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1.  INTRODUCTION

The red shrimp Aristeus antennatus (Risso, 1816)
is recognised as the most important target species
for harvest by trawling on the upper-middle conti-
nental slope in the northwestern Mediterranean.
Since the end of the 1990s, its stock has been
assessed by dynamic models as over-exploited (Car-

bonell et al. 2015). This dia gnosis was obtained by a
yield per recruit analysis (Beverton & Holt 1957),
showing that the current yields are above the maxi-
mum sustainable yield, with similar results year-to-
year, even though the fishing fleet has been reduced
since the early 1990s by at least 40%. Despite fleet
reduction, there is widespread acceptance that ef -
fective pressure has been increased by technical
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and engine power improvements (Carreras et al.
2015), such that fishing effort has remained roughly
constant.

A difficult problem in the biological assessment of
fisheries is the relationship between stock and re -
cruit ment. Stock–recruitment analyses basically con -
sist of looking at the empirical relationship be tween
the spawning stock size and the subsequent recruit-
ment of the year class. Biological processes affected
by, for ex ample, changing habitat quality may re -
duce the capacity for growth and reproduction that in
turn affect the stock–recruitment relationship
(Hilborn & Walters 1992). Especially habitat changes
can affect A. antennatus biological processes. Since it
has a wide bathymetric distribution of its ontogenetic
stages, from the middle slope (from 500 to 900 m
depth), where the adult mature individuals are har-
vested, down to abyssal valleys beyond 1000 m
depth, where juveniles were found (Cartes &
Demestre 2003). A. antennatus populations extend to
at least 3300 m depth (Sardà et al. 2004) in the West-
ern Mediterranean Sea, but these deep stocks have
scarcely been evaluated.

Fluctuations in A. antennatus captures have, to
date, not been adequately analyzed, although differ-
ent ap proaches for long-term studies have been
attempted. Based on landings estimates of its bio-
mass and numerical abundance, fluctuations with
interannual and interdecal periodicity have been
found (Maynou, 2008). There have even been tempo-
rary disappearances from the fishing grounds, which
collapsed the fishery and appear to have been
related to hydrographical events and processes, pos-
sibly cascading of water down the upper shelf and
across the slope due to unusually strong winter cool-
ing events (Company et al. 2008). There are also
powerful eddies in the open Mediterranean, reach-
ing the bottom and affecting deep and bottom cur-
rents (Amores et al. 2014). Both types of event likely
produce more than usual turbidity near the bottom,
likely affecting the availability of prey (e.g. zoo-
plankton) for red shrimp (Cartes et al. 2013).

The Mediterranean Sea is an evaporative basin
and is particularly sensitive to global warming, the
main effects of which, over the last 40 yr, have been
increasing temperatures (Vargas-Yáñez et al. 2010)
and gradually increasing salinity, especially in the
intermediate and deep layers below 150 m (Rixen et
al. 2005, Vargas-Yáñez et al. 2010). The increases in
temperature and salinity in intermediate waters such
as the Levantine Intermediate Water (LIW) may lead
to stronger vertical stratification (Belkin 2009) and
slow the movement of nutrients from deep layers to

the photic zone. This, in turn, could decrease the
amounts of detritus exported from the surface layers
to the sea floor, affecting planktonic production and
trophic chains. Recent studies have specifically
linked variability of deep-living fish and decapods
throughout the food web to this warming and rising
salinity, partly as reflected in characteristics of the
near-bottom zooplankton (Cartes et al. 2013, 2015).
Furthermore, changes of prey availability to deep-
sea species, including shrimps, have, in long-term
studies, been related to the North Atlantic Oscillation
(Cartes et al. 2009). A trophic viewpoint has also
been adopted to explain changes in the abundance of
a variety of open-water species, e.g. cod and hake
(Vert-pre et al. 2013).

Based on these previous results, we hypothesized
that aspects of the physiological condition of A.
antennatus that depend upon its food supply, like its
energetic condition and reproductive output and tim-
ing (Blackwell et al. 2000), should correlate with
oscillations in survival of pre-recruits and recruit
abundance (Marshall et al. 2000). For example, more
or better food should either increase yolk reserves in
eggs and the fitness of pre-recruits, or increase the
size and number of egg clutches (Lambert et al.
2003). Morphometric indices have often been used as
indicators of the amount of energy stored within an
individual, and specifically in the case of A. antenna-
tus, such indices have been good indicators of habitat
quality (Rueda et al. 2014).

To understand the response of species to global
warming, we need to understand how their life his-
tory sequences and trophic relationships respond to
its effects on ecosystem dynamics. Particular life
phases may play critical roles in establishing the re-
silience or vulnerability of species and their success
at population maintenance. Traditionally, studies
linking environmental variability to species fluctua-
tions have been based on abundance and distribu-
tion. However, such data superimpose un known or
unmeasured drivers that affect abundances, such as
gear selectivity, resource distribution, food supply
variations, etc. Reliable understanding of which en -
vironmental and biological para meters affect life
 cycles and survival can be better approached by the
study of physiological condition. There are numerous
such studies of pelagic and demersal fishes (Lloret &
Planes 2003, Lloret et al. 2005). A few studies of A.
anten na tus (Rosa & Nunes 2003, Carbonell et al.
2008, Rueda et al. 2014) have already analyzed the
relationship of shrimp energetic status to habitat con-
ditions as they affect progress through the life
history. But even these studies lack analysis over
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long intervals of the physiological responses of the
species to the variation of ecosystem conditions.

Taking into account that physiological responses to
climate change are not available from studies under
laboratory conditions or from live captures, and
given the challenges of reproducing and maintaining
 predicted environmental conditions at experimental
scales, a comparison of 2 time-series data sets de rived
from the fishery for A. antennatus makes investigation
of its responses possible. The first set in cludes exten-
sive hydrographical data for temperature, salinity and
dissolved oxygen at the depth layers of LIW and West-
ern Mediterranean Deep Water (WMDW), the water
types in which A. antennatus lives (Ghidalia & Bour-
gois 1961, Bombace 1975). Second, we have measures
of the physiological condition of A. antennatus from
the beginning of the 1990s until now from waters near
the Balearic Islands (Western Mediterranean). We ex-
amined whether the indices of body condition are be-
ing affected by long-term warming and salinity in-
crease or by short-term events such as the Winter
Mediterranean Transition event (WMT), a strong tem-
perature anomaly (CIESM 2009) that occurred in 2005
affecting conditions in deep water layers.

The aim of this time-series study was to identify the
hydrographic and climatological processes influenc-
ing the physiology of A. antennatus around the
Balearic Islands. The approach is novel because we
seek to show the long-term influence of environment
on population ecology and the biological condition
 (represented by Kn, the ratio of body weight to
length-predicted body weight; Brown et al. 2004) of
a deep-sea shrimp. The index allows a focus on the
im  portance of individual energetics. Our approach
ap plied multi-model inference based on general
additive models (GAMs; Burnham &
Ander son 2002). We propose that the
use of Kn, rather than estimated abun-
dance and catch fluctuations, may pro-
vide better biological interpretation of
the observed trends.

2.  METHODS: DATA AND MODELS

2.1.  Study area

Aristeus antennatus has been fished
on the upper and middle slope of the
Balearic Islands since the early 1950s.
Initial fishing was between 300 and
500 m (Oliver 1953), and it now reaches
to depths as great as 900 m. The fishery

has been monitored since the early 1990s, mainly at
Mallorca, the biggest island of the Balearic Archipel-
ago. There is a re peated spatial pattern in the activity
of the fleet, operating to the NW or SE of the island de-
pending on the season. The fishing areas monitored to
the NW are termed the Northern Balearic Island (NBI)
grounds, and those to the SE the Southern Balearic Is-
land (SBI) grounds. The NBI grounds are located on
the continental slope of the Balearic basin between
39° 15.53’ and 39° 67.39’ N and 1° 92.36’ and 2°
36.95’ E. The SBI grounds are in the Algerian basin
be tween 38° 47.48’ and 38° 96.60’ N and 2° 27.39’ and
2° 68.07’ E. The whole area, including both the NBI
and SBI fishing grounds, occupies approximately
147 km2 (López-Jurado et al. 2008) (Fig. 1). Fishing is
always on open slopes with no submarine canyons.
Both areas are more oligotrophic than the mainland
slope areas in the NW Mediterranean. No runoff
transfers terrestrial organic matter or nutrients to wa-
ters over these slopes (Rumolo et al. 2015).  

The NBI and SBI fishing grounds have remarkably
different hydrographic conditions. WMDW is colder
in the NBI, and the LIW is involved in the process of
winter deep-water formation, while in the SBI, the
LIW–WMDW interface lies deeper, under a thicker
LIW layer. The salinity and temperature of both LIW
and WMDW are higher in the SBI than in the NBI.
In contrast, the core of the LIW extends through a
greater depth interval in the NBI than in the SBI. The
salinity profile variations are much smoother over the
SBI than over the NBI (López-Jurado et al. 2008).

