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INTRODUCTION

Catchability is a key parameter in fisheries stock
assessment and refers to the probability of a single
fish being caught by a defined unit of fishing effort
(Arreguín-Sánchez 1996). It allows the estimation of
stock abundance from catch and effort data, and it
ultimately measures the interaction between the re -
source abundance and the fishing effort. Gear char-

acteristics, environmental effects and the different
biological features of the targeted individuals all
influence catchability (Wilberg et al. 2009). Particu-
larly, fish size and fish behavior play a key role, espe-
cially for passive gears like traps or gillnets, for which
catchability depends on the probability of the fish
encountering the net (Arreguín-Sánchez 1996, Alós
et al. 2012). Therefore, catchability is difficult to esti-
mate and is often left constant in time and space
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when modelling stock dynamics (Arreguín-Sánchez
1996), potentially leading to biased estimates of
abundance (Ricker 1975, Cooke & Beddington 1984,
Wilberg et al. 2009).

Fish behavior may be largely influenced by the
life-history strategy of the species, especially the re -
productive and energy allocation strategy (reviewed
by McBride et al. 2013). In some species, predictable
behavior like the formation of spawning aggrega-
tions (e.g. shallow water groupers; Coleman et al.
1996) or the realization of large-scale migrations (e.g.
blue tuna; Block et al. 2001) for reproductive or
 feeding purposes allows fishers to increase the prob -
ability of encountering fish (Sadovy & Domeier 2005).
However, many harvested coastal fishes around the
world are sedentary and move within well-defined
and relatively small home ranges, within which feed-
ing and reproductive areas overlap (Botsford et al.
2009, March et al. 2010, Palmer et al. 2011). At
 middle and high latitudes (roughly north to 25°N and
south to 25°S), coastal fish are subject to seasonal,
sinusoidal-like variations in the environmental con-
ditions (Schmidt-Nielsen 1997, Stoner 2004). These
species usually display a life-history strategy charac-
terized by a predominantly capital energy allocation
strategy (i.e. reproduction financed with stored
energy) and determinate fecundity (i.e. no recruit-
ment of oocytes during the spawning season; Ganias
2013). That is, foraging and reproduction occur with -
in distinct time periods (Houston et al. 2007, McBride
et al. 2013). If feeding and reproduction are associ-
ated with different behavioral patterns (i.e. active
food search versus spawning territoriality) that alter
the likelihood of encounter between fishers and fish,
then catchability may vary seasonally (Neumann &
Willis 1995, Stoner 2004).

Empirical evidence on how life-history and fish
behavior influence catchability is still lacking, prima-
rily due to the limitations of studying behavior for
long-term periods in the wild. However, the minia-
turization and increase of the life-span of telemetry
tags have allowed monitoring of the fine-scale move-
ment behavior in fish (Cooke et al. 2004, Krause et al.
2013). In this study, we aimed to get insight into the
relationships between time-varying behavior and
catchability in a coastal sedentary fish. We selected
Labrus bergylta as our model species due to its local
commercial importance and to the fact that stock
assessments are currently lacking for the species,
making the results of this research very timely and
useful for future management plans. We hypothe-
sized that the fish life-history strategy would induce
seasonality in its behavior (in order to adapt to repro-

ductive or feeding requirements) and, as a conse-
quence, seasonality in catchability. Even though spa-
tial models that take into account fish movements
have been widely used for migratory species (Han-
cock et al. 2000, Porch et al. 2001), spatial behavior is
often ignored for coastal fish. To the best of our
knowledge, the present work is the first study that
compiles empirical evidence describing (1) the sea-
sonal behavior using fine-scale telemetry in seden-
tary fish, (2) the potential drivers of behavioral vari-
ability and (3) its implications for stock assessment
and fishing vulnerability.

MATERIALS AND METHODS

Data collection

Six variables (i.e. sea surface temperature [SST], the
seasonal dependence of the spawning probability (pR;
see ‘Data analysis’ below), feeding, distance travelled,
home range and catchability) derived from 5 different
datasets (Table 1) were analyzed for seasonality. SST
was used as a general tracer of the en viron mental sea-
sonality in the study area (Fig. 1). Daily values of SST
for the period 2008 to 2012 were obtained from an
oceanographic station (www. meteogalicia. es) located
in the vicinity of the tele metry study area (Table 1,
Fig. 1, see Fig. S1a in Supplement 1 at www. int-
res.com/articles/suppl/m515 p239_ supp/).

Labrus bergylta (Ascanius, 1767) (Fig. 1) is the
largest labrid in the NE Atlantic and a valuable re -
source for both recreational and commercial fisheries
(Bañon et al. 2010, Pita 2011). It is a protogynous
herm aphrodite (i.e. sex changes from female to
male), capital breeder and sedentary species living in
spatially stable home ranges smaller than 1.5 km2

(Villegas-Ríos et al. 2013a,b). Large, territorial males
court and mate with several smaller females within
their reproductive groups during the spawning sea-
son (Sjölander et al. 1972). Life-history traits (i.e. total
weight, total length, gonad weight and gut weight,
Table 1) of L. bergylta were obtained from a 2 yr (De-
cember 2009 to December 2011) monthly biological
sampling program at the local fish markets of Galicia,
where the artisanal fleet delivers all the catches. A
gonadosomatic index (GSI; Fig. S1b in Sup plement 1)
of females (n = 1150) was estimated as the percentage
of gonad weight (±0.01 g) relative to fish gutted
weight (±0.01 g). Histological assessment of the
 ova ries allowed the classification of each individual
as mature or immature and the calculation of the sub -
sequent maturity ogive (for additional details, refer to
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Villegas-Ríos et al. 2013a). Both variables, the GSI
and the probability of being mature, were used to
 estimate the spawning probability (here defined as
the probability of belonging to the spawning popu -
lation, sensu Lowerre-Barbieri et al. 2009) for each

 individual, as described in ‘Data analysis’. A feeding
index, F, was estimated for the individuals sampled in
2011 (n = 579) as the percentage of the gut weight
(i.e. the weight of the full stomach; ±0.01 g) divided
by the fish gutted weight (±0.01 g; Fig. S1c). F was
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Dataset Observed variable Derived variable Spatial coverage Temporal coverage

Oceanographic Sea surface temperature Sea surface temperature 42° 05.8’ N, 8° 55.8’W 2008−2012

Biological sampling Gonad weight Seasonal dependence of Ría de Vigo Dec 2009−Dec 2011
the spawning probability

Total length Ría de Vigo Dec 2009−Dec 2011
Gutted weight Ría de Vigo Jan−Dec 2011
Gut weight Feeding index Ría de Vigo Jan−Dec 2011
Gutted weight Ría de Vigo Jan−Dec 2011

Telemetry Home range Home range Cíes Archipelago Sept 2011−Sept 2012
Distance travelled Distance travelled Cíes Archipelago Sept 2011−Sept 2012

Catches Catches Catchability Galician coast 1999−2012

Underwater visual Abundance index Ría de A Coruña 2003−2006
census

Table 1. Summary of the datasets, observed variables and derived variables (i.e. variables of interest modeled for seasonality) 
used in this study, showing their spatial and temporal coverage

Fig.1. Map of the study area including a photograph of the study species, Labrus bergylta (upper left), and a map of the telemetry 
array (lower left)
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used as an index of feeding intensity (Rikardsen &
Sandring 2006). Additional information on the biolog-
ical sampling used to calculate the GSI and F can be
found in Villegas-Ríos et al. (2013a, 2014).

