in none of 
the study years) to 1 (aggregations found in all of the study years)
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Dooley current and water of Atlantic origin (see Tur-
rell et al. 1992). A preference for Atlantic waters char-
acterised by a salinity >35.1 was seen by quarter 4 of
their first year. This was associated with a net shift in
distribution away from Scottish coastal waters and
other areas influenced by freshwater. A previous
study found a similar salinity preference in adult had-
dock (Hedger et al. 2004), and Laurence & Rogers
(1976) found that haddock embryos had lower toler-
ance to low salinities compared with other gadoid
species such as cod. Given that saline waters are
largely restricted to the deeper northern North Sea, it
is therefore difficult to disentangle the relative contri-
bution of depth and salinity to habitat preference.

The importance of sediment in explaining haddock
distribution changed with age and season. Whilst
haddock settlement has been linked to a pebble
gravel bottom in the northwest Atlantic (Lough et al.
1989), age 0 haddock were found across a range of
sediments in this study, consistent with observations
by Bastrikin et al. (2014) for a settlement site off the
Scottish east coast. However, the density of age 1
haddock did indicate a preference for coarse sands in
quarters 1 and 2, which is consistent with that
reported for haddock in the northwest Atlantic
(Cargnelli et al. 1999). This preference also agreed
with the optimum spring tide range of between 0.3
and 0.6 m s−1, as grain size is largely related to
springtide with flows of between 0.25 and 0.5 m s−1

favouring sand patches (Stride 1982). The impor-
tance of coarse sand may re flect the distribution of
lesser sandeel Ammodytes marinus, which burrows
in this sediment (Wright et al. 2000) and is a key prey
of haddock (Adlerstein et al. 2002). Haddock have
been observed to aggregate over sandeel aggrega-
tions in some areas of the North Sea (Temming et al.
2004). Coarse sand was also the preferred sediment
type during the spawning season (quarter 1) for ages
2 and 3, which may be linked to spawning grounds of
haddock. In general, haddock density was low in
mud-rich areas, which may explain why aggrega-
tions were rarely found over the mud-rich Fladen
grounds in the central northern North Sea.Thehighly
variableeffectofmixedsedimentswasprobablyacon-
sequence of the small extent and low sampling of this
sediment type in the study area (see Fig. S1 in the
 Supplement at www. int-res. com/ articles/ suppl/  m553
p203 _ supp. pdf).

Temperature seemed to act as a constraint on had-
dock juvenile distribution during the study period, as
bottom temperatures from July through to October in
the southern North Sea (see Berx & Hughes 2009)
exceeded the level that we found to have a negative

effect on haddock abundance. In particular, ther-
mally mediated distributional changes seemed
important to age 0 haddock in quarter 3, as this life
stage prefers areas <11°C, which generally only
occur in a relatively narrow region of the northern
North Sea. This thermal preference is probably
linked to the decline in routine metabolic scope
found in juvenile haddock at such temperatures
(Peck et al. 2005). This finding should be of particular
concern as climate change can impact the quality or
quantity of juvenile habitat (Rijnsdorp et al. 2009).
High densities of gadoids, such as haddock, may suf-
fer from reduced growth through intra-specific com-
petition (Marshall & Frank 1995) and can be the sub-
ject of intense predation pressure due to associated
predator aggregations (Temming et al. 2007). As the
extent of thermally suitable habitat for haddock has
been predicted to decline in the future (Rutterford et
al. 2015) and aggregations of juvenile haddock can
be on the order of 100 km across (Fernandes &
Rivoirard 1999), large haddock year-classes might be
forced into less suitable habitat, with consequences
to growth and survival. Clearly, given the potential
consequences of thermal habitat extent on haddock
growth and mortality, there is need for further study
to focus on climate effects on specific life stages, such
as the settling age 0 group, over a longer period of
change.

Seasonal variation in temperature and salinity to -
gether with ontogenetic changes in preference were
able to account for changes in juvenile distribution.
In quarter 3, age 0 haddock were highly aggregated
in the coolest water mass available; close to the Nor-
wegian deep sands, northwest of the Fladen Ground
(Fig. S1 in the Supplement). As haddock appeared to
show site fidelity for many weeks following settle-
ment in the summer (Bastrikin et al. 2014), it seems
likely that the aggregations of age 0 haddock seen in
quarter 3 reflect this initial settlement distribution.
The temperature decline by quarter 4 appeared to
enable the age 0 group to expand their distribution.
Extensive dispersal of age 0 haddock following quar-
ter 3 in the west North Sea to both north and Scottish
west coast spawning grounds has been indicated
from the presence of adults with an early otolith
microchemistry signature characteristic of these
juvenile areas (Wright et al. 2010), although the tim-
ing of this event is unknown. From the present study,
it appears likely that this dispersal phase may begin
by the end of the first year.

During the period of this study, persistent aggrega-
tions of juvenile haddock were found in the northeast
and northwest North Sea but the extent of these

http://www.int-res.com/articles/suppl/m553p203_supp.pdf
http://www.int-res.com/articles/suppl/m553p203_supp.pdf
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areas increased with age and varied with season.
The importance of the northeast aggregations de -
clined between the present study period and 2004
(Wright et al. 2010). As haddock can first be retained
by fishing gear at around 17 cm (Ferro et al. 2008)
and they do not reach this size until they reach age 1
(Wright et al. 2011), the initial areas of settlement will
not reflect the distribution of fishable sized juveniles.
Given these ontogenetic and long-term changes in
juvenile distribution, haddock do not appear to re -
main in settlement areas for a sufficiently long
enough time to justify permanently closing them to
fisheries. Rather, given the inter-annual changes in
juvenile distribution, short-term temporary closures
of high density areas would be expected to have a
greater impact on under-sized mortality than perma-
nent closures, assuming contribution reflects density
as has previously been indicated (Wright et al. 2010).
The transient state of haddock aggregations evident
in this study may help explain why Frank et al. (2000)
found that the proportion of haddock juveniles within
the Emerald/Western Bank closed area steadily
declined following an area closure, resulting in the
majority of year-classes remaining unprotected. Sim-
ilarly, high recruitment variation and varying distri-
bution was reported for Rockall Bank haddock fol-
lowing the closure of an area to protect juveniles in
2001 (Newton et al. 2008, ICES 2015). No permanent
closures have been proposed for haddock in the
North Sea, but in 2011 the European Commission
implemented a regulation for 21 d real-time closures
to protect aggregations of haddock and other gado -
ids under the minimum landing size (EC 2011). This
highlights that regulators support the use of tempo-
rary closures for the protection of this species. The
importance of changing distribution to the effective-
ness of these measures highlights the need for better
information on the transience of all fish aggregations
before spatial management measures are proposed.
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