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Summary/Resumen/Resum 

Summary 
Small pelagic fish are species that live in the water column and have little 
relationship with the sea bottom. During the day they may form schools with feeding, 
defence or energetic efficiency purposes and disperse during the night. The 
importance of small pelagic fishes within the marine ecosystem rely in the proportion 
of biomass they represent and the clue function they develop as intermediate links in 
the energy transfer between lower and upper levels of the trophic chain. Their 
populations are particularly sensitive to environmental fluctuations (Cole and 
McGlade, 1998; Lloret et al., 2004) and frequently highly exploited by commercial 
fisheries. These may occasionally collapse the stocks affecting both the marine 
ecosystem and the fisheries they sustain. 

In the Mediterranean, almost 50% of the total annual landings are attributable to 
small pelagic fishes (Lleonart and Maynou, 2003). In the Western Mediterranean Sea, 
sardine (Sardina pilchardus) and anchovy (Engraulis encrasicolus) are the two most 
important species in terms of landed biomass and commercial interest (Lleonart and 
Maynou, 2003). Despite their importance little is known about the spatial distribution 
of these stocks or about the relationship between the spatial distribution and 
environmental variables. 

Since the ‘90s acoustic surveys are annually performed in the Spanish Mediterranean 
continental shelf in late autumn (Abad et al., 1998 a,b) coinciding with anchovy’s 
recruitment and the beginning of the spawning season for sardine (Abad and 
Giráldez, 1993; Giráldez and Abad, 1995). Although the main goal of these surveys is 
to estimate abundance and biomass of sardine and anchovy, data about the whole 
pelagic community has also been gathered. Furthermore, in the last decade it was 
detected an increasing appearance of other small and medium-sized pelagic species 
and the application of a multi-species approach to Mediterranean fisheries 
assessment was advised (Lleonart and Maynou, 2003). 

The present work is structured in two sections. The first section of the work will 
analyse the spatial distribution (1D and 2D) of sardine and anchovy by means of 
geostatistical techniques, both transitive and intrinsic methods (Matheron, 1969). 
Special attention will be paid to the estimation of the uncertainty associated to 
abundance estimations and, concretely, the uncertainty caused by sampling scheme 
which is thought to be one of the main contributors to random error (ICES, 1998). 

The second section will explore the environmental factors that drive the presence or 
absence of anchovy and sardine in late autumn. Satellite environmental data as sea 
surface temperature, salinity, chlorophyll-a, photosintethic active radiation, sea 
level anomalies or bottom depth will be related to the presence-absence of sardine 
and anchovy stocks through Generalised Additive Models (GAM) to try to depict the 
relationships that may be found between both (Bellido et al., 2008; Giannoulaki et 
al., 2008). The spawning area of sardine will also be studied in order to model the 
presence-absence of sardine eggs and try to understand the evolution of their stocks. 
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Resumen 
Los pequeños peces pelágicos son especies que viven en la columna de agua y que 
tienen poca relación con el fondo marino. Durante el día forman bancos de peces con 
el objetivo de alimentarse, defenderse de potenciales depredadores o por motivos de 
eficiencia energética, dispersándose durante la noche. La importancia de los 
pequeños pelágicos en el ecosistema marino radica en la proporción de biomasa que 
representan y en la función clave que desempeñan como eslabones intermedios, 
transfiriendo energía entre los niveles tróficos inferiores y superiores de la cadena 
trófica. Sus poblaciones son particularmente sensibles a las fluctuaciones 
ambientales (Cole and McGlade, 1998; Lloret et al., 2004) y frecuentemente se 
encuentran en un régimen de explotación elevado por parte de las pesquerías 
comerciales. Esto puede comportar de manera ocasional el colapso de sus 
poblaciones explotables, afectando al ecosistema marino y a las pesquerías que las 
mantinen. 

Casi el 50% del total de la biomssa anual desembarcada en los puertos del 
Mediterráneo provienen de los pequeños peces pelágicos (Lleonart and Maynou, 
2003). En el Mediterráneo Occidental, la sardina (Sardina pilchardus) y el boquerón 
(Engraulis encrasicolus) son las dos especies más importantes, tanto en términos de 
biomasa como capturada como por su interés comercial (Lleonart and Maynou, 2003). 
A pesar de su importancia, la distribución espacial de las poblaciones explotables es 
poco conocida así como también lo es la relación de la distribución espacial con los 
parámetros ambientales. 

Desde principios de los años 90, se llevan a cabo campañas acústica en la plataforma 
continental española del Mediterráneo a finales de otoño (Abad et al., 1998 a,b), 
coincidiendo con el reclutamiento de la anchoa y la época de puesta de la sardina 
(Abad and Giráldez, 1993; Giráldez and Abad, 1995). A pesar de que el principal 
objetivo de estas campañas es la estimación de la abundancia y de la biomas de la 
sardina y el boquerón, datos de la comunidad pelágica en conjunto también se 
recogen periódicamente. Además, a lo largo de la última década se ha detectado una 
aparición incremental de otras especies de pequeños y medianos pelágicos y por 
tanto, se aconsejó la aplicación de un enfoque multiespecífo en la evaluación de 
pesquerías del Mediterráneo (Lleonart and Maynou, 2003). 

El presente trabajo se estructura en dos seciones. La primera sección del trabajo 
analizará la distribución espacial (1D y 2D) de la sardina y el boquerón por medio de 
técnicas geoestadísticas, tanto transitivas como intrínsecas (Matheron, 1969). Se 
prestará especial atención a la incertidumbre asociasda a las estimaciones de 
abundancia y, concretamente, a la incertidumbre asociada al diseño de muestro que 
se considera uno de los factores que contribuyen con mayor intensidad al error 
aleatorio (ICES, 1998). 

La segunda sección explorará los factores ambientales que condicioinan la presencia 
o ausencia de sardina y boquerón a finales de otoño. Datos ambientales obtenidos de 
satélite, como la temperatura superficial del mar, la salinidad, clorofila, radiación 
fotosintéticamente activa, anomalía del nivel del mar y la profundidad del fondo 
marino se relacionarán con la presencia-ausencia de las poblaciones explotables de 
sardina y boquerón mediante modelos aditivos generalizados (GAM, del acrónimo 
inglés) para determinar las relaciones existentes (Bellido et al., 2008; Giannoulaki et 
al., 2008). El hábitat de la puesta de sardina será igualmente estudiada para modelar 
la presencia-ausencia de huevos de sardina e intentar entender la evolución de las 
especies explotables. 
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Resum 
Els petits peixos pelàgics són espècies de peixos que viuen a la columna d’aigua i que 
tenen poca relació amb el fons marí. Durant el dia formen bancs de peixos amb 
l’objectiu alimentar-se, defensar-se en front potencial depredadors o per eficiència 
energètica, dispersant-se durant la nit. La importància dels petits pelàgics a 
l’ecosistema marí radica en la proporció de biomassa que representen i en la funció 
clau que exerceixen com esglaons intermedis, transferint energia entre les nivells 
inferiors i superiors de la cadena tròfica. Les seves poblacions són particularment 
sensibles a les fluctuacions ambientals (Cole and McGlade, 1998; Lloret et al., 2004) i 
freqüentment es troben baix un règim d’explotació elevat per part de les pesqueres 
comercials. Això pot comportar de manera ocasional el col·lapse de les seves 
poblacions explotables, afectant a l’ecosistema marí i a les pesqueries que sostenen. 

Gairebé el 50% del total de la biomassa anual desembarcada als ports del Mediterrani 
prové dels petits peixos pelàgics (Lleonart and Maynou, 2003). Al Mediterrani 
Occidental, la sardina (Sardina pilchardus) i l’aladroc (Engraulis encrasicolus) són les 
dues espècies més importants, tant en termes de biomassa capturada com pel seu 
interès comercial (Lleonart and Maynou, 2003). Malgrat la seva importància, la 
distribució espaial de les poblacions explotables és poca coneguda així com també ho 
és la relació d’aquesta distribució espaial amb variables ambientals. 

