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ABSTRACT. This study illustrate the use of indicators and models to support the Ecosystem Approach to
Fisheries and Aquaculture management using two case studies in Chile: prediction of environmental
variability effects upon anchovy (Engraulis ringens) fishery of northern Chile and prediction of suitable sites
and carrying capacity of Pacific oyster (Crassostrea gigas) culture using FARM and geographic information
system (GIS) models in the Valdivia estuary. A three stage approach was applied: Stage 1 considers spatio-
temporal ecosystem indicators (fisheries, aquaculture, environmental, and regulatory), Stage 2 uses statistical
relationships between indicators, GIS, and other simulation models (e.g., artificial neural networks and
FARM) of environment-resources interaction, and Stage 3 is the analysis and validation of models outputs.
The methodology illustrates how indicators and models may be used to assist decision-makers in developing
an ecosystem approach to fisheries and aquaculture. The application of these approaches provides an
integrative methodology for abundance prediction of anchovy and site selection for shellfish aquaculture,
despite limitations in the available data.

Keywords: ecosystem approach, fisheries, aquaculture, GIS, PFG model, artificial neural network, carrying
capacity.

Aplicacion de indicadores y modelos para un enfoque ecosistémico de la pesca
y la acuicultura: pesqueria de anchoveta y cultivo de ostra del Pacifico
en Chile: casos de estudio

RESUMEN. Este trabajo muestra el uso de indicadores y modelos para apoyar la aplicacion del enfoque
ecosistémico en la gestion de la pesca y la acuicultura, mediante dos casos de estudios en Chile: prediccion de
los efectos de la variabilidad ambiental en la pesqueria de anchoveta (Engraulis ringens) en la zona norte de
Chile y la prediccion de sitios aptos y capacidad de carga para el cultivo de la ostra del Pacifico (Crassostrea
gigas) en el estuario de Valdivia. Se aplicé un enfoque metodologico de tres etapas: etapa 1 considera
indicadores espacio-temporales del ecosistema (pesca, acuicultura, medio ambiente y legislacion); etapa 2
utiliza relaciones estadisticas entre los indicadores, funciones de SIG (Sistemas de Informacion Geografica), y
otros modelos de simulacion (Redes Neuronales Artificiales y Capacidad de Carga) de interacciones entre el
ambiente y los recursos; y etapa 3 es el analisis y validacion de los resultados de los modelos. La metodologia
y resultados ilustran como los indicadores y modelos pueden ser utilizados para ayudar a los
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tomadores de decisiones en el desarrollo de un enfoque ecosistémico en pesca y acuicultura. La aplicacion de
estos enfoques ofrece una metodologia integradora para la prediccion de la abundancia de la anchoveta y la
seleccion de sitios para el cultivo de moluscos, a pesar de las limitaciones de los datos disponibles.

Palabras clave: enfoque ecosistémico, pesqueria, acuicultura, SIG, modelo PFG, redes neuronales artificiales,

capacidad de carga.

Corresponding author: Claudio Silva (claudio.silva@uca.es)

INTRODUCTION

Fisheries and aquaculture supplied the world with
about 110 million tonnes of fish food in 2006 (~16.7
kg per capita), which is among the highest on record
(FAO, 2009). Aquaculture accounted 47% of the fish
food supplied and was the fastest growing food-
producing sector. However, this strong expansion in
the aquaculture industry has brought significant issues,
including increased demands on fisheries for fish meal
and fish oil (Delgado et al., 2003; Diana, 2009),
organic sediment enrichment and eutrophication
(Holmer et al., 2005; Kalantzi & Karakassis, 2006),
pharmaceuticals, organics, bactericidal and metal
pollution (Cabello, 2006; Calvi et al., 2006; Sapkota et
al., 2008), and changes in endemic populations
biodiversity (Tomassetti & Porrello, 2005; Vezzulli et
al., 2008). Additionally, the implications of fishing
effort, environmental variability, and global climate
change are major concerns for the sustainability of
fisheries (FAO, 2008).