Fine-scale spatio-temporal information was ob -
tained from an acoustic telemetry study of 24 un -
sexed individuals (size range: 20.5 to 50.5 cm) within
an array of 12 Vemco© VR2-W receivers whose
detection range largely overlapped (Villegas-Ríos et
al. 2013b). Anesthesized individuals were implanted
with acoustic transmitters in the body cavity through
an incision, and the wound was closed with 2 surgical
stitches (Villegas-Ríos et al. 2013b). The study was
conducted at the Cíes Archipelago (Fig. 1) and lasted
for 12 mo (September 2011 to September 2012), after
which the receivers were retrieved and data were
downloaded. Fish positions were estimated at 30 min
time steps based on detections at multiple receivers
as described by Villegas-Ríos et al. (2013b). Mean/
average residence index (i.e. the number of days
each fish was detected inside the array, divided by
the total period of detection) during the study period
was 0.99 (Villegas-Ríos et al. 2013b), so movement
measurements are based on the assumption that no
fish left the study area during the whole period.
Home range and horizontal distance travelled (as a
proxy of activity) were estimated at 10 d time steps.
Home range was calculated using 95% kernel uti-
lization distribution (KUD95, see Supple ment 1). The
distance travelled in each 10 d time step was esti-
mated by summing the distances between consecu-
tive fish positions within each time step, as suming
linear movement routes.

Catch rates of L. bergylta were
obtained from a long-term artisanal-
fishing monitoring program led by
the Galician Regional Government
(UTPB-Xunta de Galicia). This is a
fishery-dependent monitoring pro-
gram in which scientists on board
commercial artisanal boats monitor
their catches. The monitored boats
are randomly selected among a fleet
of ~4000 units operating all over the
Galician coast (Fig. 1). L. bergylta in
this fishery is targeted mainly with
gillnets (99.3% of the catches) and
secondarily with hook and line or
small long lines (R. Bañon pers. obs.).
Therefore, we retained only the 3844
gillnet deployments (defined as a gill-
net deployment by a single boat in a
single day) available in the dataset

between 1999 and 2012. In spite of the local impor-
tance as a fishing resource (Villegas-Ríos 2013), L.
bergylta is not currently subject to stock as sessment
in the study area. For each gillnet deployment, the
following information was recorded: number of L.
bergylta captured (including zeros, i.e. hauls without
captures), position, depth, bottom type, soak time
and number of panels (50 m each) composing the
gillnet. Previous analyses (data not shown) revealed
a saturation of the gillnets for soaking times >24 h, so
data were filtered to remove those deployments (n =
13). Since this gillnet fishery is not exclusively aimed
at targeting L. bergylta, data were also filtered to
exclude those habitats and depths where the species
is known to be absent in the area (depths > 50 m;
muddy and sandy bottoms). Therefore, we retained
data from 838 gillnet deployments for analyses
(Table 2, Figs. S1d & S2 in Supplement 1). Informa-
tion on the seasonal variation in stock size was
derived from the density of L. bergylta in Galicia
obtained from Pita (2011) and used as a relative
index of abundance in the catchability model (see
‘Data analysis’). These estimates of fish density were
fishery-independent (obtained by underwater visual
censuses) and were considered constant for a given
season. Underwater visual censuses are considered a
precise and reliable method for the estimation of fish
density of the Galician fish communities (Pita et al.
2014). Underwater visual censuses were conducted
between 2003 and 2006 in Ría de Coruña (43° 22’ N;
8° 22’ W) at a place ~150 km north of the telemetry
study area but with similar biotic and abiotic charac-
teristics (Pita 2011). Since the temporal scale of the
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Year Month Total
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1999 – – – – – 5 – – – – 4 – 9
2000 1 – 5 – 1 5 – – – – 4 – 16
2001 – 4 1 2 9 – – – – – – 4 20
2002 – – 8 6 2 7 4 – 1 – – – 28
2003 6 3 4 2 7 9 1 – 1 3 15 30 81
2004 10 12 20 16 23 10 5 – 4 – 4 13 117
2005 13 14 12 16 12 7 10 1 – – 1 14 100
2006 9 7 10 25 14 9 1 5 2 – 3 4 89
2007 – 2 10 8 8 6 – 2 15 8 5 4 68
2008 4 4 1 11 6 4 – – 11 – 8 3 52
2009 1 8 5 7 9 5 – 3 10 1 – 5 54
2010 4 4 13 14 13 3 – 6 – – 10 7 76
2011 – 6 – 1 9 28 – – – 1 4 9 58
2012 3 4 9 12 18 18 – 1 – 1 2 2 70

Total 51 68 98 120 131 116 21 18 44 16 60 95 838

Table 2. Temporal coverage (yearly and monthly distribution) of the gillnet 
deployments used in this study
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visual census was considerably shorter than the catch
time series (4 yr vs. 14 yr), we used the pooled aver-
age seasonal values for all the years provided by Pita
(2011) and considered them representative for all
study years (i.e. we assumed a stable population den-
sity across years). Mean ±1 SD density values for
each season were 440.4 ± 385.3, 256.2 ± 230.2,
457.7 ± 532.3 and 620.8 ± 566.3 ind. ha−1 in spring,
summer, autumn, winter, respectively (see details in
Pita 2011).

