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ABSTRACT: Acoustic data from summer echo-surveys in the Aegean Sea (Eastern Mediter-
ranean) were analysed in an effort to better understand the mechanisms related to diel vertical
migration and the schooling behaviour of European anchovy Engraulis encrasicolus in relation to
the time of day. Cosine, quadratic and generalized additive models (GAMs) were used to describe
the diurnal patterns in the vertical position and the energetic and morphometric characteristics of
anchovy schools. The effect of environmental variables on a suite of school descriptors was addi-
tionally examined using GAMSs. Disruption of schooling at night was followed by school formation
just before dawn at shallow layers, usually above the base of thermocline. Schools moved to
deeper depths, close to the seabed during daytime and returned close to the surface to disperse
after dusk. Surface light intensity and bottom depth explained a significant amount of variability
in the vertical position of schools. Higher light intensities urged schools to deeper depths but max-
imum downward displacement was constrained by sea bottom in coastal waters (<80 m). Along
with positional changes, diurnal patterns in school shape and packing density were also identi-
fied. Morphometric and energetic descriptors were mostly influenced by school altitude (distance
from bottom), bottom depth and ambient light intensity. They presented high plasticity that could
partly be explained in terms of the trade-off between predator avoidance and feeding success.
The effect of schooling behaviour and diel vertical migration should be taken into account in
pelagic fish bioenergetic models and in acoustic surveys in respect to sampling design and species
discrimination.
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INTRODUCTION

Diel vertical migration (DVM) is a common
behaviour among small pelagic fish (Blaxter &
Hunter 1982, Fréon & Misund 1999). Most species
migrate downwards after sunset and return to shal-
low water depths at dusk (Blaxter & Hunter 1982),
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though the opposite pattern has also been described
(e.g. Zwolinski et al. 2007). Changes concerning
the vertical position of schools are followed by
changes in school structure especially during dawn
and dusk (Fréon et al. 1996). These changes
usually lead to school dispersion after dusk (Blaxter
& Hunter 1982, Fernandes et al. 2001, Nilsson et al.
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2003) or to more loose aggregations that may re-
main overnight (Fréon et al. 1996, Zwolinski et al.
2007).

DVM may affect estimates of fish abundance
derived by acoustic methodology as it changes fish
availability to the acoustic apparatus and generates
difficulties in distinguishing fish from other scatter-
ers (Fréon et al. 1993, Fernandes et al. 2001, Sim-
monds & MacLennan 2005). These factors can
cause limitations and/or bias in acoustic estimates
(Simmonds & MacLennan 2005). They should be
taken into account during survey design or the
more coherent concept of ‘acoustic populations’
should be used (Gerlotto 1993), which describes the
entire community and possibly reduces uncertainty
in biomass estimates. Moreover, the study of tem-
poral (i.e. diel) evolution of school types can
provide important information on the parameters
that affect fish behaviour (Paramo et al. 2007).
School typology is known to be affected by several
factors (e.g. external stimuli, Fréon et al. 1992; ves-
sel noise and environment, Soria et al. 2003; fishery
pressure, Castillo & Robotham 2004; the presence
of other species, Massé et al. 1996, Iglesias et al.
2003) in addition to DVM (Fréon et al. 1996,
Zwolinski et al. 2007).

Three major hypotheses (foraging, bioenergetics
and predator avoidance) have been used to explain
the adaptive significance of DVM in pelagic fish.
According to these, DVM largely reflects zooplank-
ton (or generally prey) daily movements (foraging
hypothesis) and their preferences to specific water
temperatures that maximise growth rate (bioener-
getics hypothesis) (Levy 1990a, Neverman & Wurts-
baugh 1994). On the other side, DVM is likely to
simply reduce the risk of predation (i.e. predator
avoidance; Clark & Levy 1988, Levy 1990b). How-
ever, questions are still open concerning the envi-
ronmental factors that drive this behaviour and
trigger the initiation of downward and upward
movements. DVM has been primarily associated
with light intensity (Blaxter & Hunter 1982, Fréon &
Misund 1999, Giannoulaki et al. 1999, Nilsson et al.
2003). Several authors have reported a threshold
value in light intensity at which the schools form
and disperse (e.g. Blaxter & Hunter 1982, Nilsson et
al. 2003). Beyond this threshold, vertical position
may be regulated by levels of luminance (Gian-
noulaki et al. 1999, Nilsson et al. 2003). Moreover,
diel patterns in vertical distribution and associated
changes in school size, density and shape may be
affected by a multitude of environmental parame-
ters such as temperature stratification (Busch &

Mehner 2009), substrate type (D'Elia et al. 2009),
bottom depth (Johnsen & Godg 2007, D'Elia et al.
2009), oxygen (Parker-Stetter & Horne 2009) and
oxycline that delimits fish distribution over the top
of the oxygen minimum zone (Bertrand et al. 2010),
as well as the presence of prey (Bertrand et al.
2008), competitors or predators (Massé et al. 1996).

The European anchovy Engraulis encrasicolus is
one of the most important small pelagic fish species
both in the Mediterranean Sea (Lleonard & Maynou
2003, Machias et al. 2008) and off the Atlantic
coasts of Europe (Uriarte et al. 1996). However,
information regarding its DVM and the mechanisms
that control this behaviour is scant. Existing studies
mention that anchovy schools rise close to the sur-
face (Masse 1996) and disperse during the night
(Iglesias et al. 2003) while during the day they tend
to regulate their position according to biotic (e.g.
predators and competitors; Massé et al. 1996) and
abiotic factors, such as hydrological structures
(Masse 1996), substrate type (D'Elia et al. 2009)
and bottom depth (Massé et al. 1996, D'Elia et al.
2009). However, the patterns of its vertical move-
ment and schooling behaviour have not yet been
examined in the context of the diel cycle or mod-
elled in relation to environmental factors.