Channels between the Balearic Islands modify
regional mesoscale circulation, and they are impor-
tant to induction of hydrographic structures such as
eddies in the NBI between the islands and the main-
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Fig. 1. Sampling locations of Aristeus antennatus fishery in the North Balearic 
Island (NBI; dots) and South Balearic Island (SBI; triangles) zones
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land. They also detach fronts from the Algerian cur-
rent in the SBI (López-Jurado et al. 2008). Historical
data from around the Balearic Islands suggest 2 sce-
narios for the regional circulation. One occurs in cold
winters when Winter Intermediate Water (WIW)
forms a subsurface layer generated by vertical con-
vection in the Gulf of Lions, because sea-to-air heat
flux is great enough (Pinot et al. 2002). This WIW
layer produces eddies from spring into summer that
block the currents through the channels and be -
tween the channels and mainland. The other sce-
nario occurs during mild, dry winters when there is
no WIW formation and LIW occupies the subsurface
depths. Then, currents flow through the channels,
carrying dense LIW waters into the whole area,
including the Algerian basin (Balbín et al. 2013).
Epipelagic production is enhanced when wind
episodes occur, more during cold winters, in both
NBI and SBI areas (Estrada et al. 1993, Pasqual et al.
2015). Notwithstanding, a higher energetic environ-
ment dynamism in the NBI transfers more lithogenic
organic matter resuspended inputs to this deep-sea
ecosystem (Pasqual et al. 2014), while the pelagic
pool of material has a higher relative contribution at
the SBI, giving a lower nutritional value of this zone.
Epipelagic production is higher in winter–spring
than in summer–autumn over both fishing grounds
(Balbín et al. 2014b).

2.2.  Data collection

A. antennatus individuals were sampled from
trawls towed by commercial vessels from 1991 to
2014. Following the seasonal path of fishery exploita-
tion, sampling was carried out in the NBI from June
through September, the red shrimp’s reproductive
period, when particular attention was paid to the
gonado somatic index (GSI), and in the SBI from
October through May during the growth and fatten-
ing period, with principal attention to the hepato -

somatic index (HSI). Sampling data sets include
dates, locations, fishing depth, and results from ran-
dom samples of 150 to 200 specimens of A. antenna-
tus, including sex, cephalothorax length (CL, mm) to
the nearest 0.01 mm and body weights (g) to the
nearest 0.01 g. The data comprise measures for
30 887 females and 8974 males from 272 trawling
trips carried out at monthly frequency. Fishing effort
was checked by reviewing data for the number of
fishing-boat trips during the time series. Fishing boat
trips were 3000 ± 300 per year, which can be consid-
ered almost constant along the whole time series.
Thus, the sequences of data are suitable for testing
environmental and climatic influences on A. anten-
natus condition.

The relative condition (Kn, %) of each individual
was obtained as a morphometric index; Kn is the ratio
of the observed body weight (not eviscerated) of a
given individual to the ‘standard weight’ predicted
from length–weight relationships for each area (Le
Cren 1951), sex and, for females, size-class interval
(juveniles and adults) (Table 1). Box-plots and Cleve-
land dot plots (not shown) were used to detect out-
liers. The data analyzed were the Kn values be tween
the 5 and 95% percentiles of raw data for each time
series. Monthly mean Kn values were obtained by
averaging Kn estimates for individuals measured
from each month. Separate averages of Kn were
evaluated for each area from individual Kn esti-
mates scaled according to the distinctive allometries
(Thorpe 1976) of 3 groups (size-class): juvenile fe -
males (<30.49 mm CL), adult females (≥ 30.50 mm
CL) and all males; the monthly mean Kn values var-
ied between 80 and 120%. No transformations were
applied. The methodology always took account of the
amount of information for each series and area; when
there were not enough data from a month to reliably
calculate an average, that value was estimated by
linear interpolation between the months before and
after it of the same year when those values were
known using the algorithm ‘zoo library’ in R (Zeileis
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Area   Sex                             CL (mm)        Month                          Period                 N              a              b         df          Radj

NBI     Males                         14−38.26       6,7,8,9                        Jul-1992/ Jun-2014       1952     0.00428    2.2773     1950     95.22
NBI     Juvenile females      14−30.49       6,7,8,9                        Jul-1992/ Jun-2014       1739     0.00373    2.3280     1737     88.02
NBI     Adult females         30.51−67.73     6,7,8,9                        Jul-1992/ Jun-2014       6672     0.00199    2.5213     6670     96.05
SBI      Males                      15.31−37.30     2,3,4,5,10,11,12        Oct-1991/ Dec-2014      4518     0.00304    2.3813     4516     87.91
SBI      Juvenile females    15.88−30.49     2,3,4,5,10,11,12        Oct-1991/ Dec-2014      2855     0.00182    2.5498     2853     83.93
SBI      Adult females         30.51−64.69     2,3,4,5,10,11,12        Oct-1991/ Dec-2014    12015     0.00258    2.4477   12013     94.63

Table 1. Size–weight relationships, a (intercept) and b (slope), for each time series and distinct size-class (CL; mm) of Aristeus an-
tennatus at North Balearic Island (NBI) and South Balearic Island (SBI) zones. N: number of individuals sampled; Radj: adjusted 

coefficient of correlation. All p-values are <0.001
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& Grothendieck 2005, R Development Core Team
2013). The initial data sets comprise 264 and 491
average monthly records for NBI and SBI, respec-
tively, taking into separate account the 3 size-class
series generated. After removing Kn gaps, there
remained 171 NBI and 363 SBI estimates of Kn con-
sidered suitable for model analysis. The meaning of
Kn changes depending on the study area (NBI or
SBI). At NBI Kn was collected during the A. antenna-
tus reproductive period, so Kn defined as Knr is indi-
cating reproductive state (gonad weight). At SBI Kn
was collected out of the reproductive period, Kn indi-
cates rather nutritional or trophic state of shrimps,
defined as Knt.

For explanatory variables, we used hydrographic,
climatic and biotic information available from differ-
ent sources. For hydrographic variables we used the
‘IBAMar’ database of physical and biochemical data
from multi-parameter probes and water sample
analyses during the cruises carried out in the Bale -
aric Sea area during the last 4 decades (Aparicio-
Gon zález et al. 2015). These data are available at
www. ba. ieo.es/ibamar. Information selected for sev-
eral depths includes salinity (S, g kg−1), temperature
(T, °C), dissolved oxygen (DO, in mg l−1), water tur-
bidity (WT, in Formazin turbidity units [FTU]) and
water density (WD, g l−1). The data were averaged
from 300 to 800 m, depths corresponding to the upper
and middle slope (slope), and from 500 to 800 m,
depths corresponding to the middle slope (midslope),
where A. antennatus populations used to be har-
vested, and from the LIW core water mass (variable
depths between 300 and 600 m depth). In addition, 1
categorical variable was also included, the WMT
(CIESM 2009). This event involved a huge volume of
WMDW formation due to the cool winter in that year
and caused the disappearance of the LIW layer in the
area in that year (López-Jurado et al. 2005, Drinkwa-
ter et al. 2010). Periods before and after the WMT
were given different variable values.

For hydrographic variables, values missing ≥ 2 con-
secutive months of the same year were estimated
by linear interpolation, again using the zoo library
(Zeileis & Grothendieck 2005). Those missing values
were reasonably predicted, given that the variables
had continuous and narrow ranges of variation. Be-
cause of the stability of the water masses at depth, we
had sufficient confidence that interpolating would not
impact the generality of the results. More regular time
series of hydrographical data were produced from
June of 2000 at NBI and from March of 2001 at SBI.
Therefore, these shorter time series were used to ana-
lyze effects of environmental variation on Kn. From

the initial sets, 126 NBI and 189 SBI months of Kn
time-series data could be coupled with hydrographic
data. A test of missing-data randomness, termed
Missing Completely At Random (MCAR), was per-
formed to determine whether months with no data
could be classified as occurring randomly. The test in-
dicated that a ‘Complete Case Analysis’ was suitable
to fit the models for S, T and DO.