Nevertheless, fisheries and aquaculture decision
makers can mitigate these potential impacts through
the incorporation of an Ecosystem Approach to
Fisheries (EAF) (Garcia et al, 2003), and an
Ecosystem Approach to Aquaculture (EAA) (FAO,
2006; Soto et al., 2008; Aguilar-Manjarrez et al.,
2010), into integrated coastal zone management
(ICZM) plans. An EAF management application
includes prediction of environmental variability
effects on fish stocks and fisheries (Garcia et al.,
2003). EAA management applications should include
predictions of environmental variability effects on
aquaculture, to estimate carrying capacity and identify
suitable sites for farms (Aguilar-Manjarrez et al.,
2010). The ecosystem should be taken into account
when making predictions of the fisheries’ abundance,
suitable sites for aquaculture, potential aquaculture
production and economic outputs to minimise
environmental impacts and social conflicts, maximise
economic returns (GESAMP, 2001; Garcia et al.,
2003), and ensure sustainable development (Kapetsky
& Aguilar-Manjarrez, 2007).

Over the last decade, the research community has
developed methodologies such as the geographic
information system (GIS), and predictive models to
support decision making for the EAF (Cochrane et al.,
2007; Yaifiez et al., 2008; Meaden, 2009) and EAA
(Ferreira et al., 2007; Silva et al., 2011). However,
there is a pressing need for such tools and
methodologies to be more targeted at industry and
management. Furthermore, the impacts of global
climate change on the sustainability of fisheries and
the environmental impacts caused by the great
expansion of aquaculture are two major concerns.
Therefore, it is important to develop and test
frameworks that incorporate predictions of the
environmental effects on fisheries (Jennings, 2005;
Travers et al., 2007), aquaculture site suitability (Silva
et al., 1999; Longdill et al., 2008), potential pro-
duction, economic output, and environmental impacts
(Ferreira et al., 2009; Silva et al., 2011).

GIS is one of the key tools in facilitating the
development and administrative decisions of EAF and
EAA management due to its ability to incorporate
many diverse and complex spatio-temporal factors
(Carocci et al., 2009; Aguilar-Manjarrez et al., 2010).
Furthermore, GIS is a key tool for the development of
new knowledge and for understanding the interactions
between human activities (fisheries and aquaculture)
and ecosystems (Soto et al., 2008; Carocci et al.,
2009). Many authors have applied GIS modelling to
fisheries (e.g., Yanez et al., 2004; Close et al., 2006;
Meaden, 2009) and aquaculture planning (e.g., Rajitha
et al., 2007; Longdill et al., 2008; Radiarta et al.,
2008).

The use of innovative virtual tools, such as ANN
(Artificial Neural Networks), in EAF modelling,
began in the last decade. In particular, non-linear
modelling of pelagic fisheries of northern Chile was
first performed using an univariate ANN model that
considered only anchovy catches (Gutiérrez-Estrada et
al., 2007). Studies by Gutiérrez-Estrada et al. (2009)
and Yafiez et al. (2010) considered an ecosystem
approach to the prediction of sardine and anchovy
landings, respectively. A range of innovative tools for
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the EAA, such as dynamic models, is available to
estimate the carrying capacity and to determine the
temporal variability of environmental effects (e.g.,
DEPOMOD (Particle Deposition Model): Cromey et
al., 2002; MOM (Modelling Ongrowing fish farms
Monitoring): Stigebrandt et al., 2004; FARM (Farm
Aquaculture Resource Management Model): Ferreira
etal., 2007).

This study aims to contribute to the EAF and the
EAA and thereby improve the management of coastal
systems, where fisheries and aquaculture occur or are
being planned. The application of ecosystem indi-
cators and models (GIS, carrying capacity, and ANN)
will be exemplified using two case studies in Chile:
predictions of anchovy (Engraulis ringens) abundance
and spatio-temporal distribution of fishing grounds in
the Chilean northern coastal region and predictions of
the local-scale carrying capacity and the environ-
mental effects of Pacific oyster (Crassostrea gigas)
cultivation in the Valdivia Estuary (south-central
Chile).

MATERIALS AND METHODS

The general approach used in this study was to apply
and combine the EAF and EAA management
assessment methods into a three-stage analysis, to
evaluate the activities of an anchovy fishery and the
aquaculture of the Pacific oyster in Chile (Fig. 1).
Stage 1 considered spatio-temporal ecosystem indi-
cators (fisheries, aquaculture, environmental, and
regulatory), Stage 2 developed statistical relationships
between the indicators, GIS, and other simulation
models of the interaction between the environment
and resources (e.g., ANN and FARM), and Stage 3
analysed and validated the outputs of the model.