In the present paper, we examine aspects of the
DVM of anchovy based on acoustic data that were
collected in the Aegean Sea (eastern Mediterran-
ean, Greece) during 3 summer acoustic surveys
(2004 to 2006). We aim to model the vertical move-
ments of European anchovy schools within the diel
cycle and the associated changes in school structure
in relation to DVM in relation to the environmental
factors that drive them. School formation and dis-
persion based on the observed number of anchovy
schools during the 24 h period is examined. Diurnal
patterns in positional, morphometric and energetic
school parameters are described using statistical
models. Finally, observed changes are related to
specific environmental parameters towards an ex-
planatory perspective.

These model results can fill existing gaps of
knowledge and provide the required information
to (1) explore common patterns and differences
among small pelagic fish that can highlight the
advantages of DVM, (2) improve species identifi-
cation in acoustic surveys by understanding diel
changes in school typology and (3) provide input
to individual based models (IBM), such as models
of fish growth, that need to incorporate fish move-
ment and behaviour (Pecquerie et al. 2009, Poli-
tikos et al. 2011).
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MATERIALS AND METHODS
Data collection and processing
Acoustic data

Acoustic data were collected aboard the RV ‘Philia’
during 3 research surveys in the North Aegean Sea
carried out during June 2004, 2005 and 2006 (Fig. 1).
Data were recorded using a towed Biosonics Split
Beam DT-X echosounder operating at 38 kHz. The
towed body was set at 2 m below surface and the ves-
sel speed did not exceed 8 knots. Acoustic sampling
took place along predefined parallel transects, which
were roughly perpendicular to the bathymetry and
with a 10 nautical mile (n mile) distance from each
other. Transect design was random (zigzagged) only
in semi-closed gulfs (Fig. 1).

Simultaneous to the acoustic sampling, fish samples
were collected using a pelagic trawl at sites with high
school density to identify species composition and
their relative abundance (Simmonds & MacLennan
2005). During sample hauling, vessel speed approxi-
mated 4 knots and echosounding was also carried out.

Acoustic data were analysed using Myriax Echo-
view software, setting —70 dB as the minimum thresh-
old. Echoes recorded less than 0.5 m above the seabed
were excluded from the analysis, and this depth was
considered as reference level for the bathymetric
measurements. In addition, echoes recorded within
5 m of the sea surface were also excluded from the
analysis. Schools were detected using the software's
school detection algorithm, setting 5 m as minimum
length and 1 m as minimum height for candidate
schools. The maximum vertical and horizontal linking
distances were set to 2.5 m and 10 m, respectively.
Anchovy schools were assigned during echogram
scrutinization taking into account (1) species composi-
tion and relative abundance in each area as revealed
by the experimental hauls and (2) morphological and
energetic characteristics of each school based on pre-
vious experience (e.g. Giannoulaki et al. 2005, 2008).
In order to minimise errors due to false assignment of
schools to species for the study of anchovy DVM, we
analysed schools that were recorded exclusively in re-
gions with high relative abundance of anchovy (75 %
or higher in haul catches by weight; Fig. 1). Anchovy
comprised over 75 % of the catch in 42 hauls. We con-
sider this criteria adequate because (1) in the North
Aegean Sea anchovy and sardine Sardina pilchardus
comprise the vast majority of small pelagic species, (2)
the 2 species present discrete characteristics and can
be distinguished from each other (e.g. Bay of Biscay:
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Fig. 1. Study area. Transects of the whole acoustic sampling
and 40 m and 100 m isobaths are shown. Shaded regions in-
dicate areas with high relative abundance of anchovy
(>75% of catches among small pelagic fish). Data included
in the analysis derived from research hauls, as well as from
parts of the acoustic transects corresponding to the shaded
regions (A: 2004, 2006, B: 2005, 2006, C: 2004 to 2006, D:
2004 to 2006). The position of each haul and the respective
sampling year is also indicated

Scalabrin et al. 1996; Aegean Sea: Haralabous &
Georgakarakos 1996; A. Machias unpubl. data) and
(3) anchovy schools are smaller and their backscatter
energy is lower compared to sardine. The latter also
means that in areas with 75% of anchovy in terms of
biomass, the number of anchovy schools should ex-
ceed 75%. The main small pelagic fish in the area,
apart from anchovy and sardine, are round sardinella
Sardinella aurita, mackerels (Scomber scombrus and
S. japonicus) and horse mackerels (Trachurus trachu-
rus and T. mediterraneus). However, the schools of
these species also present discrete characteristics
compared to anchovy, for behavioural and anatomical
reasons. Nevertheless, the possibility of a few false as-
signments of schools cannot be excluded.

Environmental data

Vertical profiles of environmental data were col-
lected with a CTD unit (Seabird SBE25) over a prede-
termined grid of stations with 10 n mile distances
between stations. The CTD was equipped with a
Seapoint Fluorometer for chlorophyll a (chl a) mea-
surements (ug m~>) and a scalar irradiance sensor
(Biospherical QSP-200PD) to measure light intensity
(MEm2s!where 1 pEm2s"! = 51.2 mc) at photosyn-
thetically active radiation wavelengths (light in the
range of 400 to 700 nm). Geographical coordinates
(latitude and longitude), bottom depth and time of
day were recorded for each CTD haul.
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During echosounding, time of day, geographic co-
ordinates and bottom depth (i.e. the height of the
water column) were automatically recorded for each
echo pulse. The mean values of these parameters
were extracted for each school following the process-
ing of the echograms. In addition, a series of environ-
mental parameters were estimated at the position of
each school in order to investigate whether they are
related to DVM. These parameters included (1) the
extent of the thermocline, (2) the depth of maximum
chl a concentration and (3) light intensity.