For climatic indices, we used the Northern Atlantic
Oscillation index (NAO) and Eastern Atlantic index
(EA) (Barston & Livezei 1987) available at www. cpc.
ncep.noaa. The NAO describes fluctuations in the
difference of atmospheric pressure at sea level be -
tween the Icelandic low and the Azores high. The EA
consists of a ‘north–south dipole of anomaly centers,
which spans the entire North Atlantic Ocean from
east to west’ (www.cpc.ncep.noaa.gov/data/ teledoc/
ea.shtml). The EA and NAO are structurally similar.
NAO is characterized by simultaneous, out-of-phase
atmospheric pressure anomalies between temperate
and high latitudes over the eastern Atlan tic sector;
the pressure difference exhibits strong multi-decadal
variability, with a positive phase predominating from
1980 onward (Hurrell et al. 2003, Hurrell & Deser
2009). Positive EA is associated with above-average
surface temperatures in all months in the North
Mediterranean region (Sáenz et al. 2001). It is also
as sociated with above-average precipitation across
southern Europe. These climatic indices were lagged
from the current month (zero lag) to 3 mo prior to the
A. antennatus Kn data to examine their possible in -
fluence on the physiologic (Kn) condition of the
shrimp.

Chlorophyll a (chl a) concentrations (mg m −3), spa-
tially averaged monthly for NBI (between 39° 15.53’
and 39° 67.39’ N and 1° 92.36’ and 2° 36.95’ E) and for
SBI (between 38° 47.48’ and 38° 96.60’ N and 2° 27.39’
and 2° 68.07’ E), were computed from MODIS ocean
color data at 9 km spatial resolution provided by the
Giovanni-3 data server (http://giovanni.gsfc. nasa.
gov/ giovanni/; accessed on 29/09/2015). They were
used as a variable relevant to primary production.
We also used the ‘Day-In-Year’ (1 = January 1 to 365
= December 31) of the sampling in model analyses to
provide information on the seasonal influence on Kn.

2.3.  Statistical analyses

Prior to the analysis, a detailed data exploration
was carried out, with special emphasis on collinearity
(Ieno & Zuur 2015), because the hydrographic data
were for different depth intervals and subsurface
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productivity (chl a), and climatic indices calculated
applying 1, 2, and 3 mo and no lags before the
monthly Kn values. Correlation matrices of the ex -
planatory variables were produced. Some variables,
such as WT and WD which had many missing values
were not well suited for the final models. Moreover,
WT and WD were collinear with temperature and
dissolved oxygen. The variables were selected tak-
ing into account their likely biological implications
for food availability and metabolic effects on Kn,
as well as the degrees of collinearity among them
(Table 2). DO at NBI presented high collinearity
among the different depth intervals, but it may be
more influential in depth intervals where A. antenna-
tus were harvested. For both NBI and SBI, chl a pre-

sented high correlation between 2- and 3-mo lags, so
we only chose one of them: a 2 mo lag for the NBI and
a 3 mo lag for the SBI. Those choices took account of
the greater physical dynamism and shorter seasonal
period of the study in the NBI and the more stable
water column and longer period during fattening in
the SBI. For variables such as NAO and EA, the
transmission of their influences to substantial depth
may also have some lag, so in those cases, we fol-
lowed the same pattern as for chl a (2 mo lag for NBI,
3 mo for SBI).

Once these initial sets of variables were selected,
we investigated whether they could all be used to -
gether. A correlation matrix (Table 3) indicated there
were a series of variables that could not be used
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                                                NBI                                                              SBI                             
                                S_slope         S_midslope         S_LIW        WMT              S_slope         S_midslope          S_LIW        WMT

S_slope                      1.00                  0.57                 0.80           0.82                  1.00                  0.80                  0.54            0.88
S_midslope                                         1.00                 0.70           0.70                                           1.00                  0.63            0.77
S_LIW                                                                         1.00           0.64                                                                    1.00            0.63
WMT                                                                                             1.00 1.00

                                T_slope        T_midslope         T_LIW                               T_slope         T_midslope          T_LIW

T_slope                      1.00                 0.930               0.940                                   1.00                 0.920                0.840              
T_midslope                                       1.000               0.910                                                            1.000                0.790              
T_LIW                                                                        1.000                                                                                     1.000              

                              DO_slope     DO_midslope     DO_LIW                            DO_slope      DO_midslope      DO_LIW

DO_slope                  1.000                0.970               0.970                                  1.000                0.960                0.950              
DO_midslope                                    1.000               0.970                                                            1.000                0.990              
DO_LIW                                                                    1.000                                                                                     1.000              

                                Chl_a1             Chl_a2            Chl_a3                                Chl_a1             Chl_a2             Chl_a3

chl a 1 month lag            1.000                0.720               0.130                                  1.000                0.071              −0.095              
chl a 2 month lag 1.000               0.380                                                            1.000                0.370              
chl a 3 month lag                                                            1.000                                                                                     1.000

                                 NAO1              NAO2             NAO3                                 NAO1              NAO2              NAO3

NAO 1 month lag           1.000                0.12               −0.110                                  1.000                0.260                0.140              
NAO 2 month lag 1.000               0.230                                                            1.000                0.440              
NAO 3 month lag                                                            1.000                                                                                     1.000

                                   EA1                  EA2                 EA3                                    EA1                  EA2                  EA3

EA 1 month lag               1.000              −0.180             −0.000                                  1.000                0.140                0.000              
EA 2 month lag 1.000             −0.340                                                            1.000                0.510              
EA 3 month lag                                                               1.000                                                                                     1.000

Table 2. Correlation matrices for exploratory collinearity analysis of variables in the North Balearic Island (NBI) and South
Balearic Island (SBI) zones. S: Salinity; T: Temperature; DO: Dissolved oxygen; LIW: Levantine Intermediate Water; WMT:
Winter Mediterranean Transition; chl a: Satellite imagery chlorophyll a concentration; NAO: North Atlantic Oscillation index;
EA: Eastern Atlantic  index. Slope: slope (300 to 800 m depth); midslope: middle slope (500 to 800 m depth); 1-, 2- or 3-month 

lag: data correspond to the months of lag before the Kn values. Variables selected for the models in bold



Carbonell et al.: Climatic influence on Aristeus antennatus physiology 117

together: (1) WMT was collinear with S and Year in
both areas; (2) T and DO, and NAO and WMT were
collinear in the NBI; and (3) DO and T were collinear
in the SBI. Thus, these pairs of variables were not
used together. Moreover, the NAO and EA climatic
indices were related, as were Day-In-Year and
Month, so they also were not used together.

With the final sets of variables selected for each
area, their relationships with the Kn indices were
ex plored by means of scatterplots, which indicated
that the relationships between Kn and most of the
variables were non-linear, causing large variances
for the regression coefficients (Montgomery & Peck
1992, Zuur et al. 2010). A collection of GAMs with a
Gaussian distribution of the residues was applied
to the variables and Kn data without transforma-
tions. All models were de fined a priori (Burnham &
Anderson 2002). The best model was selected using
the Akaike information criterion (AIC); that is, we
found the model with the lowest AIC, indicating the
best-fitting set of co variates acting as fixed effects
on the Kn series in each area. Afterwards, we calcu-
lated the Akaike weights, wi, to give the probabili-
ties of the best model by repeated sampling, follow-
ing an information theoretical approach (Anderson
& Burnham 2002).

The general model follows this form:

Kn = α + βi*s (covariatei) + f (factor) + εi;   εi = N(0, σ2)
(1)

It contains a separate mean value (the intercept, α),
between 1 and 3 smoothers of linear hydro graphic
(s (S,T, DO)), biotic (s (chl a)), climatic indices (s (NAO/
EA)) or time (s (Year, Day- In-Year)) covariates and one
or several interaction terms (f (factor)), as fixed model
fractions, plus a random residual (εi). Sex and size class
were considered factors taking into account  different
feeding behaviours, growth rates and size-related
characteristics that may have influenced Kn. Months
from1to12werealsoafactor torepresenttheinfluence
of seasonality, as was WMT with value ‘1’ from 1992
through 2004, and from 2005 onward, the break-point
when the WMT occurred, with value ‘2’.