Data analysis

We hypothesized that in seasonal environments,
the analyzed variables should follow a sinusoidal
variation. Given that cause-and-effect relationships
are especially difficult to establish among observa-
tional variables experiencing seasonal cycles (Adams
2003), we tested this hypothesis by fitting the data to
a sinusoidal function and then estimating and com-
paring the phase (defined below) of each variable.
We assumed that variables showed no interannual
variations. A sinusoidal model seemed reasonable
according to the raw data (Fig. 2, see Figs. S1 & S2 in
Supplement 1). The deterministic part of all the sinu-
soidal models was the same:

(1)

where Si is the sinusoidal function at day i, di is the
number of days from a reference date (1 January), α
represents the mean of the trend, and the combina-

tion of β1 and β2 determines the phase and the ampli-
tude. Specifically, we were interested in estimating
the phase ϕ, i.e. the number of days between the ref-
erence date and the maximum of the sinusoidal func-
tion, which represents the time of the year when each
variable reaches its maximum value:

(2)

This general model was adapted (see Supple-
ment 2 at www. int-res. com/articles/ suppl/ m515
p239_ supp/) to the particularities of each of the 6
variables of interest (i.e. SST, pR, feeding index, dis-
tance travelled, home range and catchability).

For SST, the phase of its seasonal cycle was esti-
mated from Eq. (1) but assuming a normally distrib-
uted error term plus a first-order autocorrelation
term (AR1):

(3)

where Ti and Ti–1 are the temperatures at the days i
and i−1, ρ is the AR1 coefficient, and εi represents a
random sample from a normal variate with zero mean.

The spawning probability, i.e. the probability that a
given female i belonged to the spawning population
at the specific date it was sampled (pSi), depends not
only on the seasonal dependence of the spawning
probability (pRi, which is the variable of interest) but
also on the probability that this female was actually
mature (pMi). The challenge here is to estimate the
phase of the seasonal cycle of pR (a hidden variable)
from the GSI values (currently observed data). Thus,
a hierarchical model was used. First, GSI values were

S d di i icos(2 / 365) sin(2 / 365)1 2= α + β π + β π

(365 / 2 )arctan( / )2 1ϕ = π β β

T S T Si i i i i= + +ρ ε( )–1 –1-
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Fig. 2. Raw data of the home range size and distance travelled for each individual fish (n = 24) at 10 d time periods, during 
the telemetry experiment (1 September 2011 to 1 September 2012)
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assumed to come from 1 of 2 possible gamma distri-
butions. The parameters of each gamma distribution
(shapei and ratei; Supplement 2) can take 1 of only 2
possible values: (1) low-GSI state would correspond
to immature females and to mature females outside
the spawning season and (2) high-GSI state would
correspond to mature females at the spawning sea-
son. The value pSi is the probability that a female
was in a reproductive state given its GSI value. Sec-
ond, pSi is given by the product of the seasonal
dependence of the spawning probability (pRi) and
the prob ability of being mature (pMi). Since pRi was
assumed to depend on seasonality, its logit has been
modeled using Eq. (1):

(4)

In contrast, pMi depends on the fish size and fish
colour pattern (plain or spotted) and has been esti-
mated from the parameters of the maturity ogive of
the total population (Villegas-Ríos et al. 2013a).

For the feeding index, the F-values estimated for
each sampling date were fitted to the sinusoidal
function defined in Eq. (1), assuming F to have a
gamma distribution. As fish are not randomly sam-
pled, but some of them come from the same haul,
haul (i.e. sample) was considered to be a random fac-
tor (Supplement 2).

In the case of the home range size and the distance
travelled for each 10 d period, the nature of the data
imposed a more complex model. First, the observed
distance D at the time period i for the fish j (Dij) was
modeled as follows:

(5)

where the second term (ρ(Dij–1 – Sij–1) + εi) represents
an AR1 term (between the successive observations
from the same individual), εi represents a random
sample from a normal variate with zero mean, and Sij

is given by the following relation:

(6)

Note that Eq. (6) was modified in 2 ways in relation
to Eq. (1). First, the size of the fish (TLj, in cm) was
also considered as a new fixed covariate to account
for the potential size effect on the spatial ecology of
the fish, as suggested by the raw data (Fig. 2) and
previous studies (Villegas-Ríos et al. 2013b). Second,
the observations from the same fish were structured
as a random factor; thus, their mean (αj, with α0 being
the grand mean) was allowed to vary following a nor-
mal distribution.

Finally, to describe seasonality in the catchability
of L. bergylta, the observed catch (number of fish

accumulated by month) of the month i was assumed
to come from a Poisson distribution whose mean is
given by the product of catchability, qi, and fish
abundance as estimated from the fishery independ-
ent survey (Pita 2011). Fish abundance (count data) is
assumed to have a Poisson distribution, but the ex -
pected mean of this distribution is assumed to have a
gamma distribution with the parameters estimated
from the empirical data (priors) provided by Pita
(2011). Catchability is assumed to follow a sigmoidal
curve, and hence, its logit was fitted to Eq. (1) modi-
fied to take into account the fishing effort (EFFORTi,
i.e. sum of all gillnet panels for each month multi-
plied by the duration of the corresponding haul in
hours):

(7)

The parameters of these 6 models were estimated
using a Bayesian approach, which accommodates the
complexities of hierarchical models and allows com-
bining the observed data with additional information
(Clark 2007). The existence of an identifiable sinu-
soidal pattern was evaluated based on 95% Bayesian
credibility intervals (BCI) of β1 and β2. A sinusoidal
pattern was assumed when either β1 or β2 were
 different from zero, i.e. their 95% BCI did not include
zero. Otherwise, a sinusoidal pattern was not assu -
med. When a seasonal pattern was identified, the
95% BCI of the phase was used to compare the
match-mismatch (i.e. the degree of overlap) between
the seasonality of the 6 variables investigated. All the
models were fitted using the Bayesian machinery
implemented in JAGS (http://mcmc-jags.source
forge. net/) and using the R2jags library (Su & Yajima
2011) in R (R Development Core Team 2011). Flat,
uninformative priors were used in all cases, except
the case of seasonal averaged fish abundance which
used priors from Pita (2011) as mentioned above.
Conventional tools were used to assess the proper
mixing of the Markov chain Monte Carlo chains run
in each analysis, the convergence of the algorithm
and the lack of autocorrelation by adjusting the burn-
ing period, thinning interval, the number of chains
and the valid sample size.