EAF case study: prediction of environmental
variability effects on fisheries

The EAF case study focused on the prediction of the
effects of environmental variability on a small pelagic
anchovy fishery in the offshore and coastal area of
northern Chile (Fig. 2a). This study area is influenced
by the Humboldt Current System and is part of a
highly productive marine ecosystem due to the
transport of nutrients by large-scale horizontal
advection and persistent coastal upwelling. In this
area, the fishery is based successively on anchovy and
sardine, and these noticeable changes in the type of
fish caught are a result of changes in fishing effort and
environmental fluctuations (Yafez et al., 2001, 2008).
Ocean climate changes have been related to alterations

in the marine ecosystems on several spatial temporal
scales (Chavez et al., 2003; Yanez et al., 2003; Alheit
& Niquen, 2004).

Data from anchovy fisheries, environmental
(atmospheric and oceanographic) data, and regulatory
data were used as ecosystem indicators in the EAF
Stage 1 (Fig. 1, Table 1). Spatio-temporal data were
obtained from satellite and fishing grids, and temporal
data were obtained from monitoring stations and
fishing ports. In Stage 2, environment-resource
interactions were estimated using statistical relation-
ships among ecosystem indicators. GIS modelling at
local and daily scales were used to make predictions
of PFG (Probable Fishing Grounds) for anchovy,
using the methodology described in previous works
(Silva et al., 2002, 2004; Yafiez et al., 2004). The PFG
prediction model uses the relationships between
environmental conditions and resource distributions to
determine the optimal ranges of environmental
conditions within fishing grounds. Additionally, ANN
simulation models were used to predict the monthly
anchovy abundance and to analyze relationships with
environmental factors using the methodological
approaches described in Gutiérrez-Estrada et al.
(2007) and Yanez et al. (2010). The ANNs models are
mathematical structures capable of representing highly
non-linear complex models that are not limited by
assumptions on the functional relations among the
involved variables (physical environment, biological,
fisheries, others), when the data does not meet
statistical assumptions, and having good ability to
generalize when entering new data; in this sense, they
present a great advantage over conventional models
(Lek & Guégan, 1999; Ozesmi et al., 2006). A multi-
layer perceptron architecture model was used,
calibrated with the Levenberg—Marquardt algorithm,
to obtain prediction models for anchovy landings.
Several accuracy measures were applied to assess
ANN model performances. Predicted anchovy PFG
and ANN abundances were validated in Stage 3. Data
from 2000 were used for the validation of anchovy
PFG, by comparing the predicted and observed fishing
grounds and using the percentage of coincidences as
an accuracy measurement. Data from 2005 were used
for external wvalidation, comparing the monthly
observed and ANN estimated catches. To assess the
performance of the ANN models, during the
validation phases several measures of accuracy were
applied: coefficient of determination (R?), square root
of the mean square error (RMSE), percent standard
error of prediction (SEP), coefficient of efficiency (e),
persistence index (PI), Akaike Information Criterion
(AIC) and the Bayesian Information Criterion (BIC).
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Figure 1. Methodological flow diagram of the EAF and EAA approaches.
Figura 1. Diagrama de flujo metodologico de los enfoques EAF y EAA.

EAA case study: prediction of suitable sites and
carrying capacity of Pacific oyster aquaculture
using FARM and GIS models

The EAA case study focused on the prediction of
environmental and regulatory variability effects on the
site suitability and carrying capacity of Pacific oyster
aquaculture in the Valdivia Estuary (southern Chile)
(Fig. 2b). The Valdivia Estuary is 40 km” in area and
170x10° m® in volume. It has a maximum depth of 18
m and receives a mean freshwater input of 15.7x10°
m’ yr', primarily from the Valdivia River (Arcos et
al., 2002). The estuary has a wide range of
complementary and, in some cases, conflicting uses,
including forestry terminals, fishmeal plants,
commercial shipping, artisanal fisheries, salmon
farming, and tourism. Effluents from industry,
agriculture, forestry, and urban sources from the city
of Valdivia are discharged into the rivers and
constitute the major cause of pollution and
deterioration of water quality. The tidal regime at the
mouth of the estuary (Bay of Corral) is semi-diurnal
and has a tidal range between 0.5 and 1.5 m, with an
average of 0.8 m (Pino et al., 1994). Tides are the
main source of circulation energy for the estuarine

system. Only a few studies and sampling campaigns
have collected information on water quality, sediment
characteristics, primary production, benthic fauna, and
pollution in the estuary (Arcos et al., 2002; Ramirez,
2003; Palma-Fleming et al., 2004; Velazquez, 2005).