We compared 13 different models (Table 4) organ-
ized into 4 sets of hypotheses. A first type of hypothe-
sis tested a simple model of 1 smooth covariate of en-
vironmental biotic or climatic effect on Kn. Thus, we
tested whether Kn could be explained by warming-
related variability (salinity, temperature or dissolved
oxygen) (M1–M3), by subsurface productivity (chl a)
(M4) or by variation of climatic indices (NAO or EA)
(M5). All of those models included sex as a fixed un-

derlying effect. A second type
considered time- related variabi -
lity as a fixed effect, using year
as a smooth covariate. Those mo -
dels tested the Kn time series
trends (M6 to M8) without other
identifiable environmental influ-
ences. That is, time was taken to
include all possible environmen-
tal and un known sources of vari-
ability of Kn, actually testing
whether ‘trend noise’ influenced
Kn. This test incorporated under-
lying influence of sex as a cate-
gorical factor. In the case of the
longer SBI time series, the mod-
els also tested the Size-Class fac-
tor as an underlying influence.
A third type of hypothesis was
tested by including a combina-
tion of a hydrographic smoother
variable, specifically DO at the
middle slope for NBI and S at
LIW for SBI, and time (Year)
(M9). Model hypotheses M10 to
M12 involved more complicated
combinations of variables includ-

NBI              S_LIW  DO_midslope T_slope     NAO2    Chl_a2    WMT     Month     Year

S_LIW            1.000     −0.022      0.448    −0.329    −0.012      0.690      0.028      0.516
DO_midslope                   1.000    –0.767    −0.264    −0.203      0.475    −0.360      0.621
T_slope                                          1.000      0.093    −0.202    −0.191      0.048    −0.131
NAO2                                                        1.000      0.351 0.400    −0.276    −0.284
Chl_a2                                                                      1.000      0.233    −0.660    −0.271
WMT                                                                                       1.000    −0.307      0.880
Month                                                                                                    1.000    −0.031
Year                                                                                                                       1.000

SBI              S_slope DO_midslope T_slope      EA3     Chl_a3    WMT     Month     Year

S_slope           1.000       0.412 0.388      0.034      0.052      0.615      0.022      0.500
DO_midslope                   1.000      0.331      0.116      0.127      0.571      0.024      0.653
T_slope                                          1.000      0.094    −0.080      0.015      0.053    −0.026
EA3                                                           1.000    −0.313      0.020      0.024      0.094
Chl_a3                                                                      1.000      0.017    −0.661    −0.049
WMT                                                                                       1.000      0.041      0.800
Month                                                                                                    1.000    −0.014
Year                                                                                                                       1.000

Table 3. Correlation matrices of the selected explanatory variables in the North
Balearic Island and South Balearic Island zones. S: Salinity; T: Temperature; DO: Dis-
solved Oxygen; chl_a: Satelite imagery chlorophyll a concentration; NAO (North At-
lantic Oscillation) and EA (Eastern Atlantic) climatic indices. Slope: slope (300 to 800
m depth); midslope: middle slope (500 to 800 m depth); LIW: core LIW water mass;
numbers in the variable names refer to 1-, 2- or 3-month lags corresponded to data
from the lagged month before the Kn values as described in Table 2. Bold: collinear 

variables



Clim Res 72: 111–127, 2017

ing S at LIW, EA and chl a as smooth covariates, with
Month, and Size Class as underlying factors. These
models (M10 to M12) were only appropriate for the
longer SBI time series. The fourth and last type of
model hypothesis (M13) considered Day-In-Year as a
smooth covariate and the WMT factor as an under -
lying effect. That is, we checked whether the strong
WMT impact, a step-change in environmental con -
ditions, was sufficient to change the A. antennatus
physiological condition for a substantial period of
time. Thus, the first 3 types of models tested the influ-
ence on physiological condition of a continuous envi-
ronmental evolution, from the simplest to more com-

plicated combinations of variables and the direct in-
fluence of time, while the last type tested the impact
of a punctuating event on A. antennatus condition.

The optimal model was validated by using a vario -
gram, a plot of the residuals against the temporal
coordinates (Zuur et al. 2009), to ensure that the op -
timality assumptions were met: no pattern in the re -
siduals between the data values and model-fitted
values. That is, the variogram showed whether the
re siduals were normally distributed with no autocor-
relation among them. Model analyses were carried
out using the ‘mgcv’ library (Wood 2006) in R (R
Development Core Team 2013).
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Model       Hypothesis                                                 Statistical model                                                                                             Area

M1–M3    There is one single hydrographic           Kni = α + β1*s(Si,Ti,DOi) + f(Sex) + εi                                                        NBI–SBI
                 smoother effect and sex 
                 underlying factor influence

M4–M5    There is one single primary                    Kni = α + β1*s(chl-ai,NAOi,EAi) + f(Sex) + εi                                            NBI–SBI
                 productivity (chl a) or climatic index 
                 (NAO/EA) with between 1 and 
                 3 month lag smoother effect and sex 
                 underlying factor influence

M6            There is no trend, just ‘noise’                  Kni = α + β1*s(Yeari) + f(Sex) + εi                                                              NBI–SBI
                 (Year smoother) and sex underlying 
                 factor influence

M7            There is no trend, just ‘noise’ (Year)       Kni = α + β1*s(Yeari) +  β2*s(DayInYeari) + εi                                               NBI
                 and time sampling (DayInYear) 
                 smoothers

M8            There is no trend, just ‘noise’ (Year)       Kni = α + β1*s(Yeari) + f(SizeClass) + εi                                                         SBI
                 smoother and sex and seasonality 
                 (Month) underlying factor influence

M9            There is one hydrographic and time      Kni = α + β1*s(DOi) +  β2*s(DayInYear) + εi                                                  NBI
                 (Year) smoother effect without 
                 underlying factor influence

M10          There is one hydrographic and time      Kni = α + β1*s(Si) + β2*s(Year) + f(Sex) + εi                                                  NBI
                 sampling (DayInYear) smoother             Kni = α + β1*s(Si) +  β2*s (DayInYeari) +  f(Sex) + εi

                 effect without underlying factor                                                                                                                                       SBI
                 influence

M11          There is one hydrographic and one        Kni = α + β1*s(Si) + s(EAi) + f(Sex) +  f(Months) + εi                                    SBI
                 climatic smoother effect and sex 
                 and seasonality (Month) underlying 
                 factor influence

M12          There is one hydrographic, one              Kni = α + β1*s(Si) + β2*s(EAi) + β3*s(chl-ai) + f(Sex) +  f(Months) + εi        SBI
                 primary productivity and one 
                 climatic smoother effect and sex 
                 and seasonality (Month) underlying 
                 factor influence

M13          There is a time of the year sampling      Kni = α +  β1*s(DayInYeari) +  f(WMT) + εi                                              NBI–SBI
                 effect (DayInYear) and WMT 
                 underlying factor influence

Table 4. Hypotheses and statistical models applied for monthly time series (i) of Aristeus antennatus condition (Kn) for North Balearic
Island (NBI) during the reproductive period (called therein Knr) and in the South Balearic Island (SBI) during the growing and fatten-
ing trophic period (called therein Knt). The notation s corresponds to the smoother function applied for hydrographic, subsurface pro-
duction, climatic indices and year and sampling day number of the year (DayInYear) covariates with Gaussian residue distributions
(function εi ~N(0,σ2)), and one or several linear sex, size-interval class (Size Classi), month and Western Mediterranean Transition

(WMT) underlying effect factors
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3.  RESULTS

Both time series of Kn (Fig. 2) showed fluctuations
and trends, with a short period of general increase
(from the early 1990s to ca. 2000) and then a progres-
sive decrease from 2000 to almost the present,
although that was interrupted in the last 2 to 3 yr.
Declines of average reproductive condition, Knr,
occurred after 2000 for females at NBI and of average
‘trophic’ condition, Knt, of females (all size-classes)
and males at SBI. Knr in creased from the first to the
second months of the reproductive periods (June to
July) and decreased from the third to the fourth

months (August to September). In the fattening
period, Knt increased from the first to fourth months
(February to May) and decreased in autumn (Octo-
ber to December).

Regarding the environmental variables, salinity (S)
just above the bottom on the upper slope, middle
slope and at LIW depths increased both at SBI and
NBI over the time series, although the trend was tem-
porarily interrupted in 2005. It recovered in sub -
sequent years, again increasing. Temperature (T)
changes in the NBI were less clear than those in S
and subject to stronger oscillation, specifically drop-
ping sharply in 2005. Oscillations were also irregular

Fig. 2. Monthly Aristeus antennatus physiological condition (Kn) time series for North Balearic Island (NBI) and South Balearic
Island (SBI) zones, from 1991 to 2014, for (a,d) Males (all size range), (b,e) Juvenile females (females < 30 mm CL) and (c,f) adult 

females (females > 30 mm CL). Knr: reproductive condition, Knt: trophic fattening condition as percentages
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at SBI, except for a strong increase in the last year of
the series. DO increased in both areas over the whole
upper and middle slope after 2007 and 2008. The
slight increases of S, T and DO were more notewor-
thy on the upper slope (at ~300 m depth), progressing
simultaneously with a regular de crease of primary
productivity peaks in the warmer season at NBI.
Those peaks showed no clear trend at SBI. Positive
phases of the NAO occurred in 1999−2004, 2006 and
2013, and positive phases of the EA occurred in
2002− 2003, 2007, 2010 and 2013− 2014 (Table 5,
Fig. 3a,b).