RESULTS

SST ranged between 12.2°C and 20.5°C, and as
expected, it followed a sinusoidal pattern (Table 3).
Predictions for a year period revealed a maximum
value (17.2°C) in summer (3 August) and a minimum

Logit )( log( )
cos( / ) sin(

q EFFORT
d

i i

i

= +
+ +α β π β1 22 365 22 365πdi / )

Logit p )( R Si i=

D S D Sij ij ij ij i= + − +ρ ε( )–1 –1

S = + + cos( /365)+ sin( /365)+ T0 1 2 3ij j i id dα α β π β π β2 2 LL j
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values (13.5°C) in winter (2 February), with a mean
value of 15.3°C (Fig. 3a). The pR followed a sinu-
soidal pattern too (Table 1). The model predicted a
maximum value (0.81) in winter (19 February) and a

minimum value in summer (20 August), but it was
virtually zero from May to November (Fig. 3b). A
sinusoidal variation over the year was also obtained
for the feeding index (Table 3), whose raw values
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Fig. 3. Model predictions for (a) sea surface temperature (SST), (b) the seasonal dependence of the spawning probability (pR ),
(c) feeding index (F ), (d) distance travelled (D) and (e) catchability (q ) of Labrus bergylta throughout the year. Grey shading:
95% Bayesian credibility intervals for the predictions. Maximum (red) and minimum (violet) predicted values of each variable
are represented with a coloured dot and their credibility interval as a coloured line. Dashed vertical lines: limits between
 seasons (wt: winter, sp: spring, sm: summer, au: autumn). Maximum and minimum values of each sinusoid are presented 

together in panel (f)



Mar Ecol Prog Ser 515: 239–250, 2014

ranged between 0.32 and 7.81. Modelled feeding
index (Fig. 3c) peaked (3.03) in summer (2 August),
revealing higher feeding intensity in this season, and
decreased until minimum values (2.04) in winter
(1 February).

The variation of the home-range size greatly dif-
fered among individuals and along the year, ranging
between 0.01 km2 and 0.21 km2. However, the model
did not detect a significant sinusoidal pattern for
this variable, i.e. both β1 and β2 BCI included zero
(Table 3). Distance travelled in 10 d periods ranged
between 0.62 km and 36.48 km. In this case, the
model resulted in a β1 coefficient different from zero
and a β2 coefficient narrowly including zero
(Table 3), therefore assuming a significant sinusoidal
pattern. This sinusoidal pattern was, however, de -
pendent on fish size (β3 ≠ 0; Table 3), with larger dis-
tances travelled for smaller fish all over the year, as
evidenced by the negative β3 value. Model predic-
tions for a mean-sized individual (34.7 cm) revealed
maximum values (19.03 km) in summer (25 June) and
minimum values (11.37 km) in winter (24 December;
Fig. 3d). CPUE of Labrus bergylta greatly varied
among deployments, ranging from 0 (no catches; n =
231) to 0.33 fish gillnet panel−1 h−1. Catchability fol-
lowed a sinusoidal pattern throughout the year
(Table 3, Fig. 3e) with maximum values (0.17) pre-
dicted in summer (17 June) and minimum values
(0.05) predicted in winter (17 December).

There was a large overlap between the phase
BCI of the SST and the feeding index (early
August; Fig. 3f) and between distance travelled
and catchability (late June; Fig. 3f). The pR was not
in phase with any of the other variables analyzed,
but it minimized in mid-August, and in general,
low probabilities were obtained for the period
when the other variables maximized, i.e. June to
September. In consequence, the minimum values of
SST, the lowest feeding intensity and the maximum
values of the pR (the antiphase) overlapped in Jan-
uary to February (Fig. 3f). The distance travelled
and the catchability were at the lowest level in late
autumn to early winter, a month before the peak of
pR. Similarly, there was a lag of 38 d between the
maximums of the feeding index and distance trav-
elled and of 54 d in the case of the pR and the dis-
tance travelled.

DISCUSSION

This study integrated data from acoustic teleme-
try, biological sampling, fisheries catches and envi-

ronmental time series to gain insight into the rela-
tionship between fish activity and catchability as
well as drivers influencing activity. We hypothe-
sized that the seasonal changes in catchability
should be driven by a change in fish behavior (by
increasing the prob ability of encounter between
fish and fishers) mediated by shifts between
feeding and reproductive behavior, which are ulti-
mately determined by the life-history strategy of
the species. These hypotheses were tested on
Labrus bergylta, a sedentary fish species locally
harvested by a gillnet fishery. We used very diverse
datasets with different temporal and spatial cover-
age. This prevented us from including interannual
variation in our analyses, which should be taken
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Parameters Bayesian credibility intervals
2.5% 50% 97.5%

Sea surface temperature
α 14.89 15.31 15.70
β1 −2.02 −1.55 −1.02
β2 −1.47 −1.01 −0.52
ϕ 200.8 216.5 230.2

pR
α −7.43 −5.94 −4.85
β1 4.03 4.83 5.94
β2 4.53 5.59 6.98
ϕa 228.7 232.4 235.5

Feeding index
α 2.44 2.53 2.62
β1 −0.53 −0.42 −0.32
β2 −0.39 −0.26 −0.13
ϕ 200.4 214.0 228.0

Distance travelled
α 19.47 28.45 37.62
β1 −4.57 −3.79 −2.90
β2 −0.06 0.68 1.51
β3 −0.64 −0.38 −0.12
ϕ 164.2 176.0 186.0

Home range
α −1890.96 20.19 1816.95
β1 −0.01 0.00 0.01
β2 −0.02 −0.01 0.01
β3 −1152.05 −19.60 649.68

Catchability
α −10.07 −9.87 −9.65
β1 −0.91 −0.63 −0.33
β2 −0.12 0.17 0.43
ϕ 143.2 167.0 194.0
aTo allow a better comparison of the results, we show
the phase plus (365/2), i.e the antiphase

Table 3. Summary statistics for the population Bayesian
means of the sinusoid patterns for each variable analyzed.
For each estimated parameter, the median and the lower
and upper 2.5 percentiles of the posterior distribution
are shown. pR: seasonal dependence of the spawning 

probability
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into account in future studies. However, our results
support our a priori hypotheses.

We found a good temporal overlap between SST
and the state of the fish (reproductive vs. feeding). At
the seasonal scale, it is expected that the fish life-
 history strategy drives the connection between envi-
ronmental cues, physiological state and behavior.
Fish species have evolved to maximize survival by
synchronizing their offspring production and devel-
opment with the best environmental conditions and
food availability (Cushing 1969, Varpe et al. 2009,
Lowerre-Barbieri et al. 2011). Therefore, we argue
that the seasonal alternation between the feeding
and reproductive periods in L. bergylta is ultimately
determined by its life-history strategy (capital breed-
ing) and the seasonal variation in the environmental
cues. First, increased activity during the summer
might be related to intensified feeding to recover
from the previous spawning effort in winter and to
store energy for the next reproductive season (Ville-
gas-Ríos et al. 2014). Second, the reproductive
behavior of the species favors reduced movement in
winter, when large territorial males court and mate
with a group of females during the spawning season
(Sjölander et al. 1972). As the social ties relax after
spawning, greater mobility is expected, and this is
what was observed in this study.