D’ençà de principis dels anys 90, es duen a terme campanyes acústiques a la 
plataforma continental del Mediterrani espanyol a finals de la tardor (Abad et al., 
1998 a,b), coincidint amb el reclutament de l’aladroc i amb l’època de posta de la 
sardina (Abad and Giráldez, 1993; Giráldez and Abad, 1995). Tot i que el principal 
objectiu d’aquestes campanyes és l’estimació de l’abundància i de la biomassa de la 
sardina i l’aladroc, dades del conjunt de la comunitat pelágica també es recolleixen. 
A més a més, al llarg de la darrera dècada s’ha detectat una aparició incremental 
d’altres espècies de petits i mitjans pelàgics i per tant, es va aconsellar l’aplicació 
d’un enfoc multiespecífic a l’avaluació de les pesqueres del Mediterrani (Lleonart 
and Maynou, 2003). 

El present treball s’estructura en dues seccions principals. La primera secció del 
treball analitzarà la distribució espaial (1D i 2D) de la sardina i l’aladroc per mitjà de 
tècniques geoestadístiques, tant transitives com intrínseques (Matheron, 1969). Es 
prestarà especial atenció a la incerteza associada a les estimacions d’abundància i, 
concretament, a la incertesa originada pel disseny de mostreig que és considerat un 
dels factors que contribueixen amb més intensitat a l’error aleatori (ICES, 1998). 

La segona secció explorarà els factors ambientals que condicionen la presència o 
absència de sardina i aladroc a finals de tardor. Dades ambientals obtingudes de 
satèl·lit, com la temperatura superficial de la mar, la salinitat, clorofil·la, radiació 
fotosintèticament activa, anomalies del nivell de la mar i la profunditat del fons marí 
es relacionaran amb la presència-absència de les poblacions explotables de sardina i 
aladroc mitjançant models additius generalitzats (GAM, de l’acrònim anglès) per 
determinar les relacions existents (Bellido et al., 2008; Giannoulaki et al., 2008). 
L’hàbitat de la posta de la sardina serà igualment estudiada per tal de modelar la 
presència-absència d’ous de sardina i intentar entendre l’evolució de les seves 
poblacions explotables. 
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Section I. Spatial distribution, 
random error and the sampling 
scheme 

  



 

 

 



 

 

 

 

 

 

 

 

 

Chapter 2. Latitudinal and inter-annual 
distribution of European anchovy (Engraulis 
encrasicolus) and sardine (Sardina pilchardus) 

and sampling uncertainty in the Western 
Mediterranean 
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Chapter 3. Two dimensional spatial 
distribution of anchovy (Engraulis encrasicolus) 
in the Spanish Mediterranean waters to 
estimate sampling precision and optimize 
sampling design 
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Section II. Environmental 
variables and habitat 
 



 

 

  



 

 

 

 

 

 

 

 

 

 

Chapter 4. Identifying the potential habitat 
of sardine (Sardina pilchardus) spawners and 
sardine eggs in the Mediterranean Sea 
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Chapter 5. Identifying the potential 
habitat of European anchovy (Engraulis 
encrasicolus) recruitment in the 
Mediterranean Sea 

 

5.1 Introduction 

Small pelagic fish are known to play a key ecological role in coastal 
ecosystems, transferring energy from plankton to upper trophic levels (Cury et al., 
2000). Their populations are strongly dependent on the environment (Bakun, 1996) 
and have been found to be sentinels of ecosystem shifts (Alheit et al., 2014). The 
effects of large-scale environmentally driven changes on the distribution and 
abundance of small pelagic fish populations have been a major concern for 
fisheries scientists and managers during the last decades. The frequent drastic 
reductions that their abundances suffer even in large productive upwelling areas 
worldwide have caused the collapse of the fisheries operating on small pelagic fish 
species (e.g. Santojanni et al., 2003; Borja et al., 2008; Takasuka et al., 2008; 
Lindegren et al., 2013). 

In the Mediterranean, anchovy is mainly fished by purse seiners although mid-
water pelagic trawls also operate in some areas (Tičina et al., 1999; Lleonart and 
Maynou, 2003; Basilone et al., 2006; Machias et al., 2008), mostly landed in 
European countries (>90% in the period 2000-2012; FAO, 1990-2015). The operation 
and fishing practise of both gears are based on the spatial detection of major fish 
aggregations using echosounders. Anchovy stocks are highly variable in terms of 
their recruitment, abundance and distribution while Mediterranean anchovy fishery 
in many areas suffers from a high degree of exploitation with many stocks showing 
declining trends for the period 2000-2009 in terms of abundance (Study Group on 
Mediterranean Fisheries, SGMED 2009, 2010). This makes the examination of the 
relationship between species spatial distribution and environmental conditions 
vital. 

The increasing interest concerning the climate change effect on fisheries has 
given the ignition for a number of studies on habitat suitability modelling (e.g. 
Guisan and Zimmermann, 2000; Francis et al., 2005; Weber and McClatchie, 2010). 
This approach links species location information to environmental data, 
determining the combination of these environmental conditions that are suitable 
for the survival of the species (Guisan and Zimmermann, 2000; Planque et al., 
2007; Zwolinski et al., 2011), however in the absence of biotic interactions (like 
competition or predation). Quantifying the distribution of a species on 
environmental gradients can provide fish habitat maps that present geographic 
areas within which the range of environmental factors can determine the presence 
of a particular species. 

The current work takes advantage of acoustic surveys that were routinely 
applied in the Spanish Mediterranean waters in late autumn for stock assessment 
purposes. European anchovy spawns in the Mediterranean from spring to autumn 
(Palomera et al., 1992; Somarakis et al., 2006) largely depending on temperature 
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Chapter 6. General discussion 
Marine living resources have constituted important sources of food and 

economic resources worldwide since ancient times. From the World fisheries 
captures, pelagic fish represent a significant share, i.e. 35-40%. Besides their 
economic importance, small pelagic fish are essential components of the ecosystem 
by transferring energy from lower to upper levels of the trophic chains (Cury et al., 
2000). Their populations are highly sensitive to environmental variability and changes 
(Cole and McGlade, 1998; Lloret et al., 2004) and have been identified as sentinels of 
climate shifts (Alheit et al., 2014).The decline and collapse, even temporary, of their 
populations can have dramatic impacts on the ecosystem by reducing food supply to 
species in higher trophic levels (Pinsky et al., 2011). 

Fisheries management has traditionally been based on single-stock assessment 
and aimed at avoiding overexploitation (Bosford et al., 1997; Pauly et al., 1998). The 
focus was at determining the maximum sustainable yield that will allow a sustainable 
exploitation of the resource so that the level of fishing in the present would not 
compromise the future profit. In the last decades, growing attention has been given 
to the application of an ecosystem approach to fisheries management (Pikitch et al., 
2004). This implies the practical recognition of the living organisms as important 
elements within the ecosystem (Tansley, 1935) rather than isolated items. Thus, a 
part from the living organisms and the physical (or habitat) factors and the complex 
interplay of relationships among them will need to be considered. However, the 
ecosystem based approach to fisheries management (EBFM) aims at maintaining 
ecosystem quality and sustaining the diverse benefits expected from marine 
ecosystems (Brodziak and Link, 2002). 

The European Union legislation incorporates this ecosystem based approach to 
fisheries management within the Marine Strategy Framework Directive (MSFD, 
DIRECTIVE 2008/56/EC), which is aimed at achieving a good environmental status 
(GES) by 2020. The MSFD incorporates eleven qualitative descriptors for determining 
GES that range from marine litter to biological diversity or hydrological conditions. 
However, single species stock assessment remains crucial as long as the third of the 
MSFD descriptors stands “Populations of all commercially exploited fish and 
shellfish are within safe biological limits, exhibiting a population age and size 
distribution that is indicative of a healthy stock” and it is still of interest in the 
research community (Worm et al., 2009; Mora et al., 2009; Petitgas et al., 2010). 