Testing of likely relevant variables began with
GAMs applied for subsets of variables selected for
each area. Salinity on the upper slope, DO over the
middle slope in the NBI and salinity on the slope and
at LIW depths in the SBI were the hydrographic vari-

ables with more weight in the initial models (M1–
M3). They were used in succeeding models with
added complexity. Values and differences of the AIC
and the Akaike weights (wi) (Table 6) exhibited more
probability of noise effects in the north during repro-
duction (M6) and highest probability of effects from
salinity increase at LIW in SBI during the growth and
fattening period.

For the NBI, the best model applied a year-on-year
trend (NBI model M6, wi = 52.8%). Some empirical
support was found in the second-best model M7 (wi =
23.1%) that highlighted the DO concentration on the
middleslopeand‘Day-In-Year’ofsampling, indicating
seasonal influence,while thethird-bestmodelM9 (wi =
22.5) was for DO concentration over the middle slope
and Year effect. All of those models in cluded an under-
lying sex-effect factor.

For the SBI, the best model (M12) included S at
LIW, EA with 3 mo lag, surface chl a concentra-
tion at the same lag and underlying month and
sex- effect factors (SBI model M12, wi = 45.8%).
The in creasing LIW salinity had a significant ef-
fect on Kn (p = 0.0163) in the south. There was a
superimposed small-scale effect, re flected in the
significant month factor (for March, p = 0.01; for
April, May, October and December, p < 0.001),
influencing condition changes in all months, ex-
cept in November. The 2 other models with sub-
stantial Akaike weights showed enhanced prob-
ability of year and size-class (M6 wi = 28.8%;
M8 wi = 20.3%). As underlying-factor effects,
worsening condition (smaller Knt) occurred for
males and juvenile females.

For NBI, examination of the year-on-year
smoother from the best model showed a de -
crease of Knr from 2002 to 2010, after which it
recovered (Table 7, Fig. 4). For SBI, the model
smoothers showed S at LIW had an increasing
fluctuating effect on Knt across the time period
and the chl a correlation (p < 0.001), resulting
in low Knt, even when the chl a of 3 mo before
was high. This suggests that, although sub -
surface productivy was greater than usual in
 winter–spring, A. antennatus condition re -
mained weak in autumn in the post-reproduc-
tive period for the adult females and males,
while juveniles were small and thin in this
period. This could be due to the permanency of
water column stratification in autumn, which
slows down the rain of organic matter from the
surface to the bottom (Pasqual et al. 2015),
slowing the recovery rate of condition, despite
the increasing phytoplankton productivity at

                                                Min     Max  Range  Median  Mean

NBI
Sslope (practical salinity)         38.44    38.52   0.09      38.49    38.49
Tslope (°C)                                13.04    13.26   0.23      13.18    13.18
WTslope (FTU)                           0.03      0.15   0.12        0.07      0.07
DOslope (mg l−1)                         3.81      4.52   0.72        4.15      4.16
Smidslope (practical salinity)     38.47    38.53   0.06      38.51    38.50
Tmidslope (°C)                            13.03    13.26   0.23      13.17    13.17
WTmidslope (FTU)                       0.03      0.17   0.14        0.07      0.07
DOmidslope (mg l−1)                     3.77      4.49   0.73        4.17      4.13
SLIW (practical salinity)          38.46    38.54   0.08      38.52    38.51
TLIW (°C)                                 13.04    13.29   0.24      13.23    13.22
WTLIW (FTU)                             0.03      0.13   0.10        0.07      0.07
DOLIW (mg l−1)                          3.72      4.47   0.75        4.07      4.08
Chl a (µg l−1)                             0.07      0.16   0.10        0.10      0.11
NAO                                       −3.14      1.84   4.98      −0.21    −0.18
EA                                           −2.09      1.85   3.94        0.15      0.19

SBI
Sslope(practical salinity)          38.44    38.53   0.09      38.50    38.49
Tslope(°C)                                 13.10    13.33   0.23      13.22    13.21
WTslope(FTU)                            0.03      0.22   0.19        0.08      0.09
DOslope(mg l−1)                          3.57      4.37   0.79        4.05      4.04
Smidslope(practical salinity)      38.48    38.54   0.06      38.51    38.51
Tmidslope(°C)                             13.08    13.29   0.21      13.19    13.20
WTmidslope(FTU)                        0.03      0.23   0.21        0.08      0.09
DOmidslope(mg l−1)                      3.53      4.35   0.82        4.00      3.99
SLIW (practical salinity)          38.46    38.55   0.08      38.52    38.52
TLIW (°C)                                 13.13    13.41   0.28      13.24    13.24
WTLIW (FTU)                             0.03      0.23   0.21        0.09      0.10
DOLIW (mg l−1)                          3.49      4.30   0.81        3.96      3.95
Chl a (µg l−1)                             0.09      0.70   0.61        0.21      0.24
NAO                                       −2.69      2.56   5.25        0.04    −0.04
EA                                           −2.46      2.39   4.85        0.18      0.06

Table 5. Statistical summary for hydrographical, biotic and climatic
indices for North Balearic Island (NBI) and South Balearic Island
(SBI) zones, for the period 1991 to 2014 year monthly time series.
Slope: 300 to 800 m depth, midslope: 500 to 800 m depth; S: Salinity;
T: temperature; WT: water turbidity; DO: dissolved oxygen; chl a:
surface satellite chlorophyll a; NAO: North Atlantic Oscillation and 

EA: Eastern Atlantic climatic indices
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surface waters. In contrast, positive (be tween 0.5 and
1.0) warm and negative (between –0.5 and –1.0) wet
winters appeared re lated with good physiological
Knt. It seems good condition could be favoured in less
temperate periods that may increase different types
of suitable food. However, this smoother variable was
less significant, with a weak effect on the Kn trends
(p = 0.0399) (Table 7, Fig. 4).

The time series appear to reflect mainly continuous
and accumulative effects on Kn in both areas and,
thus, for both life-history phases, instead of a particu-
lar ‘break-point year.’ Variogram validation for the
best models did not show any pattern of the residuals
versus time (Fig. 5).

4.  DISCUSSION

Quantification of the physiological condition of
Aristeus antennatus to the north and south of the
Balearic Islands allows us to relate long-term changes
in the shrimp’s environment with measures of its
health. Values of Kn are the deviations of the weights
of individuals relative to the expectations given by the
length–weight relationship. Analysis, although not
straightforward, and involving comparison of results
between 2 sea areas, presents a model of energy use
in different life cycle phases of A. antennatus. The ap-
proach is more directly related to the animal’s biology
(reproductive Knr and potential growth Knt) than are
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Fig. 3. Monthly time series plots of explanatory variables at North Balearic Island (NBI) and South Balearic Island (SBI) zones,
from 2000 to 2014. (a) Salinity (practical salinity), temperature and dissolved oxygen. Black line at slope (300 to 800 m depth);
dashed line at middle slope (500 to 800 m depth) and dotted line at LIW core depth (between 300 and 600 m depth). (b) Surface
satellite imagery chlorophyll a concentration, Eastern Atlantic (EA) and North Atlantic Oscillation (NAO) climatic indices
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fisheries statistics (e.g. yield or yield-
per-effort). The indices can be applied
to the conservation of one of the most
important fisheries in the deep Medi-
terranean. The main variations of A.
antennatus condition indices in the
studied areas were seasonal fluctua-
tions and interannual de creases and
increases over the time series. Our re-
sults agree with previous studies that
have indicated worsening body condi-
tion for A. antennatus in the warmer
and more saline conditions now oc-
curring at depth in summer (Cartes et
al. 2008). The present analysis ex-
pands those earlier results to the inter-
annual scale, with lower Knt at higher
salinity in the LIW layer, which is the
saltiest water mass over the upper-
middle slope.
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Fig. 3 (continued)

Model        NBI                                   SBI                  
               df         AIC          ∆i wi             df          AIC           ∆i wi

M1           4      670.551   18.875   0.000       8.772   1130.605   30.443   0.000
M2           4      661.905   11.229   0.002       4.000   1140.812   40.650   0.000
M3       4.738   665.015   14.338   0.000       4.000   1159.250   59.087   0.000
M4       4.712   658.559    7.883    0.010       5.313   1152.537   52.375   0.000
M5       3.492   663.950   13.274   0.001       6.662   1149.863   49.700   0.000
M6       6.060   650.677    0.000    0.528       7.548   1101.094    0.932    0.288
M7       6.004   652.334    1.657    0.231            
M8            8.544   1101.787    1.625    0.203
M9       6.006   652.380    1.704    0.225            
M10                 671.599   20.922   0.000      16.360  1111.598   11.435   0.002
M11                                                               5.000   1124.296   24.134   0.000
M12          17.525  1100.162    0.000    0.458
M13                 661.562   10.886   0.002                   1123.664   23.502   0.000