L. bergylta increased its activity by ~67% from
winter to summer, when average SST increased from
13.5°C to 17.2°C. The relationship between fish ac-
tivity and sea temperature is widely recognized both
in wild and captive animals (e.g. Claireaux et al.
1995, Ovidio et al. 2002, Topping et al. 2006). Our re-
sults adhere to the general pattern of increased activ-
ity with increased temperature. However, they rep-
resent a novelty to the field because our results are
derived from an uninterrupted measurement of fish
behavior in the wild during a whole year. Al though
we found increased activity with the summer season
and warmer temperatures, we did not detect a sea-
sonal pattern in home range size. The home range
behavior has a complex nature, and many environ-
mental and biological factors can influence it (Börger
et al. 2008). In essence, home ranges link the move-
ment of animals to the distribution of the re sources
necessary for survival and reproduction (Börger et al.
2008), which results in the existence of a whole diver-
sity of strategies regarding home range size and ex-
ploratory behavior. The present study suggests that
the resources available in the home range of the L.
bergylta individuals are enough to satisfy their meta-
bolic and physiological demands regardless of their
individual state (reproduction vs. feeding), with no

need to explore new areas on a seasonal basis. Keep-
ing an invariable home range throughout the year
has recognized advantages, like improved feeding
efficiency and reduced risk of predation due to in-
creased familiarity and experience with the space
used (Eristhee & Oxenford 2001, Ovidio et al. 2002).

Our results showed a seasonal pattern in activity
levels, which was related to the prevalence of feed-
ing and reproductive behaviors. Therefore, the life-
history strategy is likely to be a key determinant of
the variation of the catchability in L. bergylta. How-
ever, different results should be expected under
alternative life-history strategies. For example, capi-
tal breeders travelling long distances from feeding to
spawning grounds (e.g. cod; Hutchings & Myers
1994) would show an increase in activity in relation
to the shift from one state (feeding) to another
(spawning), i.e. the migration itself. Contrastingly,
income breeders use concurrent energy input to
defray the costs of reproduction (Ganias 2013,
McBride et al. 2013), and feeding-related behavior
would likely be maintained year round. Therefore,
no seasonality in the feeding related activity would
be expected in these species. The reproductive strat-
egy of other species implies increased movements
and activity during the spawning season. This is the
case of many species that form resident spawning
aggregations, exhibiting daily migrations to spawn-
ing sites (Lowerre-Barbieri et al. 2013, 2014). Similar
to activity, the home range of other species following
alternative life-history strategies may vary seasonally
due to, for example, temperature changes, social
interactions or reproductive migrations or aggrega-
tions (e.g. Bradbury et al. 1995, Weller & Winter 2001,
Topping et al. 2006).

Theory predicts a direct relationship between
activity levels and catchability. The basis of this pre-
diction is that more active fish have a higher prob -
ability to encounter the passive fishing gear and
therefore to be trapped in it (Rudstam et al. 1984,
Kallayil et al. 2003). In those situations, q is often
driven by encounter rates between the fish and the
gear (Rudstam et al. 1984, Biro & Post 2008) as much
or more than body size, and fish behavior will be the
primary determinant of catch per unit effort (Heino &
Godo 2002, Biro & Post 2008, Nannini et al. 2011,
Olsen et al. 2012). Similarly, catchability in active
gears is influenced by fish availability, density varia-
tion, temporal changes in distribution at annual, sea-
sonal or diel scales and by changes in fish activity.
However, the fish behavior of avoidance of active
gears introduces an additional factor that compli-
cates the cause-effect analysis (Handegard et al.
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2003). In the case of L. bergylta, one would expect
that because fish activity showed a seasonal nature,
catchability should also display a seasonal pattern,
after accounting for variation in abundance (Rudstam
et al. 1984). The complete overlap between the sinu-
soids of fish activity and catchability provided empir-
ical evidence to this prediction. Recently, Alós et al.
(2012) demonstrated that fishing with passive gears
(e.g. angling, traps or gillnets) consistently selected
for high-activity phenotypes but not necessarily the
individuals with the larger home ranges, which is
also fully consistent with our empirical findings. Our
results are in line with previous reports showing the
relationship between fish behavior and catchability
in both captive and wild fish. For example, Olsen et
al. (2012) found that acoustically tagged Gadus
morhua individuals with a strong diel vertical migra-
tion (i.e. more active) had a higher risk of being cap-
tured in the fishery compared to fish that stayed in
deeper water in the Skagerrak coast in Norway. Sim-
ilar results were obtained in experimental conditions
with Oncorhynchus mykis (Biro & Post 2008). How-
ever, none of these works provided empirical evi-
dence of the relationship between environmental
cues, physiological state, fish behavior and catch -
ability. In addition, the relationship between behav-
ior and catchability has been demonstrated to affect
yield sustainability (Uusi-Heikkilä et al. 2008). Fish-
ing highly active phenotypes may lead to fisheries-
induced evolution if behavioral traits are determined,
at least in part, genetically (Uusi-Heikkilä et al.
2008). Moreover, through pace of life syndromes
corre lations (i.e. correlations between behavioral,
physio logical and life-history traits; Réale et al. 2010),
fishing on active fish may reduce the productivity of
the resources (Biro & Stamps 2008).

Traditionally, stock assessment models assume
constant catchability (Arreguín-Sánchez 1996, Sto -
ner 2004) or that catchability varies with changes in
fish abundance, thus requiring a non-linear model of
catchability, such as a power curve (Pierce & Tomcko
2003). Our results show that catchability can display
a strong seasonal component associated with activity
in a sedentary fish, and this should be considered in
future stock-assessment models of L. bergylta (for
which there is not currently a stock assessment) and
other species (Wilberg et al. 2009). Ignoring this vari-
ability is likely to bias the results and lead to flawed
management decisions. In addition, it will impact the
correct interpretation of fish abundance indexes
(Hancock et al. 2000). Although a number of attempts
have been performed to incorporate time-varying
catchability into stock assessments (Porch 1999, Mar-

chal et al. 2003, Wilberg & Bence 2006), most models
still perform poorly when catchability has a trend
over time. Stock assessments and resulting fishery
management decisions are highly sen sitive to esti-
mates of catchability and often produce unrealistic
estimates of catchability (Arreguín-Sánchez 1996,
Patterson et al. 2001, Wilberg & Bence 2006). More-
over, seasonal variations in catchability strongly
affect performance of scientific surveys and the
design of fisheries monitoring (Methot 2009, Thorson
et al. 2013), i.e. the sources to estimate stock abun-
dance in stock assessment models. Not considering
time-varying catchability may lead to severely
biased stock estimates which may produce overfish-
ing and even stock collapse (Walters & Maguire
1996, Wilberg et al. 2009). Therefore, it is important
to conduct sensitivity analyses to evaluate the impact
that assumptions regarding catchability together
with other model parameters can have on stock
assessment results (Deroba et al. 2014).