GIS and FARM models were used to test site
selection in the Valdivia Estuary, to screen for
potential oyster farming areas (Silva, 2009). The
methodology used in this work is fully detailed in
Silva et al. (2011). Stage 1 considers the collection of
a range of ecosystem indicators, corresponding to the
spatio-temporal data, from monitoring samples and
other sources (Fig. 1, Table 1). Stage 2 uses a GIS
multi-criteria evaluation (MCE) of sediment, water,
and ecological quality data, to determine the
suitability of aquaculture sites. Stage 2 also uses a
detailed analysis with a farm-scale (FARM software,
Ferreira et al., 2007) carrying capacity model, that
simulates processes, by integrating a combination of
physical and biogeochemical models, shellfish and
finfish growth models, and screening models, to
determine optimal shellfish aquaculture production,
economic outputs (income and expenditure), and
environmental effects (biodeposition, eutrophication
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Figure 2. Study sites in the coastal area. a) Northern
Chile, b) Valdivia Estuary.

Figura 2. Sitios de estudio. a) En el area costera Norte de
Chile, b) estuario rio Valdivia.

assessment, and nutrient emissions). The FARM
model was selected for dynamic modelling because it
provides all the necessary outputs, it is easy to use,
and has been extensively tested (USA, Ferreira et al.,
2008; European Union, Ferreira et al., 2009; China,
Ferreira et al., 2009; and Chile, Ferreira et al., 2010;
Silva et al., 2011) compared with other carrying
capacity models available (e.g., Chamberlain, 2002;
DEPOMOD (Particle Deposition Model): Cromey et
al., 2002; Bacher et al., 2003; MOM (Modelling-
Ongrowing fish farms-Monitoring): Stigebrandt et al.,
2004; Grant et al., 2007; Weise et al., 2009). The
FARM model simulates the individual growth of the
Pacific oyster in suitable sites of the Valdivia Estuary,
taking into account the food supply and oceanographic
conditions. It calculates the biomass distribution for

the cultivated species, with emphasis on the harves-
table weight class. The individual growth model used
for the Pacific oyster is based on a net energy balance
approach (Hoffmann et al., 1995; Kobayashi et al.,
1997), and uses feeding, assimilation and metabolism
functions that have been previously published by
various authors (Kobayashi et al., 1997; Ren & Ross,
2001; Brigolin et al., 2009). The predicted individual
growth of the Pacific oyster was validated using
experimental growth curves previously determined by
Moller et al. (2001), for the Valdivia Estuary.

RESULTS

Anchovy fishing grounds and abundance predic-
tion models in northern Chile

A map of PFG estimated using GIS tools and satellite
images of sea surface environmental conditions is
shown in Figure 3. This figure is an example of how
the prediction model of anchovy PFG can be applied
at daily (temporal) and local (spatial) scales. The PFG
model is supported by past evidence, showing the
spatial and temporal distribution of anchovy, and by
the optimal ranges of sea surface temperature (SST),
thermal gradients (TGRs) and chlorophyll-a (Chl-a),
that were recorded in the fishing zones. Anchovy were
found in SSTs ranging from 16 to 23°C, with an
optimum range of 19 to 20°C, and in TGRs from 0.3
to 3.5°C/10 nm, with an optimum range of 0.8 and
2.1°C/10 nm. For Chl-a, the range was between 0.2
and 6.0 mg m”, and the optimum range varied
between 0.3 and 1.3 mg m™. In contrast, the coastal
distribution of anchovy is related to areas with steep
thermal gradients and high Chl-a levels, due to the
permanent presence of coastal upwelling. The PFG
image of the model output indicates areas of high
catch probability according to the optimal environ-
mental ranges. For example, the model output for the
1999-2000 La Nifia event indicated that PFGs were
distributed throughout the marine area of the study
site, but were mainly present in the first 60 nm, and
were primarily associated with thermal fronts and
chlorophyll blooms that formed in specific coastal
areas (Fig. 3). In 2000, the PFG model was success-
fully validated using data from the purse-seine fleet of
northern Chile, which accounted for 74% of the
coincidences among successful fishing grounds and
the areas of high probability estimated by the model
for a dataset of 120 observations.

For the anchovy ANN model, only the monthly
STT of the Antofagasta station was considered as an
environmental variable in the model, as the others
factors were not significantly correlated to the
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Table 1. Ecosystem indicators used in the EAF and EAA case studies.
Tabla 1. Indicadores ecosistémicos utilizados en los casos de estudio de EAF y EAA.