Table 6. Values and differences (∆i) of the Akaike information criterion (AIC)
and the Akaike weights (wi) for statistical models 1 to 13 in Table 4 of Aristeus
antennatus condition (Kn) time series for North Balearic Island (NBI) and
South Balearic Island (SBI) zones, from 2000 and 2001 to 2014 for NBI and SBI,
respectively. The best fits (for which AIC has the lowest value) are in bold
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In the northern zone, reproductive condition (Knr)
may not necessarily be coupled with prey availabil-
ity, because reproductive effort (gonad weight) de -
pends largely on energy accumulated in the hepa tic
gland (Cartes et al. 2008), with maximum weight
(HSI) reached in March to June, prior to the repro-
ductive period (Cartes et al. 2008, Carbonell et al.
2008). So, the best reproductive condition (greatest
Knr) should occur close to spawning time and may be
related with the optimum egg release time, when
environmental conditions promoting larval survival.
In the Western Mediterranean Sea, in a scenario of
warming, Macias et al. (2015) found increasingly
negative primary production trends, i.e. greater
oligo trophy. In agreement, our hydrographic and pri-
mary production records show increasing DO con-
centration and decreasing peaks of subsurface chl a
in spring–summer over the time series in the north.
In deep layers, DO increases may be related with
decreasing organic matter inputs because oxygen
utilization is driven mostly by bacterial oxidation of
organic particles (detrital algae, feces and marine
snow) sinking from the sunlit layers. Greater oxygen
utilization is found beneath regions of high surface
productivity (Keeling & Shertz 1992, Keeling et al.
2010). Therefore, the relationship found in the north
between decreasing chl a and increasing DO is con-
sistent with this mechanism. Reduced reproductive
condition in the north also is, by the definition of Knr,
a function of lower gonad weight. That would result

if adult females require more time to search for food
to grow and adequately maintain their metabolism.
In our time series from 1992 to 2014, maturation
started between April and May. Ad vanced stages of
ripeness appeared between May and June from 1992
to 1997, but were late from 1998 to 2014, between
June and July. Therefore, we found an expanding
delay in completing the ovarian maturation stage
and, thus, a shorter reproductive period that was
always finished in the area in September.

In the SBI zone, condition (as Knt) was closely
related to the HSI and thus to the level of nutritional
reserve accumulated in the hepatic gland. This is
likely related to food availability in surface and
 subsurface water layers (Cartes et al. 2013). Some
attempts at long-term analyses of open-water, deep-
sea zooplankton abundance in the Mediterranean
have not achieved clear conclusions, due to differ-
ences in the sampling gear used by different authors
and due to mesoscale variations (Cartes et al. 2009).
However, Cartes et al. (2013) found lower euphausiid
biomass could be linked to high salinity in the deep-
scattering layer, which is found in the LIW core in
June-July in the Balearic Basin. Euphausiids are a
key prey for most deep-living predators, including
A. antennatus, over continental margins. If this also
occurs in the SBI during the fattening period, salinity
increase and organic matter decrease may have pro-
voked a decrease in zooplankton biomass, resulting
in the downward trend in Knt values.

Parameter            M6           —— M7 ——         —— M9 ——       ————— M12 —————           —— M8 ——          M6 

Area                    NBI                  NBI                         NBI                                   SBI                                        SBI                  SBI
Estimate           100.745             99.904                     99.904                             102.971                                  96.156              97.92
SE                       0.364                0.292                       0.276                                1.784                                     0.492               0.378
t                        277.045              342.2                       362.4                               57.729                                  195.264            259.03
p                        0.0968                  0                              0                                       0                                            0                      0
R2adj                  0.246                 0.07                         0.17                                 0.323                                      0.29                0.163
DE                       27.9                  9.23                         19.9                                  37.9                                       36.6                 18.1
GCV                  12.369              11.388                     10.361                              21.302                                   16.895             18.299

Smooth term      Year           DO      Day In         DO      Year              S            EA          chl-a            Year   Day In        Year
for intercept                      midslope   Year       midslope                    slope    3 mo lag   3 mo lag                       Year

edf                       4.527         2.015         1                1        3.319          6.525          1               1               8.059     1.678         2.817
Ref.edf                5.549          2.54          1                1        4.138          7.607          1               1               8.765     2.096         3.519
F                           7.24          3.971      1.012         1.925    4.729          5.374       1.163       16.363          6.369     1.784         7.916
p                          0.000        0.0219    0.3163        0.168    0.001          0.016     0.039*      0.000           0.000     0.000         0.000

Table 7. Results of the best generalised additive models applied to Aristeus antennatus condition in the Balearic Islands time
series for North Balearic Island (NBI) and South Balearic Island (SBI). The dependent variables were Knr (physiological
 condition in reproductive period for the NBI area) and Knt (physiological trophic condition during the growth and fattening
period in the SBI area). Included are the estimates, significance for intercepts and smoothers, as well as adjusted R2, deviance
explained (DE) values and genuine cross validation (GCV). edf: estimated degrees of freedom for the model terms; 

ref.edf: reference estimated degrees of freedom for the model terms. *p < 0.01
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Our results suggest a negative effect of increas-
ing salinity on A. antennatus physiology in the fat-
tening period in the south (Knt). Depending upon the
extents and directions of future climatic regime and
hydrographic shifts, further salinity increase in the
LIW layer may provoke a deepening of the A. anten-

natus stock. Since water column stratification coin-
cides with a decrease in organic matter (food supply)
arrival to the sea bottom (Guidi Guilvard 2002), and
stratification duration may increase under higher
salinization of intermediate waters, future tendencies
to higher salinization of LIW could reduce food input
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Fig. 4. Fitted values of field observations based on smoothers of reproductive Knr at NBI and Knt trophic condition at SBI of
Aristeus antennatus measured between 2000 and 2014 for the North Balearic Island (NBI) and between 2001 and 2014 for the
South Balearic Island (SBI). These values were obtained for NBI by GAM M6 model, with a Year smoother, and for SBI by
GAM M12 model with Salinity at LIW (S LIW), EA and chl a (3 mo prior) lag smoothers (see Tables 4 & 6). The vertical axes show 

the fitted values

Fig. 5. Variogram of residuals values against time in the x-axis (x-axis is converted into distance scaled between 0 and 100),
for the best model M6 at North Balearic Island (NBI) and M12 at South Balearic Island (SBI) zone. No temporal (distance) 

dependence is indicated because there is no pattern of increasing band width among point residuals
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to depths inhabited by A. antennatus (Pasqual et al.
2015). It is well known that this shrimp lives in the
Balearic basin to 2300 m (Cartes & Demestre 2003)
and below 1000 m in other Mediterranean areas
(Follesa et al. 2009). Both mature adults and first-year
recruits have already been found well below fishing-
ground depths (>900 m) where there could still be
more enriched organic bottoms. All these aspects
would point toward potential for deepening of the
stock to greater depths.

The weak salinity effect on Knr in the northern
Balearic Basin may also be related with the 2005
WMT event in this basin, which altered the dynamics
of Mediterranean water masses (Lopez-Jurado et al.
2005, Balbín et al. 2014a). However, the decreasing
Knr trend in the north (see the GAM graph, Fig. 4)
started before the 2005 WMT, and a degree of recov-
ery began in 2010, when the water masses returned
to their usual compositions (Balbín et al. 2013). Possi-
bly, the decreasing trend of Knr in the north could
have been due to greater oligotrophy (reflected as
increasing DO), which could have been aggravated
by the WMT effect. In the south, the WMT has no
detectable effect; and the LIW salinity increases has
the seasonally dominant effect on the trend in Knt.

We are considering 2 different aspects of the A.
antennatus life cycle; one result is that effects of
future environmental changes in the north for the
reproductive dynamics of this species are not readily
predictable, and goes in the direction of fluctuating
condition (Knr) depending on the years. For nekton
generally, the connection between egg release and
larval success has long been recognized as largely
depending on synchrony with the main food items of
the larvae, from primary production to zooplankton
(Stenseth et al. 2002). Low overall ecosystem produc-
tion may induce lower clutch size, smaller egg sizes
and reduced larval fitness or survival, as has been
extensively documented in fish species, e.g. salmon
(Braun et al. 2013). In our study, we took higher chl a
to be indicative of greater primary production and
food availability, also likely producing higher abun-
dance of the smallest fraction of zooplankton, typical
food for first larval stages of e.g. A. antennatus (nau-
plii) that live in the surface water layers (Carbonell et
al. 2010).

In addition to the evidence of these environment
and climatic effects on red shrimp physiological
 condition, the population in the Balearic Islands was
assessed to be overexploited (Carbonell et al. 2015),
with more recent disappearance events of the
spawning population occurring during the repro -
ductive period in the NBI fishing grounds (summer of

2015 and 2016). It took over one month to return to
the normal levels in these fishing grounds; such fac-
tors highlight the importance of protecting spawners
in summer months, especially in the northern area.
To improve fishery management, it is also crucial to
improve understanding about the influence of natu-
ral variability on these populations and the effect of
ecosystems dynamics and the trophic food web on
the health stock status.