Acknowledgements. We thank all the people from the Fish-
eries Ecology Group (IIM-CSIC, Vigo) who helped with the
 logistics of this research. This study was financed by the re -
search projects ARTEVIGO (Xunta de Galicia, 09MMA
022402PR), CASGASS (ICES Science Fund) and RECU -
MARE (Balearic Government). Also thanks to the personnel
of UTPB (Xunta de Galicia) that provided the catch and data
of the artisanal fishery of Galicia. D.V.R. was financed by a
FPU Scholarship from the Spanish Ministry of Economy and
Competitiveness and by a Marie Curie Post Doc Grant (FP7-
PEOPLE-2013-IEF, grant # 625852) J.A. was supported by a
Marie Curie Post Doc Grant (FP7-PEOPLE-2012-IEF, grant
grant # 327160). This paper is dedicated to Nico.

LITERATURE CITED

Adams SM (2003) Establishing causality between environ-
mental stressors and effects on aquatic ecosystems. Hum
Ecol Risk Assess 9: 17−35

Alós J, Palmer M, Arlinghaus R (2012) Consistent selection
towards low activity phenotypes when catchability de -
pends on encounters among human predators and fish.
PLoS ONE 7: e48030

Arreguín-Sánchez F (1996) Catchability:  a key parameter
for fish stock assessment. Rev Fish Biol Fish 6: 221−242

Bañon R, Villegas-Ríos D, Serrano A, Mucientes G, Arronte
J (2010) Marine fishes from Galicia (NW Spain):  an
updated checklist. Zootaxa 2667: 1−27

Biro PA, Post JR (2008) Rapid depletion of genotypes with
fast growth and bold personality traits from harvested
fish populations. Proc Natl Acad Sci USA 105: 2919−2922

Biro PA, Stamps JA (2008) Are animal personality traits
linked to life-history productivity? Trends Ecol Evol 23: 
361−368

Block BA, Dewar H, Blackwell SB, Williams TD and others
(2001) Migratory movements, depth preferences, and
thermal biology of Atlantic bluefin tuna. Science 293: 
1310−1314

248

http://dx.doi.org/10.1126/science.1061197
http://dx.doi.org/10.1016/j.tree.2008.04.003
http://dx.doi.org/10.1073/pnas.0708159105
http://dx.doi.org/10.1007/BF00182344
http://dx.doi.org/10.1371/journal.pone.0048030
http://dx.doi.org/10.1080/713609850


Villegas-Ríos et al.: Behavior and catchability in marine sedentary fish

Börger L, Dalziel BD, Fryxell JM (2008) Are there general
mechanisms of animal home range behaviour? A review
and prospects for future research. Ecol Lett 11: 637−650

Botsford LW, Brumbaugh DR, Grimes C, Kellner JB and oth-
ers (2009) Connectivity, sustainability, and yield:  bridg-
ing the gap between conventional fisheries management
and marine protected areas. Rev Fish Biol Fish 19: 69−95

Bowman A, Azzalini A (1997) Applied smoothing techniques
for data analysis:  the kernel approach with S-Plus illus-
trations. Oxford University Press, Oxford

Bradbury C, Green JM, Bruce-Lockhart M (1995) Home
ranges of female cunner, Tautogolabrus adspersus
(Labridae), as determined by ultrasonic telemetry. Can J
Zool 73: 1268−1279

Calenge C (2006) The package ‘adehabitat’ for the R soft-
ware:  a tool for the analysis of space and habitat use by
animals. Ecol Model 197: 516−519

Claireaux G, Webber D, Kerr S, Boutilier R (1995) Physio -
logy and behaviour of free-swimming Atlantic cod
(Gadus morhua) facing fluctuating temperature condi-
tions. J Exp Biol 198: 49−60

Clark JS (2007) Models for ecological data:  an introduction.
Princeton University Press, Princeton, NJ

Coleman FC, Koenig CC, Collins LA (1996) Reproductive
styles of shallow-water groupers (Pisces:  Serranidae) in
the eastern Gulf of Mexico and the consequences of fish-
ing spawning aggregations. Environ Biol Fishes 47: 
129−141

Cooke JG, Beddington JR (1984) The relationship between
catch rates and abundance in fisheries. Math Med Biol
1:391−405

Cooke SJ, Hinch SG, Wikelski M, Andrews RD, Kuchel LJ,
Wolcott TG, Butler PJ (2004) Biotelemetry:  a mechanistic
approach to ecology. Trends Ecol Evol 19: 334−343

Cushing DH (1969) The regularity of the spawning season of
some fishes. J Cons Int Explor Mer 33: 81−92

Deroba J, Butterworth D, Methot R, De Oliveira J and others
(2014) Simulation testing the robustness of stock assess-
ment models to error:  some results from the ICES strate-
gic initiative on stock assessment methods. ICES J Mar
Sci (in press) doi: 10.1093/icesjms/fst237

Eristhee N, Oxenford HA (2001) Home range size and use of
space by Bermuda chub Kyphosus sectatrix (L.) in two
marine reserves in the Soufrieve Marine Management
Area, St Lucia, West Indies. J Fish Biol 59: 129−151

Ganias K (2013) Determining the indeterminate:  evolving
concepts and methods on the assessment of the fecundity
pattern of fishes. Fish Res 138: 23−30

Hancock DA, Smith DC, Koehn JD (2000) Fish movement
and migration. In:  Hancock DA, Smith DC, Koehn JD
(eds) Proc Australian Society for Fish Biology Workshop.
Australian Society for Fish Biology, Sydney

Handegard NO, Michalsen K, Tjøstheim D (2003) Avoidance
behaviour in cod (Gadus morhua) to a bottom-trawling
vessel. Aquat Living Resour 16: 265−270

Hedger RD, Martin F, Dodson JJ, Hatin D, Caron F, Who-
riskey FG (2008) The optimized interpolation of fish posi-
tions and speeds in an array of fixed acoustic receivers.
ICES J Mar Sci 65: 1248−1259

Heino M, Godo OR (2002) Fisheries-induced selection pres-
sures in the context of sustainable fisheries. Bull Mar Sci
70: 639−656

Houston AI, Stephens PA, Boyd IL, Harding KC, McNamara
JM (2007) Capital or income breeding? A theoretical
model of female reproductive strategies. Behav Ecol 18: 

241−250
Hutchings JA, Myers RA (1994) Timing of cod reproduction: 

interannual variability and the influence of temperature.
Mar Ecol Prog Ser 108: 21−31

Kallayil JK, Jorgensen T, Engas A, Ferno A (2003) Baiting
gill nets—How is fish behaviour affected? Fish Res 61: 
125−133