The depth of the thermocline has been reported to
affect the vertical distribution of pelagic fish (Busch &
Mehner 2009). Waters in the North Aegean Sea are
strongly stratified during June (Somarakis et al.
2002). Therefore, we calculated the depth of the
upper mixed layer (UML,; i.e. depth of the base of the
thermocline) as described in Giannoulaki et al.
(2005). The depth of the chl a maximum (CM) can be
considered as an indicator of the depth layer where
high concentrations of mesozooplankton (prey of
anchovy) occur (Alcaraz et al. 2007). Finally, light
intensity (LI) has been suggested to be one of the
main factors controlling DVM behaviour (Blaxter &
Hunter 1982, Fréon & Misund 1999, Giannoulaki et
al. 1999, Nilsson et al. 2003). For this purpose we esti-
mated (1) LI at school depth (school LI) and (2) LI at
5 m depth (surface LI) because 5 m was the starting
depth for analysing the echoes.

Anchovy school analysis

Environmental parameter estimation
at school location

Estimation of all parameters (i.e. UML depth, CM
depth, surface LI and school LI) was based on mod-
elled data using variables recorded by CTD and took
into account the position of each recorded school as
well as the time of day. Specifically, latitude, longi-
tude, bottom depth and time of day were used as
explanatory variables to model the diurnal changes
and spatial distribution of LI and the spatial distribu-
tion of CM and UML depths. Generalized additive
models (GAMs; Hastie & Tibshirani 1990) and local
regression models (Cleveland 1979) were the statisti-
cal techniques used for this purpose.

Concerning UML depth we used the local regres-
sion model (LOESS; Cleveland 1979) in a predictive
mode to interpolate the values of UML depth as a
function of latitude and longitude at anchovy
school locations. In LOESS, the model is fitted as a

single smooth function of all predictors. The num-
ber of nearest neighbours (i.e. size of the neigh-
bourhood), usually expressed as percentage or
span of the data points, is a smoothing parameter.
A small neighbourhood of 10% of the data (span =
0.1) was used in this study. The S-Plus statistical
software (MathSoft) was used for the application of
LOESS.

GAMs were used for the modelling of CM depth
and LI. A generalized additive model (Hastie & Tib-
shirani 1990) is an extension of a generalized linear
model in which the linear predictor is given by a
specified sum of smooth functions of the covariates
(Wood 2006). The ‘mgcv' library in the R statistical
software (version 2.8.0; R Development Core Team
2008) was used for the application of GAMs. The
quasi-Poisson distribution with log link function was
used. Independent parameters were transformed, if
necessary, to achieve uniform distributions. The nat-
ural cubic spline smoother was used for the indepen-
dent variables to smooth and fit each GAM. Each fit
was analysed regarding the generalized cross valida-
tion criterion (GCV, the lower the better) and the
confidence region for the smoothed function (which
should not include zero throughout the range of the
predictor). Only significant terms were considered
for each model. Validation graphs (e.g. residuals
plotted versus fitted values, QQ-plots and residuals
plotted against the original explanatory variables)
were plotted in order to detect any model misspecifi-
cation.

For the CM depth modelling we considered (1) lat-
itude, (2) longitude, (3) bottom depth (cubic-root
transformed) and (4) year as explanatory variables.
Concerning the temporal and spatial (3D) distribu-
tion of LI, we considered time and depth as explana-
tory variables in addition to the aforementioned
parameters. Light intensity varies largely according
to time of day and water depth because of the ab-
sorption of light within the water column. In order to
capture the small scale variation in the temporal and
spatial distribution of LI and improve model results,
different models were applied for (1) period of day
(i.e. daytime, dawn-dusk transitional periods) and (2)
depth strata (i.e. <30 m, 30-60 m, 60-130 m water
column depth). In this way we created data sets with
less variance concerning the response variable, and 6
different models (2 time periods x 3 depth strata)
were finally estimated.

In a subsequent step, the selected models were
used in a predictive mode to obtain mean estimates
of CM depth and school LI as functions of the inde-
pendent variables selected.
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Diel school formation

We followed the approach of Fernandes et al.
(2001) to assess school formation. The latter was
studied at the elementary distance sampling unit
(EDSU) level considered equal to 1 n mile. The ap-
proach assumes that as fish start to aggregate into
schools early in the morning, the number of schools
increases to a constant value during the day and de-
creases again close to dusk. This pattern is described
by a conceptual model (Eq. 1) using the parameters
that are illustrated in Fig. 2.

0, 0 <t< 5

C -sin? [—] 5 s+ [M]
e -5 2

C, sl+[@] <t< 52+[—(62;SZ)]

C~sin2[n(t_52):|, 52+|:(e2—52):| <t< e,
e,—S5, 2

it —s)

0, e, <t< 2399 (1)

where t is time of day, C is the average number of
schools n mile™!, s, is the time at which schools start
to form, s; + (e; — s1) / 2 is the time at which school
formation is completed, s; + (e; — S5) / 2 is the time
that schools begin to disperse and e, is the time that
dispersion has been completed. For the estimation of
sy, €1, and s,, e,, a sine model of the form:

C -sin? [M] 2)

e-s

was fitted to hourly average values of schools per
n mile, weighted by the total number of schools of all
surveys grouped by hour. The sine model was also
weighted by the number of observations (equal to the
number of n miles) for each hour. Thus, e; is the the-
oretical time that the morning sine model reaches
zero after its peak and s, is the time that the evening
sine model starts from zero before its peak (Fig. 2).
All time values that we used referred to local time
converted to decimal values.