Acknowledgements. We thank all the surveyors who con-
ducted the fieldwork and the fishers who collaborated in
our onboard sampling programmes. Special thanks to the
anonymous reviewers and the Associate Editor for the valu-
able comments that have improved the manuscript. This
study was carried out within the framework of Spanish-
funded projects of the Spanish Institute of Oceanography
(IEO) and used information provided by a study financed by
the European Union Fisheries Data Collection Regulation
programmes from 2000 onwards (EC 1543/2000 and 1639/
2001). Remote sensing chlorophyll a data were provided by
the Giovanni online data system, developed and maintained
by NASA GES DISC. We also acknowledge the MODIS mis-
sion scientists and associated NASA personnel for the pro-
duction of the data used in this research effort.

LITERATURE CITED

Amores A, Rueda L, Monserrat S, Guijarro B, Pasqual C,
Massutí E (2014) Influence of the hydrodynamic condi-
tions on the accessibility of Aristeus antennatus and
other demersal species to the deep water trawl fishery off
the Balearic Islands (western Mediterranean). J Mar Syst
138: 203−210

Anderson D, Burnham KP (2002) Avoiding pitfalls when
using information theoretic methods. J Wildl Manag 66: 
912−918

Aparicio-González A, Lopez-Jurado JL, Balbín R, Alonso JC
and others (2015) IBAMar DATABASE:  4 decades of
oceanographic sampling on the Western Mediterranean
Sea. Data Sci J 13: 172−191

Balbín R, López-Jurado JL, Aparicio-González A, Flexas
MM, de Turchis G, Poncelin de Raucourt M (2013) West-
ern Mediterranean Deep Water Anomaly:  previous
trends, temporal evolution and spreading after 2005.
Rapp Comm Int Mer Medit 40: 195

Balbín R, López-Jurado JL, Flexas MM, Reglero P and oth-
ers (2014a) Interannual variability of the summer circula-
tion around the Balearic Islands:  driving factors and
potential effects on the marine ecosystem. J Mar Syst
138: 70−81

Balbín R, López-Jurado JL, Aparicio-González A, Serra M
(2014b) Seasonal and interannual variability of dissolved
oxygen around the Balearic Islands from hydrographic
data. J Mar Syst 138: 51−62

Belkin I G (2009). Rapid warming of large marine ecoys-
tems. Prog Oceanogr 81: 207–213

Beverton RJH, Holt SJ (1957) On the dynamics of exploited
fish populations. Fish and fisheries series 11, Chapman &
Hall, London

Blackwell BG, Brown ML, Willis DW (2000) Relative weight

125

https://doi.org/10.1080/10641260091129161
https://doi.org/10.2481/dsj.14-020
https://doi.org/10.2307/3803155
https://doi.org/10.1016/j.jmarsys.2013.11.014


Clim Res 72: 111–127, 2017

(Wr) status and current use in fisheries assessment and
management. Rev Fish Sci 8: 1−44

Bombace G (1975) Considerazioni sulla distribuzione delle
popolazione di levello batiale con particolare riferimento
a quelle bentonectoniche. Pubbl Stn Zool Napoli 39: 7−21

Braun DC, Patterson DA, Reynolds JD (2013) Maternal and
environmental influences on egg size and juvenile life-
history traits in Pacific salmon. Ecol Evol 3: 1727−1740

Brown JH, Gillooly JF, Allen AP, Savage VM, West GB
(2004) Toward a metabolic theory of ecology. Ecology 85: 
1771−1789

Burnham KP, Anderson DR (2002) Model selection and mul-
timodel inference. Springer, Berlin

Carbonell A, Lloret J, Demestre M (2008) Relationship
between condition and recruitment success of red shrimp
(Aristeus antennatus) in the Balearic Sea (Northwestern
Mediterranean). J Mar Syst 71: 403−412

Carbonell A, dos Santos A, Alemany F, Pérez-Belchi P (2010)
Larvae of the red shrimp Aristeus antennatus (Decapoda: 
Dendrobranchiata:  Aristeidae) in the Balearic Sea:  new
occurrences fifty years later. Mar Biodivers Rec 3: 1−4

Carbonell A, Guijarro B,  Gaza M Ordines F (2015)  Assess-
ment of red shrimp (Aristeusantennatus) exploited by the
Spanish trawl fishery (1992–2011): GFCM geographical
sub-areas 05 (Balearic Islands). Report of the Working
Group on Stock Assessment of Demersal Species.  GFCM
HQ, Rome, 7–12 November 2016

Carreras M, Coll M, Quetglas A, Goñi R and others (2015)
Estimates of total fisheries removal for the Balearic Islands
(1950-2010). In:  Fisheries Center Working Paper 2015-19,
University of British Columbia, Vancouver, BC. www.
 documentation.ird.fr/hor/fdi: 010063851

Cartes JE, Demestre M (2003) Estimating secondary produc-
tion in the deep-water shrimp, Aristeus antennatus
(Risso, 1816) in the Catalano-Balearic Basin (western
Mediterranean). J Northwest Atl Fish Sci 31: 355−362

Cartes JE, Madurell T, Fanell E, López-Jurado JL (2008)
Dynamics of suprabenthos−zooplankton communities
around the Balearic Islands (western Mediterranean): 
influence of environmental variables and effects on the
biological cycle of Aristeus antennatus. J Mar Syst 71: 
316−335

Cartes JE, Maynou F, Fanelli E, Papiol V, Lloris D (2009)
Long-term changes in the composition and diversity of
deep-slope megabenthos and trophic webs off Catalonia
(western Mediterranean):  Are trends related to climatic
oscillations? Prog Oceanogr 82: 32−46 

Cartes JE, Fanelli E, López-Pérez C, Lebrato M (2013) Deep-
sea macroplankton distribution (at 400 to 2300 m) in the
northwestern Mediterranean in relation to environmen-
tal factors. J Mar Syst 113−114: 75−87

Cartes JE, Maynou F, Fanelli E, López-Pérez C, Papiol V
(2015) Changes in deep-sea fish and crustacean commu-
nities at 1000–2200 m in the Western Mediterranean
after 25 years:  relation to hydro-climatic conditions.
J Mar Syst 143: 138−153

CIESM (2009) Dynamics of Mediterranean deep waters.
Briand F (ed) CIESM Workshop Monographs No. 38,
Monaco

Company JB, Puig P, Sardà F, Palanques A, Latasa M,
Scharek R (2008) Climate influence on deep sea popula-
tions. PLOS ONE 3: e1431

Drinkwater KF, Beaugrand G, Kaeriyama M, Kim S and oth-
ers (2010) On the processes linking climate to ecosystem
changes. J Mar Syst 79: 374−388

Estrada M, Marrase C, Latasa M, Margalef R, Delgado M,
Riera T (1993) Variability of deep chlorophyll maximum
characteristics in the Northwestern Mediterranean. Mar
Ecol Prog Ser 92: 289−300

Follesa MC, Porcu C, Gastoni A, Mulas A, Sabatini A, Cau A
(2009) Community structure of bathyal decapod crusta -
ceans off south eastern Sardinian deep-waters (Central
Western Mediterranean). PSZNI:  Mar Ecol 30: 188−199

Ghidalia W, Bourgois F (1961) Influence de la tempèrature
et de l’eclairement sur la distribution des crevettes des
moyennes et grandes profondeurs. Stud Rev Gen Fish
Couns Medit FAO 16: 1−53

Guidi-Guilvard LD (2002) Organic carbon, nitrogen and
 calcium carbonate contents in the top 5 mm of surface
sediment in 25 different dates at DYFAMED station.
[Supplementary material] doi:10.1594/PANGAEA. 183870

Guidi-Guilvard LD (2002) Organic carbon, nitrogen and cal-
cium carbonate contents in the top 5 mm of surface sedi-
ment in 25 different dates at DYFAMED station. Supple-
mantary material, doi: 10. 1594/ PANGAEA. 183870

Hilborn R, Walters CJ (1992) Quantitative fisheries stock
assessment:  choice, dynamics and uncertainty. Chapman
& Hall, New York, NY

Hurrell JW, Deser C (2009) North Atlantic climate variabil-
ity:  the role of the North Atlantic Oscillation. J Mar Syst
78: 28−41 

Hurrell JW, Kushnir Y, Ottersen G, Visbeck M (2003) The
North Atlantic Oscillation:  climatic significance and
environmental impact. Geophysical Monograph 134.
American Geophysical Union, Washington, DC

