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ABSTRACT

The spatial and temporal variation in Argentine shortfin squid Illex argentinus abundance distribution was examined 
over its fishing phase on the Patagonia Shelf and shelf break, Southwest Atlantic (SWA), using Taiwanese jigger’s fishery 
data. Geostatistical techniques were applied to characterize the spatial and temporal variability in the squid abundance and 
its relation to seawater temperature. The experimental semivariograms indicated that the abundance of Argentine shortfin 
squid was spatially structured in the SWA, with various abundance levels. The spherical models for all years, except 2010, 
explained most spatial information from the annual squid abundance distribution patterns. The linear regression analysis 
confirmed a negative relationship between the annual squid abundance and seawater temperature in the studied years. High 
squid abundance was estimated using Kriging interpolations along the 200-m isobath from 40°S to as far south as 50°S. The 
elliptical isopleth lines extended a longer distance from the 200-m isobath to the shelf side in high abundance years, such as 
1999 and 2007. Scattered patches of low values were observed in the very low-abundance year of 2004. The integrated total 
squid biomass using Kriging interpolation upheld a healthy stock status in the SWA fishing ground. Our research showed that 
the geostatistical procedure is effective in describing the annual spatial pattern, and the parameters resulting from stationary 
modeling are valuable and useful in estimating the annual total biomass in the realized fishing ground.
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1. INTRODUCTION

The Argentine shortfin squid Illex argentinus is com-
monly distributed in the Southwest Atlantic (SWA) from 
22 - 54°S, and is concentrated between 35 and 52°S along 
a 200-m isobath (Brunetti and Ivanovic 1992; Leta 1992; 
Jereb and Roper 2010). The precise Argentine shortfin 
squid identification from its sympatric congeners was im-
proved using morphometric tools and beak characteristics 
(Martínez et al. 2002). The Argentine shortfin squid biology 
has been well-studied and a summary can be found in the 
reports published by Brunetti et al. (1998a) and Haimovici 
et al. (1998). The Argentine shortfin squid is a semelparous 

organism with a short lifespan of about one year (Hatanaka 
1986; Rodhouse and Hatfield 1990). Its development after 
the para-larval stage is continuous, with no sexual dimor-
phism and the growth rates are similar in immature males and 
females. The juveniles (< 160 mm mantle length, ML) enter 
the neritic zone off Argentina and those larger than 180 mm  
recruit to the bottom. As a bottom dweller the squid exhib-
its diel vertical movement feeding on sub Antarctic macro 
zooplankton in the upper 25 - 40 m of the water column at 
night and returns to the bottom during the day (Jereb and 
Roper 2010). Spawning migration occurs when sub-adults 
(ML > 230 mm) begin sexually maturing. Adults with an 
ML of 250 - 350 mm have been observed in oceanic waters 
(Parfenluk et al. 1992). Based on para-larvae occurrence 
and growth increment back-calculation in statoliths, the  
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Argentine shortfin squid is suggested to spawn through-
out the year (Rodhouse and Hatfield 1990; Rodhouse et al. 
1995). Several stocks have been identified, including the 
one central Brazilian stock, and three Patagonian stocks that 
spawn in spring, summer and winter (Brunetti et al. 1998a, b; 
Haimovici et al. 1998; Perez et al. 2009). The winter spawn-
ers form the most prevalent group, of which two geographic 
stocks, i.e., the Bonaerensis-North Patagonia (BNPS) and 
the south Patagonia stocks (SPS), are recognized (Brunetti 
et al. 1998a; Haimovici et al. 1998).