This thesis is both an attempt to increase the knowledge regarding small pelagic 
fish within the Mediterranean while providing useful information for fisheries 
management purposes. Thus, it starts with a conventional stock assessment point of 
view, taking sardine and anchovy as case studies, and then evolves to a broader 
approach by identifying the environmental factors that shape the habitat of these 
two species in late autumn (mid November-mid December). For these purposes, data 
from ECOMED acoustic surveys, which were conducted annually in late autumn over 
the Spanish Mediterranean continental shelf by Instituto Español de Oceanografía 
(IEO) were used. 
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6.1 Stock assessment, spatial distribution and fisheries 
management

In order to know if a population is within safe biological limits and be able to 
manage fish stocks, the first and most basic question is how much resource is 
available or, in the present case, “How many fishes are there in the sea”? Sardine 
and anchovy abundance estimates derived from the ECOMED acoustic surveys were 
annually reported by IEO to General Fisheries Commission for the Mediterranean Sea 
(GFCM) stock assessment groups. In a second instance, the manager would like to 
know whether those abundance estimates have a small associated error or not, or 
“How trustful are the abundance estimates?” This question was not routinely 
estimated and was the first objective to be achieved in this thesis. 

A revision and qualitative estimation of the many sources of error associated to 
acoustic surveys was performed and included in the present work as an Annex (Annex 
1), for the Spanish late autumn acoustic surveys. We then focused in the estimation 
of one of the errors that are thought to be one of the main contributors to random 
error, i.e. the error associated to the sampling scheme. Data used for this 
comprised a four year time series (2003-2006) of the ECOMED surveys and the study 
area was restricted to the Northern Spanish Mediterranean waters, where the higher 
amount of abundance and landings of both species are generally observed (IEO 
unpublished data; CGPM, 2005). 

The estimation of the error associated to sampling scheme is statistically 
complex due to the type of sampling (systematic) and due to non-normal and 
spatially autocorrelated data. We used geostatistics, a methodology that estimates 
sampling variance taking into account the autocorrelation observed in the data 
(Matheron, 1965; Petitgas, 1993). However, the huge non-normality of acoustic 
derived data (and of many natural resources) made us wonder about the reliability of 
the uncertainty estimates obtained by means of geostatistics (Carr et al., 1985; 
Guiblin et al., 1995; Rufino et al., 2006a; Webster and Oliver, 2007; Kerry and 
Oliver, 2007a,b). Hence, our approach applied two geostatistical methods and 
different methodological options within the geostatistical analysis in order to have an 
idea of the robustness of the methods applied. Because, where is the point in 
estimating uncertain estimates of uncertainty? 

In the present work, estimates of the uncertainty in abundance estimates of 
sardine and anchovy were derived for the first time in the Northern Spanish 
Mediterranean shelf, analysed the spatial structure of their distributions, derived 
from late autumn Spanish acoustic surveys. This exercise served as well to increase 
the knowledge regarding these two species. This was performed by means of 
transitive geostatistics in 1D (see Chapter 2), which reduces the 2D information to 1D 
by summing up the abundances in each transect. This simpler method requires few 
statistical assumptions than other more elaborated 2D methods. The precision of 
abundance estimates in the whole study area estimated by transitive geostatistics in 
1D were among acceptable ranges (10-18%) for the two analysed species. Similar 
studies analysing the precision of other pelagic species in Norway or Senegal yielded 
results varying between 4 and 15% (Petitgas, 1993; Samb and Petitgas, 1997). 

A two dimensional estimation of the precision of global abundance estimates 
was explored in a following chapter (Chapter 3) for anchovy, as long as its probability 
distribution function in the area is more skewed than that of sardine and thus, it is 
more likely to show problems. We focused in a smaller area, the surroundings of the 
Ebro river. For anchovy, precision estimates were consistent with those obtained 
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with the more complex intrinsic geostatistical method in 2D, supporting the idea that 
the simpler T1D method would suffice for acoustic surveys or for other surveys 
applying similar sampling designs (e.g. CUFES). For sardine, it was revealed that in a 
declining stock context, the temporal evolution of precision should be assessed to 
ensure it continues to being within an acceptable range as long as a negative 
relationship between abundance and precision was observed. 

The simplified 1D data revealed varied degree of overlap between sardine and 
anchovy but with segregation in the highest abundances. It further revealed that, 
while the abundance of sardine varied synchronically in the entire study area the 
variation of anchovy diverged between the most northern and narrow continental 
shelf area (with some relation to the Gulf of Lions) and the southernmost and wider 
continental shelf area (under the direct influence of the Ebro river). However, the 
analysis of the 2D structure provide additional information for survey design and 
maps of the spatial distribution of anchovy in the shelf surrounding the Ebro river 
were produced revealing a patchy distribution of anchovy. 

The origin of low precision in the abundance estimates of anchovy in one year 
(i.e. 2006) and of the high skewness of the probability distribution function of 
anchovy was related with a few amount of samples that represented very high 
abundance and yet not outliers but significant fraction of the population. These high 
values were producing poor precision estimates in a particular year. So, the spatial 
location of the high abundance values of anchovy (or of any species if such 
phenomenon is observed) should be routinely identified and their location followed 
across time in order to increase sampling intensity where these high values occur and 
try to increase the precision of the estimates. 

As expected, abundance estimates were robust to all tested methodological 
options while the 2D spatial analysis and the global precision were not robust to data 
transformation, but it was generally needed to retrieve the spatial autocorrelation 
structure due to the huge skewness (skewness >7) of the probability distribution 
functions. In similar occasions (data with similar pdf), the logarithmic transformation 
should be used in order to apply a conservative approach. Although retrieving the 
spatial structure with a transformed dataset, the interpolation should be performed 
on the original data to obtain closer mean abundance estimates to that observed in 
the samples. Furthermore, in the variogram construction, care should be taken in the 
family of model to be applied (to accommodate as much as possible to the 
variogram), using least squared fitting methods and lag width between the EDSU and 
the inter-transect distance to avoid non-sensical results. 

Automatic tools for spatial analysis and interpolation through kriging have been 
designed (Hiemstra et al., 2008), which are highly useful for normally distributed 
data. This would ensure 100% objectivity and reproducibility of the analysis. Although 
we tried as much as possible to make the analysis reproducible and objective, our 
experience showed that geostatistical analysis for highly correlated and skewed data 
requires expert judgement if non-sensical results are to be avoided. While the 
intrinsic 2D methods are implemented within RGeoS library, within an open access 
environment like the R software, the simpler but effective transitive 1D geostatistics 
is not. The implementation of the 1D approach within the R software would be of 
interest. 
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6.2 Habitat identification, suitability and overlap 

The natural environment shapes the habitat of every single species on Earth and 
determines where a species can potentially be found (potential habitat). However, 
the particular locations where a species is actually found (realised habitat) also 
depends on a complex net of inter-relationships among the different species and 
between the every species and the environment, further delineating the ecosystem. 
Thus, increasing the knowledge about the habitat of a species contributes to the 
ecosystem based approach to fisheries management as it helps delineating the areas 
that are critical to species for vital population processes. 

For pelagic species, inhabiting the water column, the processes that are 
thought to be of major significance in the description of their habitat are those 
related with water circulation, water enrichment and concentration and retention 
processes (Bakun, 1996). In the semi enclosed and oligotrophic Mediterranean Sea, 
the most important enrichment mechanisms are related with land runoff from rivers, 
mesoscale oceanographic features such as gyres, eddies and fronts, coastal upwelling 
and winter water mixing due to the cooling of surface waters (Estrada and Vaqué, 
2013). As an example, shelf-slope fronts and outflows of major rivers were related to 
anchovy spawning (Palomera, 1992) while mesoscale eddies were found to shape the 
spatial distribution of anchovy larvae (Sabatés et al., 2014). 