Ieno EN, Zuur AF (2015) A beginner’s guide to data explo-
ration and visualization with R. Highland Statistics, New-
burgh

Keeling RF, Shertz SR (1992) Seasonal and interannual vari-
ations in atmospheric oxygen and implications for the
global carbon-cycle. Nature 358: 723−727

Keeling RF, Körtzinger A, Gruber N (2010) Ocean deoxy-
genation in a warming world. Annu Rev Mar Sci 2: 
199−229

Lambert Y, Yaragina NA, Kraus G, Marteinsdottir G, Wright
PJ (2003) Using environmental and biological indices as
proxies for egg and larval production of marine fish.
J Northwest Atl Fish Sci 33: 115−159

Le Cren ED (1951) The length-weight relationship and sea-
sonal cycle in gonad weight and condition in the perch
(Perca fluviatilis). J Anim Ecol 20: 201−219

Lloret J, Planes S (2003) Condition, feeding and reproduc-
tive potential of white seabream Diplodus sargus as indi-
cators of habitat quality and the effect of reserve protec-
tion in the northwestern Mediterranean. Mar Ecol Prog
Ser 248: 197−208

Lloret J, Galzin R, Gil de Sola L, Souplet A, Demestre M
(2005) Habitat related differences in lipid reserves of
some exploited fish species in the north-western Medi-
terranean shelf. J Fish Biol 67: 51−65

López-Jurado JL, González-Pola C, Vélez-Belchi P (2005)
Observation of an abrupt disruption of the long-term
warming trend at the Balearic Sea, western Mediterran-
ean Sea, in summer 2005. Geophys Res Lett 32: 1−4 

López-Jurado JL, Marcos M, Monserrat S (2008) Hydro-
graphic conditions affecting two fishing grounds of Mal-
lorca island (Western Mediterranean) during the IDEA
Project (2003–2004). J Mar Syst 71: 303−315

Macias DM, Garcia-Gorriz E, Stips A (2015) Productivity
changes in the Mediterranean Sea for the twenty-first

126

https://doi.org/10.1016/j.jmarsys.2007.03.007
https://doi.org/10.1029/2005GL024430
https://doi.org/10.1111/j.0022-1112.2005.00708.x
https://doi.org/10.3354/meps248197
https://doi.org/10.2307/1540
https://doi.org/10.2960/J.v33.a7
https://doi.org/10.1146/annurev.marine.010908.163855
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21141663&dopt=Abstract
https://doi.org/10.1038/358723a0
https://doi.org/10.1029/GM134
https://doi.org/10.1016/j.jmarsys.2008.11.026
https://doi.org/10.1111/j.1439-0485.2009.00323.x
https://doi.org/10.3354/meps092289
https://doi.org/10.1016/j.jmarsys.2008.12.014
https://doi.org/10.1371/journal.pone.0001431
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18197243&dopt=Abstract
https://doi.org/10.1016/j.jmarsys.2014.10.015
https://doi.org/10.1016/j.jmarsys.2012.12.012
https://doi.org/10.1016/j.pocean.2009.03.003
https://doi.org/10.1016/j.jmarsys.2006.11.013
file://localhost/www.documentation.ird.fr:hor:fdi/010063851
https://doi.org/10.1017/S1755267210000758
https://doi.org/10.1016/j.jmarsys.2007.02.028
https://doi.org/10.1890/03-9000
https://doi.org/10.1002/ece3.555
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23789081&dopt=Abstract


Carbonell et al.: Climatic influence on Aristeus antennatus physiology

century in response to changes in the regional atmos-
pheric forcing. Front Mar Sci 2: 79

Marshall CT, Yaragina NA, Adlandsvik B, Dolgov AV (2000)
Reconstructing the stock-recruit relationship for North-
east Arctic cod using a bioenergetic index of reproduc-
tive potential. Can J Fish Aquat Sci 57: 2433−2442

Maynou F (2008) Environmental causes of the fluctuations of
red shrimp (Aristeus antennatus) landings in the Catalan
Sea. J Mar Syst 71: 294−302

Montgomery DC, Peck EA (1992) Introduction to linear
regression analysis. Wiley, New York, NY

Oliver M (1953) Bionomía de los fondos de 300 a 600 metros
en el sur y sudoeste de Mallorca. Bol Inst Esp Oceanogr
63: 1−20

Pasqual C, Amores A, Flexas MM, Monserrat S, Calafat A
(2014) Environmental factors controlling particulate
mass fluxes on the Mallorca continental slope (Western
Mediterranean Sea). J Mar Syst 138: 63−69 

Pasqual C, Calafat A, Lopez-Fernandez P, Pusceddu A
(2015) Organic carbon inputs to the sea bottom of the
Mallorca continental slope. J Mar 148: 142−151

Pinot JM, López-Jurado JL, Riera M (2002) The CANALES
experiment (1996-1998). Interannual, seasonal, and
mesoscale variability of the circulation in the Balearic
Channels. Prog Oceanogr 55: 335−370

R Development Core Team (2013) R:  a language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna

Rixen M, Beckers JM, Levitus S, Antonov J and others
(2005) The western Mediterranean deep water:  a new
proxy for global climate change. Geophys Res Lett 32: 
12608

Rosa R, Nunes ML (2003) Tissue biochemical composition in
relation to the reproductive cycle of deep-sea decapod
Aristeus antennatus in the Portuguese south coast. J Mar
Biol Assoc UK 83: 963−970

Rueda L, Moranta J, Abelló P, Balbín R and others (2014)
Body condition of the deep water demersal resources at
two adjacent oligotrophic areas of the western Mediter-

ranean and the influence of the environmental features.
J Mar Syst 138: 194−202 

Rumolo P, Cartes JE, Fanelli E, Papiol V and others (2015)
Seasonal variations in the source of sea bottom organic
matter off Catalonia coasts (western Mediterranean): 
links with hydrography and biological response. J Phys
Oceanogr 71: 325−343 

Sáenz J, Rodríguez-Puebla C, Fernández J, Zubillaga J
(2001) Interpretation of interannual winter temperature
variations over southwestern Europe. J Geophys Res 106: 
20641−20652

Sardà F, D’Onghia G, Politou CY, Company JB, Maiorano P,
Kapiris K (2004) Deep-sea distribution, biological and
ecological aspects of Aristeus antennatus (Risso, 1816) in
the western and central Mediterranean Sea. Sci Mar 68: 
117−127

Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan KS,
Lima M (2002) Ecological effects of climate fluctuations.
Science 297: 1292−1296

Thorpe RS (1976) Biometric analysis of geographic varia-
tions and racial affinities. Biol Rev Camb Philos Soc 51: 
407−452

Vargas-Yáñez M, Moya F, García-Martínez MC, Tel E and
others (2010) Climate change in the Western Mediter-
ranean Sea 1900-2008. J Mar Syst 82: 171−176 

Vert-pre KA, Amoroso RO, Jensen OP, Hilborn R (2013) Fre-
quency and intensity of productivity regime shifts in
marine fish stocks. Proc Natl Acad Sci USA 110: 
1779−1784

Wood SN (2006) Generalized additive models:  an introduc-
tion with R. Chapman & Hall/CRC Press, Boca Raton, FL

Zeileis A, Grothendieck G (2005) zoo:  S3 infrastructure for
regular and irregular time series. J Stat Softw 14: 1−27

Zuur AF, Ieno EN, Walker N, Saveliev AA, Smith GM (2009)
Mixed effects models and extensions in ecology.
Springer, New York, NY

Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data
exploration to avoid common statistical problems. Meth-
ods Ecol Evol 1: 3−14

127

Editorial responsibility: Mauricio Lima, 
Santiago, Chile

Submitted: March 4, 2016; Accepted: January 6, 2017
Proofs received from author(s): April 18, 2017

https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.18637/jss.v014.i06
https://doi.org/10.1073/pnas.1214879110
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322735&dopt=Abstract
https://doi.org/10.1016/j.jmarsys.2010.04.013
https://doi.org/10.1111/j.1469-185X.1976.tb01063.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1088084&dopt=Abstract
https://doi.org/10.1126/science.1071281
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12193777&dopt=Abstract
https://doi.org/10.3989/scimar.2004.68s3117
https://doi.org/10.1029/2001JD900247
https://doi.org/10.1016/j.jmarsys.2013.11.018
https://doi.org/10.1017/S0025315403008154h
https://doi.org/10.1007/s10872-015-0291-7
https://doi.org/10.1016/S0079-6611(02)00139-8
https://doi.org/10.1016/j.jmarsys.2015.02.006
https://doi.org/10.1016/j.jmarsys.2014.05.008
https://doi.org/10.1016/j.jmarsys.2006.09.008
https://doi.org/10.1139/f00-222