Jigging fisheries targeting the Argentine shortfin squid 
have become a major industry contributing a substantial 
amount of world cephalopod production and created crucial 
economic value in the SWA (FAO 2012). Jiggers target the 
winter stocks in the Bonarensis-North Patagonian waters off 
southern Brazil (north of 44°S) in January, and subsequently 
shift southward to the southern Patagonian area around the 
Falkland Islands (Malvinas) by May (Hatanaka 1986; Bru-
netti and Ivanovic 1992; Leta 1992; Rodhouse et al. 1995; 
Arkhipkin 2000). The major fishing season is from March to 
May, when the squids grow into the juvenile and sub-adult 
stages (approximately 230 - 300 mm ML). The production 
of the Argentine shortfin squid has increased dramatically 
since the 1980s when the jigger fleets from Asian countries 
paid their fishing efforts in the SWA. The global produc-
tion of Illex argentinus was high in 1999 (approximately 
1.1 million tons), and decreased sharply in 2004 (less than 
0.13 million tons). The production recovered in 2007 (ap-
proximately 0.95 million tons), while a sharp decline again 
in 2010 (0.19 million tons, FAO 2012). The catch statistics 
reflected a substantial interannual fluctuation, up to a factor 
of 5, which is characteristic for the squid fishery (Rodhouse 
2001). Limitations on fishing efforts have been implement-
ed by the Falkland Islands Fisheries Department to avoid 
high probabilities for low recruitment in the following year 
(Barton 2002). Although high fluctuation in the annual pro-
duction has been observed in recent years, no regional fish-
eries management organization is in charge of the squid in 
this region.

Squids are species with a short life cycle and are char-
acterized by having ”fast lane” life-history traits, i.e., fast 
growth and early sexual maturity, with non-overlapping 
generations, which make their abundance vulnerable to sud-
den changes in environmental conditions (Anderson and 
Rodhouse 2001; Waluda et al. 2001a; Pierce et al. 2008). 
Assessment techniques for annual short-lived species are 
essential for feasible management, especially over the 
squid migratory ranges (Beddington et al. 1990; Pierce and 
Guerra 1994; Roa-Ureta and Arkhipkin 2007). Numerous 
traditional methods of abundance estimation, which are typ-
ically based on long-lived fin fish, are unsuitable for annual 
squid stocks (Pierce and Guerra 1994). Delury stock deple-
tion methods have been suggested for some squid’s stock 
assessments, e.g., Illex argentinus in the SWA (Bedding-

ton et al. 1990; Rosenberg et al. 1990; Basson et al. 1996), 
and Ommastrephes bartramii in the North Pacific (Ichii et 
al. 2006; Chen et al. 2008) as well as in several regional 
loliginid species (Agnew et al. 1998; Young et al. 2004; 
Tian 2009). However, intensive data collection is required 
to achieve the proposed management target for sustainable 
fishery. Another approach for estimating squid abundance 
involves establishing empirical, heuristic models that relate 
squid abundance to environmental factors such as sea sur-
face temperature (SST), sea bottom temperature, sea surface 
salinity, and atmospheric forcing (Pierce and Boyle 2003; 
Robinson et al. 2013; Chang et al. 2015). Oceanographic 
conditions have been reported to explain variability in squid 
abundance and distribution patterns (Waluda et al. 1999, 
2001a, b, 2004; Agnew et al. 2002). Environmental factors 
may be critical in the squid recruitment process (Rodhouse 
2001), however, these factors are difficult to predict. Thus, 
they are hardly applicable to fisheries management. There-
fore, new methods must be developed to evaluate the squid 
stock status under high exploitation pressure.

The variability in Argentine shortfin squid abundance 
and distribution patterns could be explained by the local 
and regional environmental factors during their life cycles 
(Waluda et al. 1999, 2001a, b; Chen et al. 2007b). However, 
these empirical methods do not consider the spatial dynam-
ics underlying the Argentine shortfin squid populations. 
Understanding the spatial and temporal dynamics and the 
spatial spread structure within fishing grounds is becoming 
increasingly crucial in managing straddling species such as 
the Argentine shortfin squid. The spatial dependence of a 
population is an innate quality and still difficult to describe 
in most ecological studies (Ciannelli et al. 2004). However, 
spatial information is critical for understanding the relation-
ship between a population and its environment, especially for 
migratory squid, which can dynamically change their posi-
tions during their life cycles (Petitgas 1993, 2001; Agostini 
et al. 2008; Ciannelli et al. 2008). Geostatistical techniques 
consider population data with position information and dif-
fer from typical statistical estimations that include no spa-
tial reference (Petitgas 1993). Because squid are short-lived 
species (approximately 1 year), their turnover systems may 
tend to be self-sustained and depart from the steady state in 
which case the spatial dependence of organisms becomes 
potential cues for deciphering their underlying population 
structures and annual abundance. Geostatistics is an effec-
tive technique used in quantifying spatial patterns and mak-
ing estimations and predictions for population abundance 
(Isaaks and Srivastava 1989; Mello and Rose 2005; Faraj 
and Bez 2007). In this study we attempt to model the Argen-
tine shortfin squid spatial structure in the SWA and estimate 
the annual total biomass in a realized fishing ground. This 
is the first study to apply geostatistical methods to the squid 
fishery. In addition, we discuss the implications of the pro-
posed method for squid fisheries management.
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2. MATERIALS AND METHODS
2.1 Study Area, Fishing Ground, and Dataset