Diurnal patterns in positional,
morphometric and energetic school descriptors

Changes in positional, morphometric and energetic
descriptors were studied at the school level and thus,
each descriptor was extracted or estimated for each
anchovy school (Fig. 3). Positional parameters were
used to analyse the patterns of bathymetric changes
in anchovy schools during the time period that they
were present (i.e. from 05:40 until 22:00 h). Energetic
and morphometric parameters were used to analyse
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Fig. 2. Engraulis encrasicolus. Conceptual model used to de-
scribe the number of anchovy schools per nautical mile
(n mile) during different times of the day, according to the
parameters explained in Eq. (1). Dotted lines indicated the
sine models during the time period that the number of
schools is considered constant, according to the conceptual
model. C: average number of schools n mile™!, s;: time that
schools start to form; e;: theoretical time that the morning
sine model reaches zero after its peak; s,: is the time that the
evening sine model starts from zero before its peak; e,: time
that dispersion has been completed
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Fig. 3. Engraulis encrasicolus. Example anchovy school as
seen in an echogram. Positional and morphometric descrip-
tors used in this analysis are illustrated

changes in internal school structure. Specifically, the
following descriptors were used as dependent vari-
ables in the analysis of anchovy DVM (Fig. 3). All
depth measurements were referenced to the actual
sea surface, and school depth values were consid-
ered negative (setting surface as the zero point) in
order to optimize graphical presentations: (1) Alti-
tude, the distance between the lower extent of the
school and the bottom; (2) School depth, the mean
depth of the school, as exported by the Echoview
software and referenced to school's geometric center;
(3) Distance from UML depth, the distance of each
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school from the estimated lower limit of the thermo-
cline at the school position; (4) Distance from CM
depth, the distance of each school from the depth
where the maximum concentration of chl a was esti-
mated; (6) MVBS, the mean volume back-scattering
strength (dB relative to m? x m~3) considered as a
measure of school density; (6) School perimeter, the
2D perimeter of the school, corrected according to
Diner's (2001) algorithm, considered as a measure of
school size; and (7) Elongation, the ratio of length to
height, both corrected according to Diner's (2001)
algorithm, and considered a measure of school
shape.

In total, data concerning 429 schools pooled from
the 3 surveys were used to analyse the diurnal pat-
terns in the vertical distribution of anchovy. For the
analysis of the energetic and morphometric changes
we excluded the schools that could not be corrected
according to the Diner's (2001) algorithm because the
correction accuracy decreases when size is small in
relation to the beam width (Diner 2001), so the data
set for energetic and morphometric changes was
restricted to 319 schools.

The diurnal patterns of changes of school descrip-
tors were studied using:

(1) a quadratic model of the form

y=a+b-t+c-t? 3)
where yis the custom school descriptor, tis time and
a, b, c are constants,

(2) a cosine model of the form (as described in

Giannoulaki et al. 1999)

y=a+b~cos(§—2t+c) (4)

where y is the custom school descriptor, ¢ is the time
and a, b, c are constants. The custom descriptor rea-
ches its maximum (or minimum) value at {,, the time
where the first derivative of the equation equals 0, and
(3) a GAM described by the equation

gy)=c+s(t) )
where g is the link function, y is the custom school
descriptor, c is the intercept, s is a smooth term and
t is time. A Gamma distribution with a log link
function was selected as the best for our data, except
for descriptors that included negative values (i.e.
school depth, distance from UML, distance from CM
and MVBS) for which a Gaussian distribution was
assumed. The natural cubic spline smoother (Hastie
& Tibshirani 1990) was used for the independent va-
riables smoothing and fitting GAMs. In order to avoid
any tendency for over-fitting, we increased the
amount that the effective degree of freedom of each
model counts in the GCV score by a factor y = 1.4,
which has been suggested to largely correct this

problem without compromising model fit (Kim & Gu
2004, Katsanevakis et al. 2009).

Identification of the best model fit was based on the
minimization of the Akaike's information criterion
(AIC; Burnham & Anderson 2002). Specifically, the
model with the lowest AIC value (AIC,,;,) better ex-
plained the variability of the data, while models with
a difference in AIC (AAIC) < 2 (AAIC = AIC; - AIC ;1)
also had substantial support from the data and should
also be considered (Burnham & Anderson 2002).

GAMs, as described above, were applied to study
the effect of environmental parameters on the vari-
ability of anchovy school descriptors during daytime.
We used 5 environmental parameters as explanatory
variables in GAMs for positional (altitude and school
depth) school descriptors: (1) bottom depth at the
school’s position, (2) school LI, estimated light inten-
sity at a school's specific coordinates, depth and time;
(3) surface LI, estimated light intensity at 5 m depth
at a school's specific coordinates and time; (4) CM
depth, estimated depth at which chl a concentration
was maximum at a school's specific coordinates; and
(56) UML depth, estimated depth of the lower limit of
the thermocline at a school's specific coordinates.
We additionally explored the effect of positional
variables, i.e. (1) school depth, (2) altitude, (3) dis-
tance from the UML depth, and (4) distance from the
CM depth, on school energetic and morphometric
descriptors.

Values of the explanatory variables were trans-
formed to achieve uniform distributions when re-
quired based on inspection of QQ plots. A stepwise
forward selection was applied to select the best
model based on the minimization of AIC (Burnham &
Anderson 2002), as described above.

RESULTS
Diurnal anchovy school formation

During the survey period, the sun rose on average
just before 06:00 h local time and set just before
21:00 h. Sun transit was around 13:30 h. Civil twilight
was present for approximately half an hour before
sunrise and after sunset. Based on the conceptual
model fitted to the observed number of anchovy
schools per EDSU during the 24 h period, anchovy
schools started to form before 05:00 h local time, just
before the start of the civil twilight, reaching a con-
stant number of 1.29 schools n mile™ at 08:20 h
(Fig. 4). The number of schools started to decrease
again before 19:00 h and reached zero long after the
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end of the civil twilight (Fig. 4). Practically, we have
observed schools between 05:40 and 22:00 h local
time, while unexpected increases in the number of
schools were noted at 08:00 to 09:00 h and 18:00 to
19:00 h (Fig. 4). During the night (after 22:00 h), lay-
ers of fish, or in some cases scattered echo traces not
matching the minimum criteria for school detection,
were observed close to the surface.