EAF indicators EAA indicators
Anchovy fishery Pacific oyster aquaculture
Landings, fishing effort, catch per unit effort Farm dimensions, culture structures, culture period
Biological Biological

Natural mortality, seed weight, harvest weight
Environmental Environmental

Atmosphere: Southern oscillation index

Water: sea surface temperature, sea level, turbu-
lence index, Ekman transport, thermal gradient,
chlorophyll-a, bathymetry

Regulatory

Closed season

Water: current speeds, bathymetry, temperature,
salinity, total particulate matter, dissolved oxygen,
chlorophyll-a, particulate organic matter, faecal
coliform

Sediment: grain size, metals (As, Cr, Cu, Fe, Mn,
Pb), total organic matter, polycyclic aromatic hydro-
carbons

Ecological: Shannon biodiversity

Regulatory and social

Unsuitable zones, salmon-farms, shipping, artisanal
fisheries, management and exploitation areas of
benthic resources

anchovy fisheries variables. The best errors estimated
for the anchovy abundance prediction were associated
with the 18:20:1 architecture. The ANN model
explained 85% of the variance with an efficiency of
0.84. The persistence index was 0.83 with a brief lag
between the observed and estimated anchovy abun-
dance. The standard error of the prediction (34.15%),
and the root mean square (RMS) values (19,022.07
tonnes), showed the scatter between the observed and
estimated series of anchovy landings (Fig. 4).
Landings integrate all environmental variability,
which explains the great importance of landings in the
sensitivity analysis of calibrated models.

Suitable sites and carrying capacity of the Pacific
oyster in the Valdivia Estuary

The final spatial distributions of the multi-layer
ecosystem indicators generated using GIS interpo-
lation functions are shown in Fig. 5.

Figure 6 summarises the GIS MCE approach of the
ecosystem indicators (constraints and factors), to
generate a final map showing the site suitability.
Results showed that suitable areas were spatially
constrained by legally unsuitable zones, salmon farms,
management and exploitation areas of benthic
resources, shipping, salinity, total particulate matter,
dissolved oxygen, chlorophyll-a, particulate organic
matter, bathymetry, Mn, and total organic matter.

Other factors were always within acceptable limits for
the cultivation of the Pacific oyster. The FARM
carrying capacity model was used for a detailed
analysis of the oyster production, socio-economic
outputs, and environmental effects (biodeposition,
carbon removal, nutrient emissions, and eutrophi-
cation) of four sites from suitable areas (Niebla,
Valdivia, Isla del Rey, and Tornagaleones) (Fig. 6).

In this work, the FARM model of the Pacific
oyster was validated using experimental growth
curves determined by Moller et al. (2001), for the
Valdivia and Tornagaleones sites of the estuary. A
significant relationship was found between the model
outputs and the observed Pacific oyster growth (P <
0.01; Fig. 7).

Significant differences in the Pacific oyster
aquaculture production and socio-economic results
were obtained for the Potential sites, at a standard seed
density of 100 ind m ~, with a test farm area of 6 ha, a
culture period of 395 days, a seed weight of 1.2 g, a
harvest weight of 90 g, and a natural mortality rate of
0.35 yr' (Table 2). After the cultivation period, the
Tornagaleones site showed the highest production and
economic return of the cultivated population, with a
total physical product (TPP) of 139.6 ton TFW, an
average physical product (APP, output/input) of 11.64,
and a harvest profit of 686 k€. The Niebla site showed
the lowest production, with a TPP of 18.9 ton TFW,
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Figure 3. Example of daily satellite images of sea surface temperature (a), thermal gradient (b) and chlorophyll-a (¢) as
input ecosystem indicators and PFG map (d) as output of the GIS modelling. Example of the PFG modeling during La

Nifia 1999-2000.

Figura 3. Ejemplo de imagenes satelitales diarias de temperatura superficial del mar (a), gradiente térmico (b) y clorofila-a (c)
como indicadores ecosistémicos de entrada y mapa de PFG (d) como resultado de la modelacion con SIG. Ejemplo de

modelacion de PFG durante La Nifia 1999-2000.

APP of 1.57, and a profit of 82.5 k€. These results
suggested that the Tornagaleones site was the most
promising site for the cultivation of Pacific oysters,
due to rapid growth of the oysters and a good return
on investments. Valdivia and Isla del Rey were
satisfactory sites for Pacific oyster cultivation, and the
Niebla area was less promising due to slow oyster
growth and a marginal return on investments.