The study area is located in the SWA with a range of 
latitude and longitude (36 - 54°S, 54 - 67°W) approximately 
similar to the distributional range of the Argentine short-
fin squid (Fig. 1). The fishing ground range is defined by 
the summation of all grid-cells (0.5 × 0.5 degree) at least 
once occupied by the Taiwanese jigger fleet engaging in ef-
fective fishing during 1993 - 2012. This resulted in a real-
ized fishing ground area of approximately 1.3 million km2, 
composed of 414 grid-cell units visited by individual ves-
sels at various frequencies (Fig. 1). Three sub-areas (North, 
Middle, and South) were recognized reflecting fishing-site 
preference due to discontinuous density distribution along 
the Patagonia Shelf break. The delimit lines were latitudinal 
lines at 44 and 49°S, respectively.

The Taiwanese jigging fleet is composed of approxi-
mately 100 vessels of similar lengths with gross tonnages of 
720 - 950 tons and horsepower of 1600 - 2200 HP, equipped 
with approximately 50 - 60 jigging machines each. The Tai-
wanese jiggers harvest Argentine shortfin squid between 
January and June annually, with a peak in March through 
May. Daily operation records include size-categorized catch 
(kg), geographic position, jigging depth, bottom depth, and 
in situ water temperature during fishing practice. Because 
all vessels have similar fishing equipment we use the num-
ber of jigging days (vessel-day, v-d) as a measurement for 
fishing effort. Moreover, using daily catch per unit effort 
(CPUE, U) as an index of population abundance, the fishing 
efforts for each individual vessel were standardized using 
a method proposed by Chen and Chiu (2009). The method 
estimates the daily effort effectiveness based on a compari-
son of the nominal CPUE values from pairs of vessels that 
fished on the same day and at the same site (0.5° × 0.5° 
grid-cell).

The squid abundance assessment was performed fol-
lowing a 0.5° × 0.5° grid-cell pattern of CPUE. The an-
nual CPUE remarkably fluctuated by more than 20-fold  
(Fig. 2), with a mean of 10.99 t v-d-1 and standard deviation 
of 5.05 t v-d-1. Therefore 2 outlier years, 1999 and 2007, 
were selected to represent an extraordinary high abundance, 
and 1 outlier, 2004, was used to reflect an extraordinary 
low abundance. Another 3 years, 2010 - 2012, were chosen 
to analyze the recent stock status, among which 2010 was 
categorized moderate to low and 2011 and 2012 were con-
sidered ordinary years. Abundance index was nature loga-
rithmic transformed [ln(U)] before subject to geostatistical 
procedure for mimicking a Gaussian distribution.

2.2 Spatial Analysis

The geostatistical method was applied to the yearly av-
erage abundance index of the Argentine shortfin squid in 

0.5 × 0.5 grid-cell. The method first quantifies the degree of 
autocorrelation between grid-cells and the obtained param-
eters were used for interpolations within the domain of the 
realized fishing ground. The experimental semivariograms 
[γ(h)] comprised range-size categorized values from all pos-
sible paired comparisons to reflect variances that considered 

Fig. 1. Map showing Southwest Atlantic fishing ground for Argentine 
shortfin squid and spatial distribution of Taiwanese jigger fishing ef-
forts (in vessel-day, v-d) over the past ten years (2003 - 2012). (Color 
online only)

Fig. 2. Annual abundance index (in tons v-d-1) from Taiwanese jiggers 
in the Southwest Atlantic waters. Box-and-whiskers plot summarized 
data across the whole range and dashed lines indicate 95% confident 
intervals. Four outliers are found with 1999, 2004, 2007, and 2008. 
Six years of 1999, 2004, 2007, 2010, 2011, and 2012 are selected to il-
lustrate spatial patterns at abundance levels of high, ordinary and low. 
(Color online only)
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the spatial position of the grid-cell pairs. Matheron (1970) 
defined the semivariogram as follows:

( ) {1/2 ( ) [ ( ) ( )] }
1, ( )

N SUM Z v Z v
for i N

h h h
h

i i
2#c = + -

=
 (1)

where Z(vi) denotes the abundance index, ln(U + 1) of Ar-
gentine shortfin squid at grid-cell vi, Z(vi + h) is another 
abundance index value separated from the vi by a distance h. 
N(h) is the number of grid-cell pairs separated by h. The dis-
tance between locations 1 and 2 was calculated using their 
longitudinal (x) and latitudinal (y) values with square root 
of (x1 - x2)2 + (y1 - y2)2, i.e., the unit measurement (1) equals 
136.3 km centered at a latitudinal degree of 45°S. The de-
fault lag distance was set to 0.5 (similar to the edge grid-cell) 
and ranged maximally by 10 lag numbers. The experimental 
variogram was modelled using the software Variowin ver. 
2.2 (Pannatier 1996), and the criterion - indicative goodness 
of fit (IGF) was used to select the best model that explained 
the spatial structure of each year. Three parameters were 
obtained from the final model; the nugget effect (Co), which 
represents measurement error; the scale (S), which is the 
maximum variability beyond which semivariance values 
become asymptotic; and the length (L), which denotes the 
distance within which the data remain auto-correlated.

2.3 Kriging and Estimation of Total Biomass

Semivariogram parameters from the selected model for 
each year were applied for the Kriging method in the soft-
ware SURFER (SURFER for Windows ver. 6.0) to gener-
ate an interpolated abundance grid and a contour map for 
visual examination. All grid points were clipped using the 
realized fishing ground (Fig. 1), and the integrated volumes 
were used to estimate the annual total squid biomass. The 
exploitation rate (E) is the percentage value estimated by 
the annual catch (C) to the annual total biomass (B); i.e.,  
E = C/B × 100%. Because the main Argentine shortfin squid 
management target was set to maintain an escapement rate 
of higher than 40%, the estimated exploitation rate can be a 
valuable reference in fishery regulation.

The percentage explanation of data variation (coeffi-
cient of determination, R2) was used in variographic analy-
sis to indicate the goodness of fit of the model. The Krig-
ing interpolations were evaluated using regression analysis, 
where a significantly positive correlation between the ob-
served and estimated values is considered a valid estimation 
of the total biomass.

2.4 Cross-Variography Between Abundance and  
Temperature

Cross-variography is prepared to exhibit spatial cor-
relation between the squid abundance index and water 

temperature. The cross-variogram was estimated using an 
approach similar to that used for the autovariogram of the 
squid abundance, and the formula is given as follows:

( ) {1/2 ( ) [ ( ) ( )]
[ ( ) ( )]} 1, ( )

N SUM Z v Z v
T v T v for i N

h h h
h h

i i

i i

# #c = + -
+ - =

 (2)

where Z denotes the abundance index of the squid, and T 
denotes the water temperature, which was in situ tempera-
ture at about 5-m depth measured during fishing practice.

3. RESULTS
3.1 Exploratory Statistical Analysis

The annual squid abundance distribution patterns 
were categorized into 3 groups, namely high, ordinary, and 
low, according to the annual abundance index (Fig. 2). The 
geometric means for each year were 12.3 ± 2.4, 2.5 ± 1.9, 
13.3 ± 4.1, 3.7 ± 1.8, 7.2 ± 2.6, and 8.8 ± 1.8, for 1999, 
2004, 2007, and 2010 - 2012, respectively. The coefficient 
of variations ranged from 19.6% (1999) to 77.3% (2004). 
Box-and-whisker plots revealed a few outliers within spe-
cific year, for instance lower ones in high abundance year 
1999, and higher ones in low abundance year 2004. Some 
bi-directional outliers were observed in the ordinary 2012, 
whereas no outliers were detected in 2007, 2010, and 2011. 
The original data were inspected for possible errors, while 
no errors were detected. Thus, all data were subjected to 
spatial pattern analyses.