Environmental parameters at school position

Three LOESS regressions (R? = 0.78 to 0.90), one
for each year, were used to describe the spatial distri-
bution of UML depth, using the geographic coordi-
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Fig. 4. Engraulis encrasicolus. Fit of conceptual model (Eq. 1,
Fig. 2) to () hourly average number of anchovy schools
n mile™!. Times not shown here (01:00 to 03:00 h) had zero
schools detected. Dark grey zones indicate night time; light
grey zones indicate periods between the start and end of
civil twilight and dawn and dusk, respectively. White zone
indicates daytime. Time values are in decimal local time

nates as explanatory variables, and estimate its value
at each school's geographic position.

GAM analysis for CM depth indicated bottom depth
and latitude as significant explanatory variables, ex-
plaining 84.4 % of the total deviance. Concerning LI,
latitude, longitude, depth, time and year (as factors)
were the explanatory variables in all 6 models, ex-
plaining 67.3 to 79.7 % of the total deviance. Plots of
residuals and response against fitted values did not
show any particular trend in any case. For the estima-
tion of LI at school position we used the model corre-
sponding to the depth stratum and the time zone in
which each school was observed. Similarly, for the es-
timation of surface LI (at 5 m depth), we used the
model corresponding to the shallow depth zone and
the time zone in which each school was observed.

Diurnal patterns in positional,
morphometric and energetic school parameters

GAMs presented lower AIC values compared to
quadratic and cosine models and thus were indicated
as the best models to explain the observed changes
in positional, energetic and morphometric school de-
scriptors throughout the day (Table 1). In the case of
MVBS, both the GAM and cosine models had sub-
stantial support from the data (Table 1). Most de-
scriptors peaked around midday according to the
cosine model (Table 1). As an example, schools
reached their maximum depth around 20 min after
sun transit at noon.

Table 1. Engraulis encrasicolus. Comparisons of models applied for the description of the diurnal patterns of anchovy school

descriptors (i.e. school descriptor in relation to time) based on Akaike's information criterion (AIC). AICs corresponding to the

difference between the model AIC and the lowest AIC value for each descriptor (AAIC = AIC, — AIC,,;,) <2 are in bold. a, b, c:

estimated coefficients for the quadratic and the cosine models; UML: lower limit of the thermocline; CM: depth of maximum

chl a concentration; GAM: generalized additive model; MVBS: mean volume back-scattering strength; f,: time of maximum (or
minimum) value according to the cosine model

Descriptor ——— Quadratic model Cosine model GAM
AlC a b c AlC a b c to AlIC
Positional
Altitude 3230.29 102.72 -15.17 0.54 3289.52 17.11 -20.93 -9.98 12.67 1732.31
Depth 3419.56  88.17 -22.07 0.78 3399.24 -37.49 3262 -2574 13.72 3355.82
Distance from 3137.58 93.16 -17.61 0.62 311746  -8.09 25,57 -13.18 12.88 3106.51
UML depth
Distance from 2958.86  96.42 -15.71 0.57 3036.19 9.33 228 -0.55 12.04 2842.33
CM depth
Energetic
MVBS 1795.17 -61.18 1.16  -0.05 1791.44 -56.2 2.45 3.1 11.79 1792.04
Morphometric
Perimeter 3459.18 158.35 -11.59 0.29 3461.09  59.28 -20.13 -4.96 1233 3111.48
Elongation 2289.06 -13.98 339 -0.12 2289.4 599 -4.78 557 11.63 1939.34
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GAMs examining the diurnal variability of school
bathymetric descriptors indicated that anchovy
schools were mostly located close to the bottom be-
tween 9:00 and 20:00 h. A rapid decrease and in-
crease in the altitude was observed before and after
these hours respectively (Fig. 5a), whereas maximum
school depth was generally observed between 12:00
and 15:00 h (Fig. 5b). Most schools were located close
to the thermocline early in the morning (06:00 h)
moving well below its lower limit during daytime and
rising up again late in the evening (21:00 h; Fig. 5¢).
Moreover, during the day schools were usually found
below the depth of the chl a maximum concentration
(Fig. 5d).

Energetic and morphometric school descriptors
showed higher diurnal variability (deviance explain-
ed = 10.9 to 14 %; not shown here) than bathymetric
descriptors (deviance explained = 50.8 to 77.4 %).
School perimeter was longer during the morning,
fluctuated during daytime and showed a tendency to
increase at dusk, but a clear pattern was not that
apparent (Fig. 6a). In contrast, clear patterns in elon-
gation and MVBS were observed, with schools being
more elongated and reflecting more energy per vol-

ume unit (i.e. they were more dense) during the day-
time (Fig. 6b,c).

The environmental parameters that affected the
patterns of anchovy DVM as revealed by GAMs are
shown in Table 2. Surface LI and bottom depth
explained high percentages of the deviance regard-
ing the positional descriptors. In the case of energetic
and morphometric descriptors, altitude was the para-
meter that mostly explained the observed variability
(Table 2). Partial plots of the effect of these variables
on school descriptors are shown in Figs. 7 & 8. Each
graph shows the effect of the explanatory variable on
the school descriptor, given that the other selected
variables remain constant and are included in the
model. High values of surface LI urged schools closer
to the bottom (on average exhibiting lower values of
altitude, Fig. 7a) and to deeper waters. School depth
values used are negative, therefore LI effect is re-
versed and negative effect on school depth practi-
cally indicates deeper school positions (Fig. 7c).
Moreover, plots indicate that at sites with deeper bot-
toms, schools tended on average to position deeper in
the water column (Fig. 7d) but also at higher distance
from the bottom (i.e. higher altitude, Fig. 7b). Bottom
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Table 2. Engraulis encrasicolus. Analysis of deviance for generalized additive models (GAMSs) of anchovy school descriptors in
relation to environmental parameters. Forward selection and final models are shown. AIC: Akaike's information criterion; s:
smooth function; Bottom: cubic root transformation of bottom depth; Surface LI: logarithmic transformation of light intensity in

the surface; School LI: logarithmic transformation of light intensity at school position