Krause J, Krause S, Arlinghaus R, Psorakis I, Roberts S, Rutz
C (2013) Reality mining of animal social systems. Trends
Ecol Evol 28: 541−551

Lowerre-Barbieri SK, Henderson N, Llopiz J, Walters S,
Bickford J, Muller R (2009) Defining a spawning popula-
tion (spotted seatrout Cynoscion nebulosus) over tempo-
ral, spatial, and demographic scales. Mar Ecol Prog Ser
394: 231−245

Lowerre-Barbieri SK, Ganias K, Saborido-Rey F, Murua H,
Hunter JR (2011) Reproductive timing in marine fishes: 
variability, temporal scales, and methods. Mar Coast Fish
3: 71−91

Lowerre-Barbieri SK, Walters S, Bickford J, Cooper W,
Muller R (2013) Site fidelity and reproductive timing at a
spotted seatrout spawning aggregation site:  individual
versus population scale behavior. Mar Ecol Prog Ser 481: 
181−197

Lowerre-Barbieri S, Villegas-Ríos D, Walters S, Bickford J,
Cooper W, Muller R, Trotter A (2014) Spawning site
selection and contingent behavior in common snook,
Centropomus undecimalis. PLoS ONE 9: e101809

March D, Palmer M, Alós J, Grau A, Cardona F (2010) Short-
term residence, home range size and diel patterns of the
painted comber Serranus scriba in a temperate marine
reserve. Mar Ecol Prog Ser 400: 195−206

Marchal P, Ulrich C, Korsbrekke K, Pastoors M, Rackham B
(2003) Annual trends in catchability and fish stock
assessments. Sci Mar 67: 63−73

McBride RS, Somarakis S, Fitzhugh GR, Albert A and others
(2013) Energy acquisition and allocation to egg produc-
tion in relation to fish reproductive strategies. Fish Fish
(in press) doi:  10.1111/faf.12043

Methot RD Jr (2009) Stock assessment:  operational models
in support of fisheries management. In:  Beamish RJ,
Rothschild BJ (eds) The future of fisheries science in
North America. Springer, Dordrecht, p 137−165

Ovidio M, Baras E, Goffaux D, Giroux F, Philippart J-C
(2002) Seasonal variations of activity pattern of brown
trout (Salmo trutta) in a small stream, as determined by
radio-telemetry. Hydrobiologia 470: 195−202

Nannini MA, Wahl DH, Philipp DP, Cooke SJ (2011) The
influence of selection for vulnerability to angling on for-
aging ecology in largemouth bass Micropterus salm oi -
des. J Fish Biol 79: 1017−1028

Neumann RM, Willis DW (1995) Seasonal variation in gill-
net sample indexes for northern pike collected from a
glacial prairie lake. N Am J Fish Manage 15: 838−844

Olsen EM, Heupel MR, Simpfendorfer CA, Moland E (2012)
Harvest selection on Atlantic cod behavioral traits:  impli-
cations for spatial management. Ecol Evol 2: 1549−1562

Palmer M, Balle S, March D, Alós J, Linde M (2011) Size
estimation of circular home range from fish mark-
release-(single)-recapture data:  case study of a small
labrid targeted by recreational fishing. Mar Ecol Prog
Ser 430: 87−97

Patterson K, Cook R, Darby C, Gavaris S and others (2001)
Estimating uncertainty in fish stock assessment and fore-
casting. Fish Fish 2: 125−157

249

http://dx.doi.org/10.1046/j.1467-2960.2001.00042.x
http://dx.doi.org/10.3354/meps09109
http://dx.doi.org/10.1002/ece3.244
http://dx.doi.org/10.1577/1548-8675(1995)015%3C0838%3ASVIGSI%3E2.3.CO%3B2
http://dx.doi.org/10.1111/j.1095-8649.2011.03079.x
http://dx.doi.org/10.1023/A%3A1015625500918
http://dx.doi.org/10.3354/meps08410
http://dx.doi.org/10.1371/journal.pone.0101809
http://dx.doi.org/10.3354/meps10224
http://dx.doi.org/10.1080/19425120.2011.556932
http://dx.doi.org/10.3354/meps08262
http://dx.doi.org/10.1016/j.tree.2013.06.002
http://dx.doi.org/10.1016/S0165-7836(02)00181-9
http://dx.doi.org/10.3354/meps108021
http://dx.doi.org/10.1093/beheco/arl080
http://dx.doi.org/10.1093/icesjms/fsn109
http://dx.doi.org/10.1016/S0990-7440(03)00020-2
http://dx.doi.org/10.1016/j.fishres.2012.05.006
http://dx.doi.org/10.1093/icesjms/33.1.81
http://dx.doi.org/10.1016/j.tree.2004.04.003
http://dx.doi.org/10.1093/imammb/1.4.391
http://dx.doi.org/10.1007/BF00005035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9317317&dopt=Abstract
http://dx.doi.org/10.1016/j.ecolmodel.2006.03.017
http://dx.doi.org/10.1139/z95-151
http://dx.doi.org/10.1007/s11160-008-9092-z
http://dx.doi.org/10.1111/j.1461-0248.2008.01182.x


Mar Ecol Prog Ser 515: 239–250, 2014250

Pierce RB, Tomcko CM (2003) Variation in gill-net and
angling catchability with changing density of northern
pike in a small Minnesota lake. Trans Am Fish Soc 132: 
771−779

Pita P (2011) Comunidades de peces de los arrecifes rocosos
costeros de Galicia:  ecología e impactos humanos. PhD
dissertation, Universidade de A Coruña

Pita P, Fernández-Márquez D, Freire J (2014) Short-term
performance of three underwater sampling techniques
for assessing differences in the absolute abundances and
in the inventories of the coastal fish communities of the
Northeast Atlantic Ocean. Mar Freshw Res 65: 105−113

Porch CE (1999) A Bayesian VPA with randomly walking
parameters. Collect Vol Sci Pap ICCAT 49: 314−326

Porch CE, Turner SC, Powers JE (2001) Virtual population
analyses of Atlantic bluefin tuna with alternative models
of transatlantic migration:  1970-1997. Collect Vol Sci Pap
ICCAT 52: 1022−1045

R Development Core Team (2011) R:  a language and en -
vironment for statistical computing. R Foundation for
Statistical Computing, Vienna, available at www.R-
project.org

Réale D, Garant D, Humphries MM, Bergeron P, Careau V,
Montiglio PO (2010) Personality and the emergence of
the pace-of-life syndrome concept at the population
level. Philos Trans R Soc Lond B 365: 4051−4063