3.2 CPUE Semivariograms

The experimental semivariograms indicated that annual 
Argentine shortfin squid abundance was spatially structured 
in the SWA, with various abundance levels (Fig. 3). Based 
on the IGF and coefficient of determination (R2) criteria, we 
found that the spherical models for all years, except 2010, 
explained most spatial information for the annual squid 
abundance distribution patterns in the SWA (Table 1). Dou-
ble functions were required for the year 1999; thus we em-
ployed a linear structure on the top of the spherical model. 
The combined model successfully reached the highest level 
of autocorrelation (R2 = 0.969). An exponential single model 
was preferred over a spherical one for explaining the spatial 
relationship in 2010. The variogram models extracted less 
spatial information from the datasets of 2004 (68.1%) and 
2012 (53.5%), which could also be confirmed by the coef-
ficients of determination.

The percentage of nugget effect (Co) relative to the sill 
[Nugget + Scale (S)] ranged 7.4 - 41.2%, indicating a suit-
able analytical resolution over the whole fishing ground in 
the year, in which semivariogram did not show any signifi-
cant discontinuity in the origin due to analytical glitches. An 



Estimate Argentine Shortfin Squid Abundance by Geostatistics 285

exceptionally high percentage (41.2%) was noted for 2012, 
which was consistent with the exploratory statistical analy-
sis phase, i.e., the most number of outliers was embedded in 
the 2012 dataset. By contrast, the spatial correlation compo-
nent (S) reflected a well-defined structure in all years.

Except for multi-structures in 1999, the length of spa-
tial influence varied from 1.93 (2011) to 2.99 (2012), indi-
cating a range-window of 25 (5 × 5) grid-cells (a compass 
of about 2.5 degrees) could be considered as the scope of 
spatial influence in the SWA fishing ground.

3.3 Seawater Temperature and Cross-Correlation to 
Abundance

The mean seawater temperatures in the fishing ground 
were 9.04 ± 1.59, 13.36 ± 1.23, 9.53 ± 1.52, 10.24 ± 1.29, 

11.31 ± 1.57, and 11.13 ± 1.74 (°C), in sequence of the stud-
ied years (Fig. 4). Almost constant within-year variations of 
1.5°C were observed; however, significant different annual 
temperatures were evident. The annual average tempera-
ture patterns exhibited a suitable seawater temperature of 
9 - 10°C in 1999 and 2007, and a very high temperature of 
13.36°C in 2004. The linear regression analysis confirmed 
a negative relationship between the annual squid abundance 
and seawater temperature in the studied years.

The spatial correlation was demonstrated using cross-
variography for the squid abundance index and seawater 
temperature (Fig. 5). The cross-variogram values γ(h) il-
lustrated an increasing trend in the abundance length in the 
high-abundance years, indicating the coupling of abundance 
and temperature in 1999 and 2007, and the ordinary year of 
2012. However, a very short abundance length exhibited no 

Fig. 3. Omnidirection semivariogram models for annual abundance index distributions with various abundance levels - 1999 (high), 2004 (low), 
2007 (high), 2010 (moderate low), 2011 (ordinary), and 2012 (ordinary). Dashed line indicates the variance in annual abundance index. (Color 
online only)

Year Model
Parameters Goodness of fit

Nugget Scale Length % R2

1999 Linear + Spherical
0.05 (Slope)

0.240 0.176 1.716 96.2 0.969

2004 Spherical 0.130 0.297 2.075 68.1 0.690

2007 Spherical 0.160 1.766 2.805 87.6 0.879

2010 Exponential 0.036 0.304 2.703 84.3 0.844

2011 Spherical 0.059 0.739 1.930 88.0 0.881

2012 Spherical 0.154 0.220 2.993 53.5 0.707

Table 1. Parameters and goodness of fit for variogram model estimation for Illex ar-
gentinus in the Southwest Atlantic.
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or a weak coupling in the low-abundance years (2004 and 
2010) and the ordinary year of 2011.

3.4 Total Biomas Kriging and Estimation

The cross-validation analysis supported the validity of 
the spherical and exponential models, and these parameters 
are valuable for Kriging estimations (Fig. 6). All regressions 
between the observed and estimated values showed signifi-
cant linear relationships with various slopes. The coefficient 

of determinations ranged from 0.811 - 0.981, denoting that 
the Kriging estimations successfully interpreted the obser-
vations and an appealing smooth effect was also achieved 
(Fig. 7). In general, a high abundance was estimated along 
the 200-m isobath from 40°S to as far south as 50°S. The el-
liptic isopleth lines from the 200-m isobath to the shelf side 
extended farther in the high-abundance years such as 1999 
and 2007. Scattered patches of low values were observed in 
the very low-abundance year 2004.