Descriptor Model Residual Residual Deviance AlC p
df deviance explained (%)
Bathymetric
Altitude Null 428.00 1646.02 2129.90
s(Surface LI) 424.89 966.63 41.3 1827.46  <0.001
s(Surface LI) + s(Bottom) 422.36 806.86 51.0 1733.59 <0.001
Depth Null 428.00 169767.90 3787.18
s(Surface LI) 424.16 67451.70 60.3 3398.89 <0.001
s(Surface LI) + s(Bottom) 420.30 15801.08 90.7 2783.98 <0.001
Energetic
MVBS Null 318.00 5790.07 1833.97
s(Altitude) 316.81 5177.61 10.6 1800.68 <0.001
s(Altitude) + s(Bottom) 314.52 4652.60 19.6 1771.15 <0.001
s(Altitude) + s(Bottom) + s(School LI) 311.08 4334.62 25.1 1755.45 <0.001
Morphometric
Perimeter Null 318.00 289.13 3145.31
s(Altitude) 315.04 232.89 19.5 3073.36 <0.001
s(Altitude) + s(Bottom) 313.54 220.57 23.7 3057.05 <0.001
s(Altitude) + s(Bottom) + s(School LI) 311.85 202.60 29.9 3030.44 <0.001
Elongation Null 318.00 311.70 1977.45
s(Altitude) 314.45 227.28 27.1 1870.53  <0.001
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Fig. 7. Engraulis encrasicolus. Estimated smooth terms of the environmental parameters contributing to the generalized addi-

tive models (GAMs) for bathymetric school descriptors: (a,b) Altitude and (c,d) School depth. 95% confidence intervals are

shown with dotted lines. Surface LI: log transformed (natural logarithm) values of light intensity in the surface; Bottom: cubic

root transformed values of bottom depth. Note that, while original values prior to transformation can be visualized in x-axes
(rug plots), scales are relative to the specific transformations

depth limited the downward distribution of schools
as there was no apparent effect on altitude up to
almost 80 m depth. At greater bottom depth (>80 m)
school depth seems not to be so strongly affected be-
cause the effect tended to reverse (Fig. 7b).

High values of MVBS (more dense school struc-
ture) were associated with low values of altitude,
deeper bottom depths and high values of school LI
(Fig. 8a—c). Perimeter was larger at high values of
altitude, bottom depth and school LI (Fig. 8d-f).

Finally, elongation was positively affected by lower
altitude, indicating more elongated school shapes
occurred close to the bottom (<1 m, Fig. 8g).

DISCUSSION

Diel vertical migration (DVM) is a common behav-
iour among small pelagic fish, with most species
exhibiting downward migration after sunrise and
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returning into shallow water depths at dusk (Blaxter
& Hunter 1982). Our objective was to explore the
changes in anchovy schooling behaviour within the
DVM framework in an effort to identify the behav-
ioural and ecological patterns involved. Existing
studies on European anchovy DVM are scant, mostly
referring to species' vertical distributions (Massé et
al. 1996, D'Elia et al. 2009) and/or school morpholog-
ical variability (Massé et al. 1996, Iglesias et al. 2003,
D’'Elia et al. 2009). Instead, we have put this informa-
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Fig. 8. Engraulis encrasicolus. Estimated smooth terms of the environmental pa-
rameters contributing to the generalized additive models (GAMs) for (a—c) ener-
getic and (d—g) morphometric descriptors. 95% confidence intervals are shown
with dotted lines. Altitude: cubic root transformed values of school altitude; Bot-
tom: cubic root transformed values of bottom depth; School LI: log transformed
(natural logarithm) values of light intensity at school depth. Note that while orig-
inal values prior to transformation can be visualized in x-axes (rug plots), scales
are relative to the specific transformations

tion in the context of a diel cycle and searched for the
environmental variables that drive the mechanism
underneath.

School formation
School formation and dispersion may be species

specific or may even differ intraspecifically, affected
by abiotic (e.g. light intensity; Blaxter & Hunter 1982)
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and biotic factors (e.g. prey availability; Bertrand et
al. 2006). Schooling of European anchovy in the
Aegean Sea was observed only during daytime, in-
cluding the transitional periods, which was in agree-
ment with findings by Iglesias et al. (2003) from the
western Mediterranean, while during the night
layers of dispersed fish were observed. This is not the
case for sardine, the other important small pelagic
species in the Mediterranean Sea. For this species
contradictory results have been reported, stating that
schools either disperse (Giannoulaki et al. 1999, Igle-
sias et al. 2003) or remain together during the night-
time (Fréon et al. 1996, Zwolinski et al. 2007). In this
sense, diurnal formation and dispersion of anchovy
schools seems to be consistent and similar to those
described for Atlantic herring Clupea harengus, the
schools of which disperse during the night (Fernandes
et al. 2001, Nilsson et al. 2003). In the present study a
conceptual model was used to explore school forma-
tion and subsequently provide a rough estimate of
the times that anchovy schools are available to detect
by echosounder. According to this model, anchovy
schools start to form just before dawn, reach a con-
stant number of schools per nautical mile later in the
morning (08:20 h) and decrease in number again in
the evening (before 19:00 h). The observed increase
in the number of schools in the morning suggests that
fish start to form small aggregations, in terms of num-
bers of individuals, at dawn, resulting in a high num-
ber of schools around 08:00 to 09:00 h. Smaller
schools merge to become progressively larger with a
subsequent decrease in the number of schools. The
opposite behaviour is probably the reason for an
analogous rise in the number of schools observed in
the evening (18:00 to 19:00 h). Even though schools
are observed long before and after the hours that
school formation and dispersion have been com-
pleted, defining the period of maximum school avail-
ability is important when designing acoustic surveys
or analysing acoustic data collected both during day-
time and night-time (Fernandes et al. 2001). Ignoring
DVM can lead to significant biomass underestima-
tions, due to fish migration towards the surface blind
zone or changes in the tilt angle of individual fish and
the subsequent effect on target strength.