Thus, in the second section of the thesis (Chapters 4 and 5), we identified the 
environmental factors that shape the habitat of sardine and anchovy in late autumn, 
through relating the data from ECOMED acoustic surveys with satellite and 
bathymetric information. A nine-year time series was made available (2003-2009) in 
this occasion and the study area was widened to encompass the whole Spanish 
Mediterranean continental shelf, so that a wider combination of environmental 
scenarios were analysed. Late autumn corresponds to sardine spawning season and to 
anchovy recruitment season, so the analysed habitats correspond to sardine spawning 
habitat and anchovy recruitment habitat. Further, sardine egg data was retrieved 
from 2006 to 2009 and estimates of the realised habitat of sardine produced for the 
entire Mediterranean basin. 

As environmental variables we used satellite and bathymetric data which do not 
allow a fine spatial resolution but allow making inferences and predict the habitat of 
the species throughout the Mediterranean basin. Bottom depth, sea surface 
temperature, chlorophyll-a concentration and sea level anomaly were the 
environmental variables defining the habitat of both sardine and anchovy although 
the percentage of variance explained by each variable differed for sardine, sardine 
eggs or anchovy recruits and the final models included different interactions among 
the variables. Thus, the similar albeit not identical habitat together with the spatial 
segregation of the highest abundances (observed in the 1D geostatistical analysis), 
give forward evidences to the idea that sardine and anchovy, although similar, do not 
occupy exactly the same ecological niche (Gutiérrez et al., 2007). 

Maps of annual predictions of habitat were produced for the entire 
Mediterranean basin that allows the inspection of spatio-temporal variability of the 
habitat of these species. Additionally, habitat suitability maps allowed the 
identification of areas where the habitat is highly probable and persistently in time 
(if they exist), constitute interesting areas for protection purposes as they more 
likely contribute to the species subsistence/persistence (or whatever) over time. 
Furthermore, maps showing the areas where the habitat of sardine and anchovy 
overlap were produced. 
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Areas with higher probability and stability, as well as areas with overlapping 
habitat for two (or more species) would deserve additional efforts in order to be 
protected rather than areas that vary more greatly in time or show lower average 
probabilities. Thus, the spatial component of the habitat and spatial distribution of a 
species, a bunch of two species, community or ecosystem is essential for 
management purposes if one objective is to try to avoid interferences between 
different human activities making use of similar or of the same space, the spatial 
location of important areas to be protected is crucial, as it has been recognised 
within the EBFM (Pikitch et al., 2004). 

However, the temporal scale should not be forgotten. Similar to an approach 
taken within the STOCKMED project (Fiorentino et al., 2014), an analysis of the 
temporal correlation among the mean annual habitat prediction at each GSA area 
was performed, so that positive and significant correlations would indicate areas that 
may potentially be managed as one unit. Between the Gulf of Lions (GSA 7) and the 
Northern Spanish Mediterranean waters (GSA6), no correlation was observed for 
anchovy but positive significant correlation was observed for sardine. Anchovy larval 
advection from the Gulf of Lions (GSA7) to the Northern Spanish Mediterranean 
waters (GSA6) has been described (Sabatés et al., 2004; Ospina-Álvarez et al., 2015). 
However, anchovy in the years 2003-2006 showed picks of abundance in the most 
northern area of the Northern Spanish Mediterranean waters that were not observed 
in the southern area (the area of wide continental shelf surrounding the Ebro river) 
and the recruitment habitat was not correlated among GSA7 and GSA6. Our results, 
thus, suggest that the relationship observed in the larval stage only has significant 
effects on the local anchovy population in some years and/or at a local scale. 

For sardine, conversely, relationships among the temporal time series of PSH, 
landings and summer condition factor from GSA7 derived from a recent work (van 
Beveren et al., 2014) suggest that GSA7 and GSA6 might constitute a management 
unit for this species. 

Future prospects 

The acoustic surveys conducted by IEO are not stand alone surveys but they are 
standardised and coordinated with the international community in an effort to make 
stock assessment throughout Europe comparable. So, in the year 2009 the ECOMED 
acoustic surveys were replaced by MEDIAS acoustic surveys, conducted in summer 
and EU financed. Acoustic surveys conducted now in spring-summer cover the entire 
Iberian Spanish continental shelf for stock assessment purposes and are coordinated 
by ICES in the Atlantic waters and by GFCM in the Mediterranean. 

Additionally, the RV Cornide de Saavedra has been replaced by the newer RV 
Miquel Oliver. So, to start with, a quantitative estimation of the main sources of 
errors associated to the RV Miquel Oliver and an effort to mitigate the most 
significant errors as much as possible would be needed. Some sources of error need 
further research, as species allocation and the target strength. 

Acoustic surveys are significant platforms for collecting information from a wide 
range of aspects, from the biology of the species of interest (e.g. condition factor, 
etc) to ecological interaction with other fish (e.g. stomach contents analysis) or for 
the observation of top predators like marine mammals or marine birds (e.g. space 
overlap). They can be used as well to provide information about lower trophic levels 
such as plankton (Pinot and Jansá, 2001), environmental data regarding water 
quality, nutrient contents, pollutants, hydrodynamics or information regarding 
detection and distribution regarding jellyfish (Peña et al., 2014), of due interest for 
recreational activities. This holistic approach is being applied in the new surveys but 
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some could be retrieved from re-examining and re-processing of the ECOMED acoustic 
surveys, if not regarding the biology and interaction of the species, at least regarding 
their spatial co-occurrence as a proxy of probability of interaction. 

The estimation of the precision of abundance estimates should accompany the 
routine estimates of abundance of assessed species. The amount of assessed species 
should be increased to all the encountered species however having in mind that the 
errors associated with the estimates of each species may differ. 

The mapping of the spatial distribution and of the habitat of the species should 
be extended to the whole pelagic community. The exploration of different spatial 
scales, from local, regional and up to the Mediterranean scale, provides 
complementing information that would increase the knowledge of the functioning of 
the species and of the ecosystems. 

Further investigation on the relationships among landings, abundances and the 
habitat of the species of interest would be another remarkable field in an attempt to 
predict landings in future years. This would allow the adoption of a dynamic 
management, which will vary annually according to expected catches and population 
metrics, such as the one implemented in the Bay of Biscay. 

Habitat models could be used to provide estimates under different climate 
scenarios. However, additional years and seasons of the year would be needed in 
order to have a picture of the within year variability and evolution of the habitat, 
trying to evaluate the periods and life-stages more sensible to environmental 
variability and to other factors. Generation of derived oceanographic variables that 
could better identify productivity and retention/concentration processes would be of 
interest in order to try to improve the habitat identification. 

Finally, the economical and social aspects of the fisheries deserve attention as 
long as the possible interactions with other human activities in order to provide 
sound management advice within the ecosystem based approach to fisheries 
management. Even the rise of meat price could have impacts on fishing pressure and 
fish abundance. 
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Chapter 7. General Conclusions 

7.1 Stock assessment, precision and spatial distribution of 
sardine and anchovy in the Northern Spanish Mediterranean 
continental shelf waters 

1. European sardine and anchovy stocks showed declining trends between 2003 
and 2006. The highest abundances of these species were located near the Ebro 
River Delta, spatially segregated and anchovy being closer to the river mouth. 
Maps of anchovy distribution were produced for the first time in the study area 
and showed a patchy spatial distribution. 

2. The precision of the global abundance derived from sampling design was in 
general good (10%-18%) for the two species and the results were consistent 
among the two geostatistical methods applied, i.e. transitive in 1D and intrinsic 
in 2D. 