The relative annual total squid biomass was estimated 

Fig. 4. Bivariate plot of abundance index [shown by ln (CPUE + 1)] and in situ seawater temperature. Negative correlation is evidenced by linear 
regression analysis, that shows a high temperature in 2004 corresponds to low abundance, and low temperatures in 1999 and 2007 follow high 
abundance. Dashed line indicates the standard deviation range. (Color online only)

Fig. 5. Cross variography for variables for abundance and water temperature as shown by various abundance levels - 1999 (high), 2004 (low), 2007 
(high), 2010 (moderate low), 2011 (ordinary), and 2012 (ordinary). Dashed line indicates covariance for abundance and temperature. (Color online 
only)
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(Table 2). Higher squid biomass was found in 2007 (1 093 013 
tons), followed by 1999 (780 474 tons). The squid biomass 
ranged from 225 776 to 400 679 tons for ordinary years and a 
very low biomass (109 815 tons) was estimated in 2004. All 
exploitation rates were lower than 60% and complied with a 
tentative goal for conservation of a 40% escapement rate.

4. DISCUSSION

The annual Argentine shortfin squid recruitment in the 
SWA varied drastically in the studied years (Fig. 2). Vari-
ous finfish related methods have been proposed for assess-
ing the squid stock in the Patagonia Shelf and vicinities of 
the Falkland Islands (Malvinas) (Basson et al. 1996; Waluda 
et al. 2008), to realize its population dynamics and accord-
ingly suggest practical measures for fisheries management. 
However, the physiology and life history of squid differ 
from those of finfish, prompting fishery ecologists to pro-
pose additional stock assessment methods for squid (Pierce 
and Guerra 1994; Pierce and Boyle 2003). Squid populations 
have no multi-year class buffered age structure to reach a 
steady state in their annual recruitment because they are se-
melparous organisms with a short lifespan, usually one year. 
Analyzing the hidden characteristics of squid populations 
may facilitate solving conservation issues for commercially 
exploited squid stocks (Boyle and Rodhouse 2005).

The Argentine shortfin squid fishery is an example for 

the depletion method application and for providing manage-
ment measures for the squid fishery (Pierce and Guerra 1994). 
Squid abundance shows substantial interannual fluctuation, 
which might be influenced by changes in environmental con-
ditions, long-distance migrations and management measures 
designed for economic exclusive zones. In addition, because 
squid are a short lived species with highly labile life-history 
traits that respond rapidly to changes in environmental con-
ditions, recent studies have focused on the relationships be-
tween squid abundance and environmental factors (Waluda 
et al. 1999, 2001a, 2004). Oceanographic factors, such as 
SST, productivity, current and mesoscale oceanographic 
processes are certain to be critical factors during the squid 
recruitment process (Waluda et al. 2004). These factors are 
reflected in spatial dynamics. In our models we included in 
situ seawater temperature (equivalence to the remote sensed 
SST) but also spatial information to evaluate the abundance 
variability of the Argentine shortfin squid.

A geostatistical approach was applied in this study to 
model the spatial structure of the Argentine shortfin squid in 
the SWA, particularly related to the jigger fishing grounds. 
This is the first attempt, to our knowledge, to apply a meth-
od for exploring the intrinsic population density distribu-
tion pattern characteristics as represented by the abundance 
index (Fig. 3; Table 1). This study pragmatically estimated 
the annual squid recruitment size based on its spatial distri-
bution pattern. The geostatistical procedure is effective in 

Fig. 6. Kriging results cross-validation as shown by linear correlations between the observation and estimation values. Dashed line indicates vari-
ance. (Color online only)
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delineating the annual spatial pattern and the parameters re-
sulting from the stationary modeling are valuable and useful 
in estimating the annual total squid biomass in the realized 
fishing ground. The semivariogram modeling revealed that 
the spherical function for all years, except 2010, accurately 
described the squid abundance structures in the SWA fishing 
ground. In the high-abundance years 1999 and 2007 a com-
mon spatial structure pattern, which is expected to present 
similar parameters [nugget (Co), scale (S) and length (L)] 
in the models, was not observed. However, the high annual 
production can account for the coherent spatial configura-
tions. For instance, a linear model was first recognized in 
1999 and extended to widespread fishing sites. Thus, a mod-