Factors affecting the diurnal school variability

Besides the number of schools varying within the
diurnal cycle, school formation and dispersion are
also described here in terms of changes in school
position, size, shape and density. Although these

parameters present high variability during the diel
cycle, clear diurnal patterns are apparent in almost
all anchovy school descriptors. The values of most of
these descriptors are similar during morning and
evening but differ during daytime. Smooth terms
(GAMs) were found to perform better when used to
explain these patterns particularly when describing
the rapid changes that occur during the transitional
periods. However, simpler models (quadratic, co-
sine), which are easier to use in a predictive mode,
satisfactorily described these diurnal patterns as
well. In addition, the use of such models allows the
determination of time that each parameter peaks
during the day and the comparison of results across
species or populations. For example, the cosine
model showed that anchovy schools reach their max-
imum depth soon after the sun transit. Similar results
have been obtained by using a cosine model for sar-
dine in the Aegean Sea (Giannoulaki et al. 1999). The
present study has shown that anchovy exhibit behav-
iour typical of forage fish (Blaxter & Hunter 1982),
migrating downwards at sunrise and returning to
shallower levels prior to sunset. During daytime,
schools were clearly located at small distances from
the bottom, usually in the vicinity of the chl a maxi-
mum. In the Mediterranean, high concentrations of
mesozooplankton (anchovy prey) are often associ-
ated with the deep chl a maximum that forms during
the summer (Alcaraz et al. 2007), and anchovy seem
to take advantage of this, feeding primarily during
the daytime (Tudela & Palomera 1997). The observed
match between school depth and chl a maximum
depth is much stronger around dusk (after 20:00 h)
when anchovy exhibits their summer daily feeding
peak in the Aegean Sea (Nikolioudakis et al. 2009).

The vertical position of anchovy was found to be
primarily driven by surface light intensity, similar to
the findings of previous studies on small pelagic fish
(Fréon & Misund 1999, Busch & Mehner 2009). Fish
are not expected to respond to absolute levels of sur-
face light intensity, though light changes are shed
into the whole water column and trigger fish to
migrate deeper (e.g. Giannoulaki et al. 1999) in order
to remain in relatively low levels of luminance
(Nilsson et al. 2003). However, we have to note that
the light range considered here (photosynthetically
active radiation, 400 to 700 nm) was not in the range
of UV that may affect school characteristics directly
(e.g. shoaling decisions; Modarressie et al. 2006) or
indirectly (e.g. by affecting the vertical distribution of
their prey; Rhode et al. 2001). The effect of UV con-
cerning the patterns of DVM in anchovy and other
species should be further examined.
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Water stratification has been reported to place an
upper constraint on the vertical position of fish in
well stratified environments like lakes (Busch &
Mehner 2009). However, in the Aegean Sea, the
presence of dense structured thermoclines did not
constrain the vertical distribution of anchovy. Most
schools were located above the lower limit of the
thermocline early in the morning (06:00 h), moving
well below it in daytime and rising up again in late
evening (21:00 h). Oxygen levels have also proved to
be a factor that greatly affects the vertical distribu-
tion of pelagic fish (Parker-Stetter & Horne 2009,
Bertrand et al. 2010). Bertrand et al. (2010) showed
that the habitat volume of Engraulis rigens in the
South Pacific off Peru can be estimated based on the
upper limit of the oxygen minimum zone. Although a
lack of available data prevented an analysis concern-
ing the effect of oxycline in the present study, oxygen
stratification in the Aegean Sea is known to follow
the temperature stratification (Lykousis et al. 2002)
and thus, the thermocline can be considered to be a
proxy for the oxycline. Taking this into account, this
parameter seems not to affect the vertical distribution
of anchovy, at least not to the extent that was identi-
fied in the case of Peruvian anchovy.

In contrast, bottom depth was found to limit the
downwards movement of anchovy in shallow depths.
During the daytime, anchovy schools were in close
association with the bottom in waters less than 80 m
deep. Beyond this depth, distance from the bottom
seems to increase. Similar observations of sea bottom
constraining downward movement of fish have also
been reported for other species, like the blue whiting
Micromesistius poutassou (Johnsen & Gode 2007)
and sardine (Giannoulaki et al. 1999). However, the
results of the present study contradict those reported
for the Bay of Biscay where anchovy schools were
generally found at a constant altitude of approxi-
mately 16 m above the bottom or even further when
predators like horse mackerel were present near the
bottom (Massé et al. 1996). Other abiotic factors, like
substrate type (D'Elia et al. 2009) and hydrological
variations (Massé et al. 1996), or biotic factors, like
the presence of competitors and predators (Massé et
al. 1996), may also affect the vertical distribution of
fish schools.

Concerning the internal school structure, a clear
diurnal pattern in school shape was apparent with
elongation being low during the morning and the
afternoon and higher during the day. Increased
perimeter (a measure of school size) was observed at
dawn and coincided with low school density, indicat-
ing that schools start to form as loose aggregations

and become more compact later during daytime.
Substantial reduction in school density was also
observed at dusk, following the typical pattern of the
diurnal schooling behaviour of small pelagic fish
(Fréon et al. 1996, Zwolinski et al. 2007, Bertrand et
al. 2008). Larger school formations during the transi-
tional periods have been reported both when fish
remain in loose aggregations during the night (e.g. in
sardine; Zwolinski et al. 2007) and when they dis-
perse, as in the case of herring (Fernandes et al.
2001). In our case, although school perimeter shows
relatively increased values at dusk, the difference
compared to midday is small. This could be attrib-
uted to a progressive break of the larger schools into
smaller ones as time goes by and light decreases.
Similarly, Fréon et al. (1996) did not detect a clear
diurnal pattern in the school size of pelagic fish in the
western Mediterranean but observed that the num-
ber of schools increased during darker periods, im-
plying a progressive breaking behaviour of large
schools into smaller ones. The general pattern of for-
ming loose aggregations at night, although part of a
standard behaviour, might differentiate among spe-
cies (i.e. anchovy, sardine and herring), size of fish,
size and density of schools or regional location (i.e.
Mediterranean Sea and Atlantic).