The FARM modelling results for the environ-
mental impact of a standard seed density for Pacific
oyster farms in the Valdivia Estuary are shown in
Table 2. The negative environmental impact generated
by Pacific oyster farms resulted from biodeposits;
however, by definition, organically extractive cultures
lower the concentration of the suspended organic
particles in the water column, thus, leading to a net
reduction of phytoplankton and detritus. The
simulated results by the FARM model for the
biodeposition of the potential Pacific oyster farms are
shown in Table 2. The FARM model does not account
for vertical turbulence, sediment erosion or diagenesis
and thus only provided a precautionary estimate of

biodeposition. For example, the natural sedimentation
at the Tornagaleones site prior to shellfish stocking
would lead to a gross deposition of approximately
7.43 kg m” yr’' of particulate organic carbon (POC)
and an equivalent sediment accretion rate of 7.52 mm
yr'. At simulated stocking densities, the farm’s carbon
footprint corresponded to approximately 7.64 kg m™
yr'' POC, with a slightly higher accretion rate of 7.73
mm yr'. The effective rate of sediment organic
enrichment due to cultivation was low (~0.1%) in the
absence of mitigating factors. The excess biode-
position was thus partly due to the production of
biodeposits by the oysters and partly due to the natural
sedimentation of suspended particles, as they were
advected across the farm area.

Positive environmental impacts are obtained from
a carbon and nitrogen mass balance as a result of the
depletion of these elements through the ingestion of
phytoplankton and detrital organic material by oyster
filtration and the return of these elements through
excretion and elimination (Table 2). At a standard
density, the Tornagaleones site showed the highest
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Figure 4. Prediction of the best anchovy artificial neural
network model estimated. a) Monthly observed and
predicted landings for calibration and validation sets,
b) scatter plot between observed and predicted anchovy
landings. Source: Yéafiez et al. (2010).

Figura 4. Prediccion del mejor modelo ANN estimado.
a) Desembarques mensuales observados y previstos para
los conjuntos de datos de calibracion y validacion
b) dispersion entre los valores de desembarques de

anchoveta observados y previstos. Fuente: Yafiez et al.
(2010).

carbon (C) removal values, and the Niebla site showed
the lowest C removal (phytoplankton + detritus)
values in the standard scenario, with values of 69 ton
C y"' and 49 ton C yr' respectively. The Tornaga-
leones site had the highest net nitrogen (N) removal
from the water due to the filtration of algae and
detritus by oysters, with annualised net removals of
5.1 ton N yr'', which correspond to a nitrogen input of
1,549 population equivalents per year (PEQ yr'l) in
the standard scenario. The positive socio-economic
impacts generated by the aggregate income of both
shellfish sales and the substitution values of the
reduction of land-based fertilizers or nutrient treat-

Bathymetry (m)

Fecal (coliforms 100 mL ")

Figure 5. Example of image data of ecosystem indi-
cators: bathymetry and concentration of faecal coliform
in water.

Figura 5. Ejemplo de datos de imagenes de indicadores
ecosistémicos: batimetria y concentracion de coliformes
fecales en el agua.

ments are shown in Table 2. At standard densities, the
Tornagaleones site showed the highest total income
(691.7 k€) from shellfish sales (645.2 k€) and
substitution costs of nutrient treatment (46.5 k€).

An indicator of eutrophication, at the local scale,
was generated by the ASSETS (Assessment of
Estuarine Trophic Status) model and implemented in
the FARM model and was examined for the four
potential oyster farms (Table 2). The eutrophication
indicator score showed that the oyster farms had
significant positive effects on the water quality in the
Valdivia site, where the status improved from
“Moderate” to “Good”. Positive changes in the
ASSETS score were observed for the Valdivia site
because Chl-a concentrations were low due to high
phytoplankton removal. The site was thus defined as a
low eutrophication region (< 5 pg L™). The quality of
the inflowing water at the Tornagaleones site was
moderate; there was no effect of the oyster farms on
outflowing water quality.
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Ecosystem indicators
% AR TR -
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l |

Constraints Multi-criteria evaluation
C1: Legal unsuitable zones

C2: Salmon farms

C3: MEABR C4: Shipping

Factors

F1: Temperature F2: Salinity

F3: Total particulate matter

F4: Dissolved oxygen

F5: Chlorophyll-a

F6: Particulate organic matter

F7: Grain size F8: Bathymetry

F9: Currents F10: As F11:Cr
F12: Cu F13: Fe F14: Mn F15: Pb
F16: PAH F17: Total organic matter
F18: Faecal coliforms