3. The poor precision of anchovy abundance in 2006 was improved after removing 
a few amount of very high values located in shallow waters (up to 100 m) near 
the Ebro River mouth. These high values were not outliers but a significant 
fraction of the population. So, an increase of the sampling intensity in this area 
would be recommendable to avoid low precision in similar situations. 

4. For sardine, the inverse relationship between abundance and precision bringing 
to light that attention should be paid to avoid low precision, in the stock 
context. 

5. The 2D spatial modelling required the a priori adoption of several 
methodological options to avoid nonsensical results. Data transformation, use 
of spherical or exponential models, the application of least squares methods 
and a lag width between the minimum and maximum distance among samples 
were required. 

6. Data transformation should be avoided as far as possible. However, for hugely 
skewed data (skewness>7) it is unavoidable to use a data transformation to be 
able to retrieve the spatial structure. In that case, log-transformation provides 
the lower probabilities of overestimating the precision. 

7. The spatial structure and the global precision were not robust to data 
transformation while abundance was robust to all methodological options and, 
showed a small negative bias, in relation to sample estimates, provided that 
the interpolation was performed on the untransformed data. 

8. The information retrieved from the 1D and 2D approaches is complementary. 
The 1D approach is sufficient to estimate the precision of global abundance and 
provide valuable information in a proxy of a latitudinal direction and regarding 
inter-annual variation. The 2D method allow providing distribution maps which 
are of due interest for management and planning. 

9. The analysis of the precision of global abundance contributes to improve the 
accuracy of the estimations that were annually presented in stock assessment 
groups and/or to increase knowledge regarding the species ecology and spatial 
distribution. 
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7.2 Habitat identification of sardine and anchovy in late 
autumn 

10. Suitable sardine spawning and anchovy recruitment grounds in late autumn are 
found over the continental shelf, occupying a similar habitat but not identical, 
giving further support to the idea that both species do not occupy exactly the 
same ecological niche. The habitat of both species was positively influenced by 
intermediate sea surface temperature and chlorophyll-a, suggesting a location 
close to water enrichment and retention/concentration processes (e.g. river 
discharges and upwelling areas) known to influence small pelagic fish. 
However, anchovy can be found up to deeper depths, depending on SLA values.  

11. Sardine eggs drift was evidenced by the fact that eggs were encountered in the 
colder temperatures of those preferred by spawners and up to deeper bottom 
depths. 

12. Habitat suitability maps showed that sardine eggs occupied similar locations 
than sardine sapwners throughout the Mediterranean although less extended. 
The estimated spawning grounds of sardine match with fish distribution 
estimated by acoustic surveys and known spawning grounds. 

13. Suitable recruitment grounds of anchovy identified in the present study are 
well known spawning habitats for anchovy and coincide with the spatial 
distribution of anchovy larvae from previous studies in the Spanish 
Mediterranean waters, highlighting the importance of these areas for the 
subsistence of the anchovy population as long as provide habitat for both larval 
and recruits. 

14. The habitat estimated for sardine eggs and for anchovy recruits showed higher 
year-to-year variability than the habitat of sardine spawners, suggesting higher 
sensitivity of the early life stages to environmental variability. 

15. Temporal synchronies among adjacent areas throughout the Mediterranean 
showed, for sardine spawners and eggs, higher synchrony in the northern 
African and eastern Mediterranean coasts. For anchovy recruitment, the higher 
synchronies were observed in the GSA areas bounding the Western and the 
Central Mediterranean Sea as well as within the Central Mediterranean areas. 
The areas showing temporal synchrony should be considered as possible 
management units. 

16. Habitat suitability maps are useful tools to identify areas with high likelihood 
and long-term persistence of a species or life-stage habitat, being areas of 
critical importance for the maintenance of the species stock and should be 
considered for management purposes like temporal closures or marine 
protected areas. Additionally, the habitat overlap maps represent a useful tool 
in order to establish protected areas in overlapping areas that are highly 
persistent encompassing the protection of two species or two life-stages. 
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ANNEX. Main errors associated to abundance estimations of pelagic 

fish  stocks:  the  case  of  late‐autumn  Spanish  Mediterranean  acoustic 

surveys (2003‐2006) 

Errors associated to the estimations of any variable can be classified, depending 
on how they affect the observation, in a) systematic errors, when they affect all the 
observations in the same way and with the same intensity, reducing the accuracy of 
the estimates and introducing a bias or b) random error, if they can have variable 
effects on the estimations, sometimes increasing and sometimes decreasing the 
estimate, without any defined pattern, reducing the precision of the estimates. 
Thus, accuracy is similarity between the estimated value and the real value of the 
studied phenomena (e.g. fish density) and is inversely related to bias, while precision 
is the similarity between successive samples of the same phenomena and is affected 
by random errors. 

The origin of the errors might be diverse, e.g the sampling instruments, the 
person in charge of the sampling (sampler), the nature of the analysed variable or 
the environment in which it is found. The main errors usually encountered in acoustic 
surveys and their expected relative importance were compiled by Simmonds and 
MacLennan (2005) (Table A1.1). 

Table A1.1. Expected percent error for the most common sources of error found in abundance 
estimates derived from acoustic surveys (adapted from: Simmonds and MacLennan, 2005). 

Source of error 
Systematic 
(Bias) 

 Random 
(Accuracy) 

Calibration ± 3 a 10  ± 2 a 5 
Transducer motion 0 a -25   
Bubble attenuation 0 a -90*   
Hydrographical conditions ± 2 a 25  ± 2 a 5 
Target strength (TS) 0 a 50  ± 5 a 25 
Species identification   0 a 50 
Random sampling   5 a 20 
Migration 0 a 30   
Daily behaviour   0 a 50 
Avoidance 0 a 50   

*for hull-mounted transducers 

However, when acoustic surveys are used to obtain estimates of abundance 
over an area, the precision of these estimates will depend as well upon the sampling 
design, the spatial distribution of the species, the echogram partitioning to obtain 
the proportion of fish species by means of pelagic fish trawls or abrupt changes in 
fish distribution due to stormy events. Of these, the random error which is 
considered to be the most important in acoustic abundance estimates is the sampling 
design (ICES, 1998). Although the application of a random sampling design would 
simplify the estimation of the precision, it has been considered counterproductive to 
the abundance estimates and to its accuracy (Simmonds and Fryer, 1996). 

This Annex revises the most common sources of systematic error that are 
commonly found in the acoustic surveys directed to stock estimation, making a 
quantitative analysis of their importance in the Spanish Mediterranean late autumn 
acoustic surveys (ECOMED) for the period 2003-2006. 
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Accuracy in abundance estimations: sources of systematic error 

1. Calibration and sensitivity of the instruments 

In late autumn Spanish Mediterranean acoustic surveys the calibration of the 38 
kHz transducer, the one used for abundance estimation, is performed prior to each 
survey with a 60 mm diameter copper sphere and following the standard method 
(Foote et al., 1987). The method consists in locating a standard target of known 
reflective properties below the transducer, usually a copper or tungsten-carbide 
sphere, with the aid of three winches (Figure A1.1). The calibration is accepted if 
the root mean square (RMS) between the echo received from the standard target and 
the theoretical model is equal or less than ± 0.1 dB. This corresponds to a 0.3% of the 
expected echo of the 60 mm copper sphere at a sound velocity in sea water of 1500 
m s-1, which is -33.6 dB. Thus, systematic error due to acoustic instruments is 
negligible. The sound speed in sea water used until 2005 was the standard 1500 m s-1. 
In the year 2006, however, with the incorporation of the new echosounder EK-60, the 
sound speed used is 1 510.7 m s-1, which is the sound speed at 100 m for sea water at 
15 ºC and 37 ppm (Mackenzie, 1981). 

 

 

 

 

Figure A1.1. Disposition of the winches used to 
allocate the calibration sphere below the 
transducer (Source: Foote et al., 1987). 