Moreover, our results indicate that bottom depth
affects most of the studied school descriptors, which
is in agreement with the findings presented by
D'Elia et al. (2009) for the Sicilian Channel. Mor-
phometric and energetic features of anchovy schools
in the study area are primarily affected by the ba-
thymetric changes in schools, particularly regarding
their distance from the bottom (i.e. altitude). An-
chovy schools close to the seabed generally pre-
sented a more elongated form (discoidal shape).
Discoidal shapes of schools close to the bottom have
also been described by Misund (1993). The close
association with the seabed could be interpreted as
a mechanism for predator avoidance. Even though a
more spherical shape in the mid-waters can mini-
mize detection from predators, this may not be the
case for schools found close to bottom (Misund
1993). Spreading along the seabed (presenting a
more elongated shape with reduced relative height)
where the background contrast is low might be a
mechanism to reduce detectability from predators.
In addition, anchovy schools are smaller when
found close to the seabed (i.e. smaller perimeter)
thus further decreasing detection probability. The
reduction in school size is associated with an in-
crease in school density, implying the formation of
more compact schools while probably maintaining a



256 Mar Ecol Prog Ser 446: 243-258, 2012

relatively high number of individuals. Larger
schools, in terms of the number of constituent fish,
can provide increased survival probability at the in-
dividual level during a predator attack (Fréon &
Misund 1999). Thus this schooling feature could
also be related to predator avoidance behaviour.

Light intensity at school depth also affects the in-
ternal structure of anchovy schools. School density
was higher at higher values of light intensity. Be-
cause dense structures are assumed to be more effec-
tive in predator avoidance (Fréon & Misund 1999)
this feature may also reflect an anti-predatory mech-
anism. Such a mechanism could be particularly im-
portant during the day when light availability facili-
tates school detection by predators supporting other
senses or mechanisms related to noise detection.
Moreover, the observed increase of the school peri-
meter at high levels of light intensity along with
increased school density further supports the sce-
nario of small schools merging into larger ones.

The environmental parameters considered here
explained less variance concerning the morphomet-
ric and energetic school descriptors than the bathy-
metric ones did. This underlines the high plasticity in
school size, shape and density that may be affected
by numerous environmental parameters and in a less
deterministic way. Shape reflects the dynamics of
school internal structure, with individuals moving
continuously (Misund 1993, Fréon & Misund 1999) in
response to external stimuli (e.g. Massé et al. 1996,
Gerlotto et al. 2006). For example, feeding may alter
schooling behaviour, resulting in looser aggregations
(Fréon & Misund 1999). Evidence that moderate
changes in the internal school structure of anchovy
could be related to feeding is also implied by our
findings. A preliminary analysis on the daily feeding
pattern of anchovy in the area during summer (July)
indicated that stomach fullness presented relatively
high values approximately after 16:30 h (local time)
that continued until after sunset (Nikolioudakis et al.
2009). Based on our findings, a decrease in school
density is observed after a midday peak at 12:40 h.
This decreasing trend reaches its maximum rate at
approximately the same time that feeding is intensi-
fied (16:40 h local time; rate not shown here).

When comparing anchovy school characteristics
during daytime among populations from various
areas, certain similarities and differences seem to
arise. The vast majority of anchovy schools are found
in depths less than 80 m in the Aegean Sea (this
study), Central Mediterranean (D' Elia et al. 2009),
Western Mediterranean (Iglesias et al. 2003) as well
as the Bay of Biscay (Massé et al. 1996, Scalabrin et

al. 1996). Schools in the Bay of Biscay (Massé et al.
1996, Scalabrin et al. 1996) and the Central Mediter-
ranean (D' Elia et al. 2009) are usually observed fur-
ther from the bottom than in the Aegean Sea.
Backscattering strength is higher in the Bay of Biscay
(Scalabrin et al. 1996) than that in our findings, which
may be related to differences in school density,
physiological status and/or the size of the individu-
als. Elongation was found to be similar in all areas
(Massé et al. 1996, Scalabrin et al. 1996, D' Elia et al.
2009). Regional comparisons of patterns related to
anchovy DVM remain to be examined.

CONCLUSIONS

Our findings have revealed several behavioural
patterns related to the diurnal vertical migration of
anchovy in the Aegean Sea. Fish spent most of the
daytime in association with the bottom, close but
below the depth of maximum chlorophyll concentra-
tion and going deeper when surface light intensity
increases. Patterns in the morphometric and ener-
getic school descriptors underlie the dynamic aspect
of schooling, which is largely explained by a trade-
off between feeding and predator avoidance. Verifi-
cation of these findings in a broader temporal and
regional scale seems important because several
aspects of DVM may change seasonally (Busch &
Mehner 2009) or regionally, affected by environmen-
tal or population specificities. Better understanding
of the diurnal intra-specific variability in school
descriptors would contribute to studies for species
identification, which remains a key aspect of concern
in fisheries acoustics (Korneliussen et al. 2009). For
example, species identification could be more accu-
rate when the time of day of the observed schools is
taken into account (Lawson et al. 2001) or by defining
school types related to time. In addition, acoustic esti-
mates could be more accurate when also considering
the hours that assure the maximum availability of the
target species to echosounding (Fernandes et al.
2001).

Moreover, this knowledge can improve the under-
standing of species spatial organization and habitat
utilization (Mackinson et al. 1999) as well as high-
light similarities and differences among species and
populations that can shed light on the evolutionary
advantages of the vertical migration and related
behaviours. Finally, the description of patterns com-
prises basic information to support the needs of
advanced ecological modelling, like improving the
accuracy of individual-based bioenergetic models.
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