F19: Shannon benthic diversity

Suitable areas: []

Unsuitable areas: i}

Final suitability map

Figure 6. Example of GIS MCE and suitability map (Silva, 2009).
Figura 6. Ejemplo de evaluacion multicriterio en SIG y mapa final de aptitud (Silva, 2009).
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Figure 7. Validation of individual growth for the Pacific oyster in Valdivia Estuary, Chile. Lt: Length.
Figura 7. Validacion del crecimiento individual de la ostra del Pacifico en el estuario del rio Valdivia, Chile. Lt: longitud.
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Table 2. Inputs and outputs of FARM model for standard seed density (100 ind m?) at four potential Pacific oyster farms
in the Valdivia Estuary: Niebla (N), Valdivia (V), Isla del Rey (IR), and Tornagaleones (TG).

Tabla 2. Entradas y salidas del modelo FARM para una densidad de semillas estandar (100 ind m™) en cuatro potenciales
granjas de cultivo de ostra del Pacifico en el estuario del rio Valdivia: Niebla (N), Valdivia (V), Isla del Rey (IR) y

Tornagaleones (TG).
Variable N site V site IR site TG site
Model inputs
Farm area (m?) 60,000 60,000 60,000 60,000
Seeding density (ton) 12 12 12 12
Culture period (days) 395 395 395 395
Seed weight (g TFW) 1.2 1.2 1.2 1.2
Harvest weight (g TFW) 90 90 90 90
Natural mortality (yr'") 0.35 0.35 0.35 0.35
Model outputs
Production
Total Physical Product (ton TFW) 18.9 75.5 47.1 139.6
Average Physical Product [output/input] 1.57 6.3 3.93 11.6
Environmental impact
Deposition of POC (kg m? yr™) 4.41 7.58 9.45 7.64
Sediment organic enrichment (% POC yr™") 4.34 6.83 8.27 6.88
Sediment accretion rate (mm yr') 4.46 7.67 9.56 7.73
Carbon removal (kg C yr'")
Phytoplankton removal -7.681 -7.112 -4.046 -8.860
Detritus renoval -41.069 -49.659 -47.930 -60.000
Nitrogen removal (kg N yr')
Phytoplankton -1.195 -1.106 -629 -1.378
Detritus -6.389 -7.725 -7.456 -9.333
Excretion 471 466 347 576
Faeces 3.433 4.084 3.854 4.942
Mortality 70 62 41 81
Mass balance -3.609 -4.220 -3.843 -5.111
Population equivalents (PEQ yr') 1.094 1.279 1.164 1.549
ASSETS score inflow Good Moderate Good Moderate
ASSETS score outflow Good Good Good Moderate
Income
Harvest profit (k €) 82.5 365.7 223.6 686
Shellfish farming (k € yr™) 87.3 349.0 217.7 645.2
Nitrogen removal (k € yr™) 32.8 38.4 34.9 46.5
Total (k € yr'") 120.1 387.4 252.7 691.7

Silva (2009)

DISCUSSION

The application of ecosystem indicators and models
for the predictions of anchovy (Engraulis ringens)
spatio-temporal distribution in the northern coastal
region show the usefulness of GIS-based models for
identifying suitable fishing grounds. The application
of the PFG model demonstrates the utility of these

tools for identifying suitable fishing grounds, under
the exposed environmental conditions, specifically in
critical climate episodes such as El Nifio events.
During La Nifia events, an increase of medium and
high catch probabilities was simulated due to the
presence of cold and productive upwelled waters. This
agrees with the findings observed by Blanco et al.
(2002), suggesting that during La Nifia events
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anchovy reappeared at their normal fishery locations
and that their biomass was relatively high. In the
context of integrated management, the PFG maps are
considered to be critical for EAF and important from
the perspective of the operators (Carocci et al., 2009).

Regarding the results of the application of ANN
tools, the strong correlation between the estimated and
observed time series of the anchovy abundance
suggests that these models capture the trend of the
historical data. Results from Gutiérrez-Estrada et al.
(2007) showed that the anchovy landing series was
autocorrelated, and anchovy catches with a lag of -1
was the most important variable. Moreover, anchovy
landings are the longest analyzed fishing series, and an
empirical orthogonal function analysis conducted
between environmental fluctuations and landings
found that the best simulation was obtained from the
landing series (Yafiez et al., 2008). Furthermore,
landings show clear interdecadal, interannual, and
intraseasonal fluctuations, which may be directly
related to the abundance of the resource. This is why
landings are proposed as a proxy for the abundance of
anchovy in northern Chile.