erate to high squid concentration occurred extensively in the 
southern areas (Fig. 7), where area effect resulted in high an-
nual production (Chen et al. 2007b). By contrast, the highest 
semivariance in 3 subareas were observed in 2007 (Table 2; 
Fig. 7), when the high-abundance effect resulted in the high-
est production ever. Conversely, as represented by the low-
abundance year 2004, the spherical structure of the squid 
abundance was preserved under the condition of a relative 
low-value domain. Cooler subsurface seawater temperatures 
are crucial for the high Argentine shortfin squid abundance 
(Chang et al. 2015). The Argentine shortfin squid aggregates 
in the cold water area along the convergence of the Brazilian 
and Falkland currents (Chen et al. 2005) and forages in the 

Year Model
Cross-validation

Avg. U Std Biomass Catch Exp. rate
a b r2

1999 Linear + Spherical 0.861 0.657 0.817 4.768 2.605 780474 263434 33.7 %

2004 Spherical 0.319 0.664 0.885 0.928 0.399 109815 9767 8.9 %

2007 Spherical 0.292 0.887 0.981 6.387 3.860 1093013 284562 26.0 %

2010 Exponential 0.307 0.764 0.952 1.352 0.426 225776 30543 13.5 %

2011 Spherical 0.195 0.901 0.990 2.040 1.248 258932 69577 26.9 %

2012 Spherical 1.065 0.511 0.811 2.887 0.416 400697 83949 2.1 %

Table 2. Cross-validation of Kriging estimate, average CPUE (U) and integrated annual biomass of Illex 
argentinus in the Southwest Atlantic squid jigging ground.

Fig. 7. Contour maps of the annual abundance index [ln (CPUE + 1)], intrapolations were made using the SURFER software Kriging gridding 
method incorporated with annual variogram model parameters (see Table 1). (Color online only)
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Patagonia Shelf and around the Falkland Islands where cold 
waters along the confluence boundary of those currents might 
result in a region of high productivity (Chen et al. 2007a). In 
all cases, more than 50% of the scale was acquired from the 
abundance variance and an autocorrelation range stretching 
over approximately 2 geographic degrees implied the squid 
abundance spatial distribution in the SWA can be attributed 
to secondary-order stationary processes.

The grid values estimated using the parameterized 
Kriging technique indicated that these stationary processes 
were highly consistent with the observations (Fig. 6). The 
contour maps obtained from the Kriging revealed a reliable 
interpolation and demonstrated patchy arrangements with 
high-abundance cores and low-density holes, indicating 
non-uniform squid density distribution in the SWA (Fig. 7). 
The squid abundance means within each patch were spatially 
correlated depending on their separation distance rather than 
specific geographic positions. The Kriging technique results 
indicated that the annual squid biomass differed by 10-fold 
between the highest- and lowest-production years (Table 2). 
For the Argentine shortfin squid fishery a management target 
of 40% proportional escapement has been suggested. A con-
stant proportional escapement indicates a constant exploita-
tion rate (Beddington et al. 1990). Considering the catch and 
estimated biomass, the exploitation rate for the Argentine 
shortfin squid in the SWA was 2.1 - 33.7%, which indicates 
a healthy Argentine shortfin squid stock status.

The exploitation rate correlated with the biomass size 
and is also affected by environmental effects such as sea-
water temperature and fishing efforts. Many recent studies 
showed that the marine environmental factors play an im-
portant role in the spatial distribution of Argentine shortfin 
squid (Chen et al. 2007b; Piatkowski et al. 2001; Waluda et 
al. 2001a, b). The Argentine shortfin squid aggregates in the 
cold water area along the warm Brazilian and cold Falkland 
currents convergence (Chen et al. 2005). The unexpected 
high seawater temperature of 13.36°C in 2004, compared 
to a suitable seawater temperature of 9 - 10°C in 1999 and 
2007, indicated an unfavorable environment for the squid 
that not only depressed the total biomass but also affected 
the aggregation pattern (Fig. 7). At low abundance level, as 
shown by low CPUE values in 2004 (Fig. 4), laying an ad-
equate fishing effort at suitable fishing places could be a real 
challenge for skippers because the fleet did not manage to 
cut the annual total efforts short. Thus, the decoupling of 
squid schools and jigger lines reduced the fishing efficacy 
resulting in a low exploitation rate in 2004. Several signs ac-
companied the low exploitation rate in 2004 accordingly; (1) 
the coefficient of variation (77.3%) of the catch rates among 
vessel was rather high, (2) variogram model extracted less 
spatial information from the logbook dataset (Fig. 3), and 
the lowest total biomass was estimated for the study period 
(Table 2).