Ricker W (1975) Computation and interpretation of biologi-
cal statistics of fish populations. Bull Fish Res Board Can
191

Rikardsen AH, Sandring S (2006) Diet and size-selective
feeding by escaped hatchery rainbow trout Oncorhyn-
chus mykiss (Walbaum). ICES J Mar Sci 63: 460−465

Rudstam LG, Magnuson JJ, Tonn WM (1984) Size selectivity
of passive fishing gear:  a correction for encounter proba-
bility applied to gill nets. Can J Fish Aquat Sci 41: 
1252−1255

Sadovy Y, Domeier M (2005) Are aggregation-fisheries sus-
tainable? Reef fish fisheries as a case study. Coral Reefs
24: 254−262

Schmidt-Nielsen K (1997) Animal physiology:  adaptation
and environment. Cambridge University Press, Cam-
bridge

Simpfendorfer CA, Heupel MR, Hueter RE (2002) Estima-
tion of short-term centers of activity from an array of
omnidirectional hydrophones and its use in studying
 animal movements. Can J Fish Aquat Sci 59: 23−32

Simpfendorfer CA, Heupel MR, Collins AB (2008) Variation
in the performance of acoustic receivers and its implica-
tion for positioning algorithms in a riverine setting. Can J
Fish Aquat Sci 65: 482−492

Sjölander S, Larson H, Engstrom J (1972) On the reproduc-

tive behaviour of two labrid fishes, the ballan wrasse
(Labrus bergylta) and Jago’s goldsinny (Ctenolabrus
rupestris). Rev Comport Anim 6: 43−51

Stoner A (2004) Effects of environmental variables on fish
feeding ecology:  implications for the performance of
baited fishing gear and stock assessment. J Fish Biol 65: 
1445−1471

Su YS, Yajima M (2011) R2jags:  a package for running jags
from R. R package ver. 002 15

Thorson JT, Clarke ME, Stewart IJ, Punt AE (2013) The
implications of spatially varying catchability on bottom
trawl surveys of fish abundance:  a proposed solution
involving underwater vehicles. Can J Fish Aquat Sci 70: 
294−306

Topping DT, Lowe CG, Caselle JE (2006) Site fidelity and
seasonal movement patterns of adult California sheep-
head Semicossyphus pulcher (Labridae):  an acoustic
monitoring study. Mar Ecol Prog Ser 326: 257−267

Uusi-Heikkilä S, Wolter C, Klefoth T, Arlinghaus R (2008) A
behavioral perspective on fishing-induced evolution.
Trends Ecol Evol 23: 419−421

Varpe Ø, Jørgensen C, Tarling GA, Fiksen Ø (2009) The
adaptive value of energy storage and capital breeding in
seasonal environments. Oikos 118: 363−370

Villegas-Ríos D (2013) Life-history and behaviour of Labrus
bergylta in Galicia. PhD dissertation, University of Vigo

Villegas-Ríos D, Alonso-Fernández A, Dominguez-Petit R,
Saborido-Rey F (2013a) Intraspecific variability in repro-
ductive patterns in the temperate hermaphrodite Labrus
bergylta. Mar Freshw Res 64: 1156−1168

Villegas-Ríos D, Alós J, March D, Palmer M, Mucientes G,
Saborido-Rey F (2013b) Home range and diel behaviour
of the ballan wrasse, Labrus bergylta, determined by
acoustic telemetry. J Sea Res 80: 61−71

Villegas-Ríos D, Alonso-Fernández A, Domínguez-Petit R,
Saborido-Rey F (2014) Energy allocation and reproduc-
tive investment in a temperate protogynous hermaphro-
dite, the ballan wrasse Labrus bergylta. J Sea Res 86: 
76−85

Walters C, Maguire JJ (1996) Lessons for stock assessment
from the northern cod collapse. Rev Fish Biol Fish 6: 
125−137

Weller RR, Winter JD (2001) Seasonal variation in home
range size and habitat use of flathead catfish in Buffalo
Springs Lake, Texas. N Am J Fish Manage 21: 792−800

Wilberg MJ, Bence JR (2006) Performance of time-varying
catchability estimators in statistical catch-at-age analy-
sis. Can J Fish Aquat Sci 63: 2275−2285

Wilberg MJ, Thorson JT, Linton BC, Berkson J (2009)
 Incorporating time-varying catchability into population
dynamic stock assessment models. Rev Fish Sci 18: 7−24

Editorial responsibility: Nicholas Tolimieri, 
Seattle, Washington, USA

Submitted: February 21, 2014; Accepted: August 25, 2014
Proofs received from author(s): November 13, 2014

http://dx.doi.org/10.1080/10641260903294647
http://dx.doi.org/10.1139/f06-111
http://dx.doi.org/10.1577/1548-8675(2001)021%3C0792%3ASVIHRS%3E2.0.CO%3B2
http://dx.doi.org/10.1016/j.seares.2013.11.010
http://dx.doi.org/10.1016/j.seares.2013.02.009
http://dx.doi.org/10.1071/MF12362
http://dx.doi.org/10.1111/j.1600-0706.2008.17036.x
http://dx.doi.org/10.1016/j.tree.2008.04.006
http://dx.doi.org/10.3354/meps326257
http://dx.doi.org/10.1139/cjfas-2012-0330
http://dx.doi.org/10.1111/j.0022-1112.2004.00593.x
http://dx.doi.org/10.1139/f07-180
http://dx.doi.org/10.1139/f01-191
http://dx.doi.org/10.1007/s00338-005-0474-6
http://dx.doi.org/10.1139/f84-151
http://dx.doi.org/10.1016/j.icesjms.2005.07.014
http://dx.doi.org/10.1098/rstb.2010.0208
http://dx.doi.org/10.1071/MF12301
http://dx.doi.org/10.1577/T02-105

	cite43: 
	cite14: 
	cite42: 
	cite3: 
	cite27: 
	cite55: 
	cite13: 
	cite1: 
	cite26: 
	cite41: 
	cite39: 
	cite54: 
	cite12: 
	cite25: 
	cite53: 
	cite38: 
	cite24: 
	cite52: 
	cite10: 
	cite8: 
	cite23: 
	cite51: 
	cite36: 
	cite64: 
	cite6: 
	cite49: 
	cite22: 
	cite50: 
	cite35: 
	cite4: 
	cite48: 
	cite63: 
	cite21: 
	cite34: 
	cite62: 
	cite47: 
	cite20: 
	cite18: 
	cite61: 
	cite59: 
	cite32: 
	cite17: 
	cite45: 
	cite60: 
	cite58: 
	cite31: 
	cite16: 
	cite44: 
	cite29: 
	cite57: 
	cite30: 
	cite15: 