 

2. Transducer motion 

Acoustic surveys aimed at pelagic fish stock assessment generally use a hull-
mounted transducer and, thus, measurements will be affected by the vessel 
movement: pitch, roll and forward vessel movement. The misalignment between the 
emission and the reception reduces the mean amplitude of the received signal and 
introduces bias in the estimates. This bias is more intense for narrow beam-angle 
transducers, which are generally used in scientific echosounders, and increases in 
bad weather conditions due to the increase of pith and roll (Simmonds and 
MacLennan, 2005). 

The bias introduced by the forward vessel movement depends on the sound 
speed and on the vessel speed and can be easily quantified. Given a constant speed 
of 10 knots (5.14 m s-1) and a sound velocity of 1,500 m s-1 the deviation between the 
emission and the reception angles is thought to be of about 0.4º (Simmonds and 
MacLennan, 2005). The bias introduced in abundance estimates due to cruise 
progression is <1.4% (Stanton, 1982) and thus, it is not critical when compared to the 
effects that pitch and roll might have on the estimates. On the other hand, pitch and 
roll cause a misalignment directly related to the rotation of the transducer (Figure 
A1.2) and to the depth where the insonified target is encountered and inversely 
related to the transducer beam-angle (Stanton, 1982). 
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In order to minimise this error, compensation of the vessel movement should be 
sought by means of mounting the transducers on a protruding keel at the vessel hull 
(Ona and Traynor, 1990) or the vessel itself could be equipped with active 
stabilisation systems. Both measures, however, are costly to implement and were not 
installed in the research vessel used in late autumn Spanish Mediterranean acoustic 
surveys, i.e. R/V Cornide de Saavedra. 

 

 

 

 

 

 

Figure A1.2. Transducer movement generating a 
misalignment between emission (solid line) and 
reception (dashed line) of sound (Source: Stanton, 
1982). 

For narrow transducers, like the 38 kHz hull-mounted on the R/V Cornide de 
Saavedra (7x7º), deviations of only 5-6 degrees (or higher) between emission and 
reception angles are critical, >50% bias (Stanton, 1982). Thus, the vessel pitch and 
roll should be measured by means of a tilt sensor and its effects on the transducer 
directivity should be estimated and incorporated as a correcting factor on the 
estimates (Stanton, 1982). 

3. Surface bubble layer 

Air bubbles located below the transducer can cause extra attenuation to the 
emitted and received sound, causing measurement bias. Especially wind, but also 
vessel movement, can generate a layer of air bubbles, with higher vertical extension 
in bad weather conditions. Theoretical and semi-empirical works (Novarini and 
Bruno, 1982; Feullidade, 1996; Ye, 1997) predict the extra attenuation caused by 
bubble layers. These models do not take into consideration the vertical displacement 
of water caused by the vessel during the surveys and, thus, underestimate the extra 
attenuation that occurs in acoustic surveys (Weston, 1989). Nevertheless, extra 
attenuation can be measured by analysing the resonance of the bubble layer or 
differences in bottom integration observed at the echogram (Dalen and Lovik, 1981). 

The installation of a protruding keel can efficiently reduce the effects of the 
bubble layer for wind speeds up to 19 m s-1 (Ona and Traynor, 1990). In 2006 the 
transducers in the R/V Cornide de Saavedra were installed in a protruding keel of 1 m 
width, attached to the vessel hull. This may reduce the bias caused by the surface 
bubble layer but, as the transducers are located at 6-7 m from the sea surface 
(considering hull+keel) and the bubble layer may reach 20 m deep in bad weather 
conditions, the effect is not removed. Prior to 2006 hull-mounted transducers were 
used and thus, estimates obtained prior to 2006 may suffer higher extra attenuation. 
Moreover, as long as in the late autumn Spanish Mediterranean acoustic surveys the 
transects are located in more or less the same geographical position since 2003, an 
attempt could be made to compare the integration of the bottom to quantify the 
possible existence of extra attenuation. 
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1. Hydrographical conditions 

Sound intensity diminishes while travelling through water. This reduction is 
mostly caused by the geometric dispersion and the absorption. Geometric dispersion 
is caused by the fact that the further the sound goes from the transducer, the bigger 
is the area in which the sound is distributed. It only depends on the distance from 
the transducer. The absorption of the sound waves by the water is inversely related 
to wavelength and also depends on hidrographical conditions, such as water 
temperature, salinity and pressure (depth) (Mackenzie, 1981; François and Garrison, 
1982). 

Given temperature and salinity, at a 38 kHz working frequency and a maximum 
depth of 200 m, the error due to hydrographical conditions is < 3% (MacLennan, 
1990). However, hydrography may vary in different areas and times of the year and 
thus the error can be bigger. The presence of a thermocline, and the depth at which 
it is found, is particularly important because sound velocity changes. 

In the Mediterranean Sea, stratified waters are observed in summer, with 
thermocline at 5-30 m depth with high temperatures at the surface and lower 
temperatures (~ 13-13.5ºC) below 60 m. In winter, the whole water column 
homogenises reaching low temperatures (~13.1-13.4ºC, Olivar et al., 2001). In 
autumn and spring, an intermediate situation is observed with surface temperatures 
of 18-20ºC and homogeneous cold waters (~13ºC) below 100 m (Segura, 2007). 

In the Spanish Mediterranean waters, acoustic surveys were annually performed 
between the end of November and mid-December (i.e. late autumn/early winter) 
when an intermediate situation exists, as a transition between summer stratification 
and winter homogeneity. For this reason, the presence of a thermocline is not 
considered an important source of bias by the time of the year the surveys are 
performed. Nevertheless, the bias could be quantified and corrected on the basis of 
CTD stations performed throughout the study area. 

In the Spanish Mediterranean continental shelf, the hydrography is complex and 
could introduce variability in the sound velocity and absorption. For instance, in the 
Strait of Gibraltar, colder and less saline Atlantic waters enter the Mediterranean 
Sea; in the Gulf of Rosas colder water from the Gulf of Lions may reach the area, or 
in the vicinity of the Ebro delta, fresh water river inputs . Moreover, periods of 
intense winds, typical of the time of the year the surveys are carried out, enhance 
vertical mixing of the water column and should be taken into consideration. 

4. Fish target strength 

The target strength (TS) is a logarithmic measure of the proportion of sound 
intensity that reaches a target (Ii) and is backscattered by the target at a 1 m 
distance (Ir), of the form: 

TS= 10 log (Ir/Ii)   (i.e. Burczynski, 1979)                                    (Eq. A1.1) 

The swimbladder, an organ generally air-filled but sometimes fat-filled, takes 
part in fish buoyancy and hearing. At 38 kHz, which is the frequency commonly used 
to estimate the abundance of pelagic fish stocks, 90-95 % of the eco backscattered 
by a fish comes from the swimbladder (Foote, 1987). For fishes without swimbladder, 
their echo at 38 kHz is weak, making their identification and abundance estimation 
more difficult at this frequency (McClatchie and Coombs, 2005). Nevertheless, for 
fishes without swimbladder (i.e. Atlantic mackerel, Scomber scombrus) and 



Annex. Main errors 

159 

opposedly to swimbladdered fish, the relative response at 200 kHz is higher than at 
38 kHz (Nesse et al., 2009), allowing the identification of the species. 

TS depends on the species, the existence of a swimbladder and its type (open 
or closed) (MacLennan, 1990), fish length, the depth at which the target is located or 
even physiological factors like fat content or maturity (Ona, 1990; Machias and 
Tsimenides, 1995; Jorgensen, 2003; Zhao, 2008). Although an expanded target 
strength relationship for herring was developed (Ona, 2003), for stock assessment of 
anchovy and sardine the simple model relating the TS with the fish length (see Eq. 
A1.1) is of common use. 