Results regarding the site selection for Pacific
oyster aquaculture, suggest the usefulness of an
integrated methodology of GIS and dynamic
modelling tools to identify suitable areas and estimate
potential production, socio-economic outputs, and
environmental externalities. No significant impacts of
shellfish farming on the benthos were identified,
which agrees with the findings of other authors (e.g.,
Fabi et al., 2009), even in cases of highly developed
shellfish culture (Zhang et al., 2009). The FARM
model results obtained for carbon and nitrogen mass
balance showed the positive environmental impacts
generated at the suitable sites by the high net nitrogen
removal from the water through filtration of algae and
detritus by shellfish (Table 2). The net removal of
carbon and nitrogen has direct relevance for integrated
coastal zone management (Ferreira et al., 2007, 2009).
Oyster culture can help to reduce symptoms of
eutrophication by removing chlorophyll and thereby
increasing water clarity, which promotes the growth of
submerged aquatic vegetation and reduces the
decomposition of organic material. This, in turn,
reduces secondary eutrophication symptoms such as
oxygen depletion (Bricker et al., 2003; Ferreira et al.,
2007, 2009). The components of the eutrophication
assessment, nutrient budget of shellfish farms
(Brigolin et al., 2009; Ferreira et al., 2009), and the
implementation of a nutrient credit trading in ICZM
for aquaculture site selection are central to the FARM
modelling approach.

Potential synergistic opportunities exist between
the spatial components of the EAF and the EAA, in
terms of sharing data (ecosystem indicators, e.g.,
environmental, fisheries, aquaculture), and developing
tools (e.g. remote sensing, sensors for environmental
monitoring, GIS-based multi-criteria analysis and
production models), methodologies and guidelines
(Carocci et al., 2009; Aguilar-Manjarrez et al., 2010).
An EAF review (Carocci et al., 2009) illustrated the
use of GIS for several EAF-related projects and
described a wealth of information, tools, models, and
data that are relevant to the EAA (Aguilar-Manjarrez
et al., 2010). Spatio-temporal analysis is essential, and
the mapping and modelling of different scenarios are
key contributions for implementation of the EAF and
the EAA (Aguilar-Manjarrez et al., 2010). Several
modelling approaches, relevant to the EAF, have been
described by Plaganyi (2007), and are a rich source of
information from which the synergistic use of GIS
between the EAF and the EAA can be identified. The
main activities with spatial components common to
the EAF and the EAA are minimising the impacts of
fisheries and aquaculture on ecosystems (including
social impacts), and anticipating environmental and
anthropogenic impacts on aquaculture and fisheries.

There is a need to develop projects for the practical
implementation of the EAF and the EAA. Finding
sites for aquaculture has been and will continue to be a
challenge; therefore, an application focused on the use
of GIS and dynamic models for farm site selection in
an EAA context (e.g., Silva et al., 2011) would be
useful. Particularly, this model could be applied and
improved elsewhere, especially in data-poor environ-
ments.

Aquaculture and fisheries can be quite different,
but they have many data needs in common (Aguilar-
Manjarrez et al., 2010). Similarly, data and technical
innovations applied for other purposes, such as coastal
zone management and water resource assessments,
can also be useful for aquaculture. For the sake of
economy and to promote cooperation between
aquaculture and fisheries, opportunities to recognise
synergies should be pursued at all levels.

FAO workshops and publications on the EAF and
EAA initiatives offer the opportunity to identify a
number of mutually beneficial commonalities (e.g.,
data and knowledge of species life history, ecology,
capacity building, and modelling tools) as the bases
for the development of synergies (Plaganyi, 2007;
Carocci et al., 2009; Aguilar-Manjarrez et al., 2010).

These synergies and commonalities can improve
the management of fisheries and aquaculture by
reducing the costs of data collection, data processing,
spatial analysis, training and technical assistance,
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which represents a major task. Nevertheless, the
implementation of the EAA is more complex than of
the EAF for the following reasons (Soto et al., 2008):
1) fisheries have extractive activities on ecosystems,
while aquaculture represents a multifaceted industrial
activity whose impact on the ecosystem is much more
complex; ii) fishery activities have generated several
international agreements, as the international com-
munity desires the fair distribution and conservation of
common natural resources; iii) aquaculture is a
productive industrial activity that primarily exists in
natural public spaces (i.e., marine and inland waters).
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