Comparing our stock assessment results for the Ar-

gentine shortfin squid with other studies is highly desirable, 
especially in light of regulations by escapement or exploi-
tation rates. However, there is apparently no routine stock 
assessment in many targeted fisheries for squid (Rodhouse 
et al. 2014), except the neon shortfin squid in the northwest 
Pacific Ocean (Cao et al. 2015). Commercially exploited 
Argentine shortfin squid stocks are composed of fast grow-
ing short-life organisms, and DeLury depletion models were 
commonly suggested to match the fishing effort control mea-
sure in annual fishing practices (Beddington et al. 1990). For 
the part of stocks in the Falkland Islands Conservation Zone 
(FICZ), the species continue to be rich in the fishing ground 
based on annual licensing practice observations (Falkland 
Islands Government 2014). This study is the first attempt at 
using geographic annotated methods to facilitate stock as-
sessment for the Argentine shortfin squid. Our estimations 
showed that all annual exploitation rates in the SWA fishing 
ground were less than 50%, thus these findings could have 
lent valuable scientific support to certain extant manage-
ment policies, at least in the FICZ (Table 2).

Remotely sensed SST are extensively used as a covari-
ate to explain the variability in squid abundance (Agnew et 
al. 2000, 2002; Waluda et al. 2001b; Chen et al. 2007a, b). 
Seawater temperature as indicated by SST is an apparent-
ly environmental factor which influences the recruitment, 
abundance and distribution pattern of short-lived species, 
i.e., squid (Agnew et al. 2000). In the Argentine shortfin 
squid, Waluda et al. (1999, 2001a) showed that colder tem-
peratures in the hatching area off the northern Patagonia 
Shelf indicated increased catch in the following fishing year 
and the favorable SST was in the range 16 - 18°C. Wu et 
al. (2009) showed that the favorable SST for the Argentine 
shortfin squid in the fishing ground was 7 - 15°C. Variable 
SST was selected in the optimal prediction model as gener-
alized additive models (GAMs) were used to describe abun-
dance variations in the Argentine shortfin squid (Sacau et 
al. 2005). These studies supported our result that the corre-
lation between the Argentine shortfin squid abundance and 
in situ seawater temperature was significant (Figs. 4 and 5). 
Nevertheless, no studies have considered squid abundance 
and SST jointly with spatial references. In this study, the 
optimal in situ seawater temperature for high squid abun-
dance was 9 - 10°C, while higher temperatures reduced the 
squid abundance (Fig. 4). The cross-semivariogram elabo-
rated this pattern, indicating the positive coupling of abun-
dance and temperature at least within autovariogram ranges 
in high-abundance years (1999 and 2007; Fig. 5). However, 
abstruse or negative relationships were observed in ordi-
nary and low-abundance years (2004, 2010, and 2011). The 
cross-variogram revealed mixed patterns, suggesting that 
using SST or in situ water temperature as a proxy or an in-
dicative variable for predicting the squid abundance may be 
conditional. For accurately understanding abundance fluc-
tuations in the Argentine shortfin squid, using temperatures 
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as predictor variables while ignoring the spatial factor may 
not be sufficient, especially in the high-abundance years.

5. CONCLUSION

We preliminarily adopted geostatistical techniques for 
stock assessment of the Argentine shortfin squid, whose life 
history traits differ from those of finfishes. The squid oc-
curring in the SWA fishing ground departed from a uniform 
or random pattern, with various levels of auto-correlations. 
The Kriging results using obtained parameters for quanti-
fying annual spatial structure are valuable because the in-
terpolated values coincide highly with the observations 
from the fisheries. The total squid biomass for the studied 
years was estimated more than 2-fold higher than the annual 
catch, indicating that the Argentine shortfin squid remains 
in a healthy status under current fisheries exploitation.
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