The estimation of fish TS can be performed by means of laboratory experiments 
with immobile fish (Foote and Nakken, 1978; Kinacigol and Sawada, 2001), life fish in 
cages (Lillo et al., 1996; Gauthier and Rose, 2001) or with in-situ measurements of 
fish at sea (Degnbol et al., 1985; Foote et al., 1986), which are usually assumed to 
be more representative of schooling fish observed during surveys. However, in-situ 
measurements require i) the presence of one dominant species in the trawls or two 
species but with very different size ranges (Foote et al., 1986) and ii) dispersed fish 
(or dispersed enough) to allow single-fish detection which is usually observed during 
the night. Nevertheless, it has to be assumed that target strength from dispersed fish 
is representative of target strength in fish schools may need a correction for tilt 
angle distribution (Kloser et al., 2013). Multi-specificity of the Spanish Mediterranean 
waters makes this situation hardly found. In fact, in the years 2003-2006 the amount 
of fish trawls that accomplish these pre-requisites are not enough. 

Given the lack of in-situ data bibliographical values of b20 values are used and, 
in many occasions, adapted from other species (see Chapter 1, section 1.4 on “Data 
processing”). Thus, this source of error is supposed to be important in abundance 
estimation of pelagic fish stocks. Nevertheless, the importance of TS is lower if the 
aim is obtaining abundance indices rather than absolute values, which will be 
comparable between years. Due to the multi-specificity of the Spanish Mediterranean 
waters, the method used for splitting the sA between species (see Chapter 1, section 
1.4 on “Data processing”) takes into account the proportion of each species and its 
TS thus, an error in one species’ TS propagates to the other species’ abundance 
estimations. 

5. Species migration 

For any survey aimed at estimating the population of a certain species it is 
important that the sampled area covers the entire habitat occupied by the 
population. Many fish species make annual migrations for reproduction, feeding or 
wintering purposes. If the population is migrating while the sampling takes place, 
abundance estimations can suffer from bias even if the entire habitat is sampled. 
Acoustic surveys for pelagic fish stock assessment are usually conducted in the same 
period of the year to avoid different annual biases due to migration. The intensity of 
this bias will vary depending on the relative direction and relative speed between the 
fish migration and the progression of the survey. 

Given the direction and velocity of the migration and of the vessel progression 
the bias in abundance estimation (EQ) is computed as follows: 

EQ =Q (1+ vf/vs)                                    (Eq. A1.2) 

where Q is the abundance estimation, vf is the velocity of the migration and vs 
the velocity of the survey in relation to the migragion; vs is positive when both fish 
and survey progress in the same direction. If the transects are long and perpendicular 
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to the migration, vs is much smaller than vf, i.e. if vessel speed is 5 m s-1 and transect 
length is 10 times the inter-transect distance, then the survey progress at vs=0.5 m s-

1, a value that could be comparable to fish speed (Simmonds and MacLennan, 2005). 

Nevertheless, no migration patterns have been described in the Western 
Mediterranean neither for sardine nor anchovy and thus, the bias from this source is 
expected to be negliglible or nule. 

6. Daily behaviour 

Pelagic fish generally perform aggregation-dispersion behaviours on a daily 
basis, forming schools close to the bottom or at mid-water during the day and 
ascending and getting dispersed by dusk (Blaxter and Holliday, 1969; Muiño et al., 
2003; Milne et al., 2005). In some cases the dispersion is not linked to ascension to 
the water surface (Bertrand et al., 2004; Zwolinski et al., 2007) and in coastal 
waters the ascension and dispersion is linked to an horizontal migration towards the 
coast, moving offshore during the day (Fréon et al., 1993a and references therein). 
In clupeoid fishes, daily migrations are thought to be triggered by light intensity 
(Blaxter and Hunter, 1982). 

The aggregation-dispersion behaviour can bias the estimations mainly because 
of three reasons. First, the criteria for reading the echograms may vary between day 
and night. Second, because a varying proportion of the stock may ascend to the sub-
surface blind zone (upper than the transducer) or descend to the bottom blind zone. 
Third, during ascension-descent, fish TS may change because of the angle formed 
between the fishes and the transducer (e.g. Foote and Nakken, 1978; Huse and Ona, 
1996) and/or due to variations in the swimbladder volume, especially in physostome 
fishes, i.e. open swimbladder (Simmonds and MacLennan, 2005). If the acoustic 
sampling is carried out during the day and during the night further bias may exist if 
some demersal species behave as pelagic during night (Fréon et al., 1993b). 

In late autumn Spanish Mediterranean acoustic surveys, acoustic sampling was 
only performed between dawn and dusk, thus reducing the bias caused by the 
fraction of stock located in the blind zones and eliminating the bias caused by 
echogram reading. Nevertheless, the bias caused by the ascension-descent of the 
fishes has not been described or quantified in our area. In the surroundings of the 
Ebro delta, anchovy and sardine schools aggregate at dawn more rapidly than they 
disperse at dusk, i.e. lasting 1 hour the aggregation and 2 hours the dispersion (Fréon 
et al., 1996). Taking this into consideration, if we take for instance the survey in 
2005, a gross estimation rises that up to 13% of the acoustic sampling (that comprised 
in the 1+2 hour of ascencion/descent) could underestimate abundance of small 
pelagic fish stocks. 

On the other hand, during the late autumn Spanish Mediterranean acoustic 
surveys fishing trawls are performed during night. The possible bias of demersal 
fishes entering into the catch is avoided by taking into account only pelagic species 
for estimating species proportions. Moreover, demersal fishes are not considered in 
the partition of the echo received as they do not form schools and echointegration is 
performed only for schools observed during the day. 

7. Vessel avoidance 

Some pelagic fish species when surpassed by a vessel may develop avoiding 
reactions (e.g. Gerlotto and Fréon, 1992; Mitson, 1995; Gerlotto et al., 2004) or may 
not (Skaret et al., 2005; Handegard and Tjostheim, 2005). Avoiding reactions can 
include vertical descents and horizontal movements. Vertical descents have been 
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studied with echosounders and are observable some minutes prior and after the 
vessel surpass (Vabo et al., 2002; Mitson and Knudsen, 2003; Ona et al., 2007) while 
horizontal movements have been studied with sonars (Aglen, 1994 and references 
there in). 

Avoidance reactions have been generally considered to be related to hearing 
(e.g. Olsen et al., 1983b; Engas et al., 1995; Mitson, 1995) and influenced by the 
directivity of the noise generated by the vessel (e.g. Misund and Aglen, 1992). In the 
1990s and 2000s, efforts were made to construct vessels under ICES noise reduction 
specifications (Mitson, 1995) but studies conducted with this type of vessels have not 
demonstrated a reduction of fish avoidance (Ona et al., 2007; De Robertis et al., 
2008). Other sources of fish avoidance could be the infrasound noise, as fish are 
particularly sensitive to sound between 20 and 0.001 Hz (Chapman and Sand, 1974; 
Sand and Karlsen, 2000; Wahlberg and Westerberg, 2005) or particle acceleration 
produced by the vessel movement or by sound emission. The volume of water 
displaced (Sand et al., 2008), the visual stimulus of the vessel shadow (Aglen, 1994) 
or lights during night observations (Ona and Toresen, 1988; Lévénez et al., 1990) can 
have an influence in avoidance reactions. Furthermore, motionless vessels can cause 
attraction to fishes even with the engines on (Rostad et al., 2006). 

Factors affecting the existence and intensity of avoidance reactions are many, 
e.g. the depth where the fishes are found (Gerlotto and Freón, 1992; Vabo et al., 
2002; Mitson and Knudsen, 2003; Ona et al., 2007; De Robertis et al., 2008), 
hydrographical conditions affecting sound propagation (Misund and Aglen, 1992), 
ambient noise that could mask vessel noise (Ona et al., 2007), the vessel speed, the 
season, the time of the day (Vabo et al., 2002; Jorgensen et al., 2004), learning 
processes related to the level of explotation of the stock (Marler and Terrace, 1984 
in Gerlotto and Fréon, 1992) or the use of new vessels of unknown noise patterns for 
fish (Ona et al., 2007). The species hearing and/or visual capabilities play also a 
determinant role. The same species can show avoidance reaction or not depending 
on the life cycle or the time of the year (Jorgensen et al., 2004; Skaret et al., 2005). 

Underestimation of abundance due to avoidance reactions can occur if fishes 
move outside the vessel track or, if the movement is downwards to deeper waters, 
due to swimbladder compression or due to changes in tilt angle that can affect fish 
TS (Simmonds and MacLennan, 2005). Vertical avoidance can produce the 
compression of the fish school which do not necessarily imply a variation in the mean 
density in the area (Gerlotto and Fréon, 1992; Fréon et al., 1992). Nevertheless, 
avoidance reactions can reduce reflected energy and, thus, underestimate the 
abundance (Olsen et al., 1983a; Olsen et al., 1983b). Sometimes the bias may be 
limited to night observations (Vabo et al., 2002; Jorgensen et al., 2004) or, even if 
avoidance reactions exist, the effect on abundance estimations may be negligible or 
absent (Gerlotto and Fréon, 1992; Lévénez et al., 1990; Fernandes et al., 2000) or 
the effect may be observed just after the vessel of echosounder surpass, and thus 
will have no practical effects on abundance estimations (Ona et al., 2007). 

Avoidance reactions can be structured in two phases. In the first phase, at long 
distance, a number of schools would be trapped at the vessel track due to the hull 
acoustic shadow, while another group of schools would escape laterally. In the 
second phase, at short distance, the schools initially trapped in the vessel track 
would escape laterally and vertically and a second group of schools would only move 
vertically (Soria et al., 1996). Methods applied so far to correct avoidance reaction 
effects on abundance estimates have only corrected for the second phase reactions 
(Vabo et al., 2002; Hjellvik et al., 2008) and the combined effect of the long and 
short distances avoidance has not been properly studied yet (Aglen, 1994). 
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In the surroundings of the Ebro River mouth, where sardine and anchovy 
dominate the pelagic fishing trawls, it was observed that the density of schools was 
higher at a certain distance from the vessel and a 50% reduction of school density 
was described in the vessel trajectory (Soria et al., 1996). Due to the variable nature 
of avoidance reactions it is necessary to analyse the avoidance reactions of the 
species under study, during the time of the year the survey is conducted, with the 
same vessel and, if possible, with the same weather and environmental conditions in 
which the survey was conducted. 

8. Precision of species proportion estimation: Net avoidance 

One commonly accepted assumption in pelagic fish estimations is that the 
samples obtained in pelagic fishing trawls are representative of the analysed 
populations. This is a simplification of the reality, because studies have described 
avoidance reactions during fishing operations depending on the species and age 
(Fréon et al., 1993a) that could be even more intense than the reactions observed 
during acoustic sampling (Ona and Godo 1990; Handegard and Tjostheim, 2005). Fish 
escape from the net by immediate visual contact and its intensity diminishes during 
the night (Glass and Wardle, 1989). However, endogenous rythms may also have an 
impact as it has been observed sudden increments in the capturability just before 
dawn, without an increment of the light intensity (Baudin-Laurencin, 1967). 
Moreover, fish have learning abilities that may increment avoidance in front of a 
fishing gear (e.g. Soria et al., 1993). 

With the aim of having a qualitative approach, the size ranges of the fishes 
caught during the echosurveys were compared to the size ranges of the fishes caught 
by the purse seine fisheries in the area under study (between Albufera de Valencia 
and the Spanish-French border) between November and December of the years under 
study (unpublished data, IEO). The size ranges were similar both for sardine and 
anchovy (Table A1.2) and thus, no major bias is expected in the estimated size 
ranges. 

Table A1.2. Size ranges (cm) in late autumn Spanish Mediterranean acoustic surveys and in 
sampling obtained from the landings of purse seine fisheries during November-December. 

 Sardine   Anchovy  
Year Echosurveys Fisheries  Echosurveys Fisheries 
2003 8.0 – 25.5 9.0 – 22.0  5.5 – 16.0 6.5 – 17.0 
2004 7.5 – 22.5 10.0 -23.0  4.0 – 16.5 9.5 – 16.0 
2005 8.0 – 22.5 11.0 – 22.5  6.0 – 17.0 7.5 – 17.5 
2006 8.0 – 23.0 9.0 – 22.5  7.0 – 18.0 10.0 -16.0 

 

9. Non linearity 

One of the main echointegration assumptions is linear relationship between the 
energy received at the transducer and the amount of fishes (Simmonds and 
MacLennan, 2005). This linearity principle may not hold in high density schools, 
slowing down the increase of energy with the increase of the number of fishes 
(Rottingen, 1976). 

This effect may be caused by shadowing or multiple scattering. The shadowing 
effect is produced by the absorption of a fraction of the emitted acoustic energy by 
the fishes that are in the upper side of the school. Thus, fishes below receive lower 
sound intensity and their backscattered echo is lower than the expected in the 
linearity case. Multiple scattering occurs when the sound received by a target does 
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not come only from the transducer but also from the surrounding fishes. If the sound 
coming from the surrounding fishes is more intense than the sound coming directly 
from the transducer, the sound escapes out of the school more slowly than in linear 
case and the school rings like a bell (Figure A1.3). 

In such case the effect may introduce a significant bias and thus it should be 
quantified by some of the available methodologies by in situ measuring the intensity 
variation along the school (Toresen, 1991; Foote et al., 1992; Foote, 1999; Zhao and 
Ona, 2003) or by means of hydrophons (Furusawa et al.,1992). In Moroccan coasts 
correction factors of between 1.03 and 1.36 where estimated for some sardine 
schools (Uumati, 2004).  

In late autumn Spanish Mediterranean acoustic surveys this effect is not likely 
to be a major concern as generally schools’ densities are not too high. In the Spanish 
Mediterranean acoustic surveys recorded maximum sA values of about 48,000 m2 mn-

2, 21,000 m2 mn-2, 24,000 m2 mn-2 and 12,00 m2 mn-2 in the surveys of 2003 to 2006, 
respectively, and generally in the Alboran Sea. Thus, echograms should be checked 
for the possible existence of such error and, if occurred, it should be corrected, 
especially in the areas where high density values are registered. 

 

 

 

 

 

Figure A1.3. Multiple scattering observed in two 
herring schools: indicated by the “tails” of echo are 
seen just below the school (Source: Stanton, 1984). 

 

 

10. Non-accessibility: blind zones and unsampled areas 

Blind zones, or portions of the water column not accessible to the echosounder, 
are due to their proximity to the sea bottom or because they are located between 
the sea surface and the depth where the transducer is located (Simmonds and 
McLennan, 2005). In the R/V “Cornide de Saavedra” transducers are located at about 
6-7 m depth. In the late autumn Spanish Mediterranean acoustic surveys blind zones 
are not thought of as an important source of error as long as the acoustic sampling is 
performed during the day, when fish schools are located at mid water (Fréon et al., 
1996). 

Unsampled areas are locations or regions not covered by the acoustic sampling 
but where a part of the population is found (Simmonds and McLennan, 2005). 
Although for a given survey the unsampled area may remain constant from year to 
year, the fraction of unsampled population is likely to vary (Brehmer et al., 2006). In 
the late autumn Spanish Mediterranean acoustic surveys, the volume of water 
comprised between the shoreline and 30 m depth (an area of ~1,591 nm2 and ~19% of 
the continental shelf) is not sampled due to constraints in navigation and in pelagic 
trawl operations. Quantifying this type of error requires the use of complementary 
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platforms sampling the shallower waters at the same time than the acoustic survey is 
performed. 
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