






HYDRODYNAMICAL VERTICAL 2D MODEL FOR THE AYSÉN FJORD

 
 

FIGURE 9: Modelled salinities for the months of July (Top) and January (Bottom).

 

 

 
 

FIGURE 10: Temperature profiles along the Aysén Fjord for the CIMAR spring-summer campaigns (Top),

winter campaigns (Middle) and Intesal Campaign in February 2007 (Bottom). Distance is measured sea-

wards from the innermost station.
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FIGURE 11: Surface temperatures in the Aysén Fjord and the adjacent part of the Moraleda Channel for

the campaigns carried out during spring-summer (Top) and winter (Bottom) conditions.

 

 
 

FIGURE 12: Surface modelled temperatures for the months of July (Top) and January (Bottom).

564



HYDRODYNAMICAL VERTICAL 2D MODEL FOR THE AYSÉN FJORD

 
 FIGURE 13: Density profiles along the Aysén Fjord, distance is measured seawards from the first station

(Source: SalmonChile).

 
 

FIGURE 14: Temperature and salinity profiles during a summer cruise (CIMAR 4, circles) and a winter

cruise (CIMAR 9, squares).

Figure 14 represents temperature and salinity profiles for two stations located at similar lo-
cations in the fjord collected during CIMAR cruises in different seasons. The differences in
surface salinities and in temperature profiles can be clearly seen. Salinity values are higher
during summer due to lower freshwater discharge while the vertical structure of temperature
shows an intermediate water layer that breaks the typical temperature decrease.
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ECOLOGICAL CONCEPTUAL MODEL FOR A SOUTHERN CHILEAN FJORD:
THE AYSÉN FJORD CASE STUDY

F.J. CAMPUZANO, V. MARIN, A. TIRONI AND P. CHAMBEL-LEITÃO

1 INTRODUCTION

The geographical location of each fjord conditions the ecological processes taking place in
the system because the factors involved such as river discharges, including their origin and
associated loads, and atmospheric conditions act locally converting them into singular study
sites. In this paper we describe a conceptual and numerical ecological model for the Aysén
fjord (Southern Chile), one of the study sites of the ECOMANAGE Project. The Aysén fjord is
where the main human settlements of the XI Region of Chile are located and thus is a target
of possible ecological perturbations including harmful algal blooms (HABs) by phytoplankton
species harmful to salmon farming such as toxic dinoflagellates, which have been increasing
their presence and distribution range in recent years (Muñoz et al. 1992).

2 MATERIAL AND METHODS

Most of the data used for the Aysén study area come from the different CIMAR-FIORDOS
campaigns (hereafter, CIMAR). These campaigns consist of oceanographic cruises along
the whole system of southern Chilean fjords funded by the Chilean Navy’s Hydrographic and
Oceanographic Service (SHOA, its Spanish acronym). The CIMAR campaigns are focused
on different studies of the Chilean southern fjord system; the Aysén fjord was included in five
different CIMAR campaigns. Most of these campaigns were divided in two cruises (E1 and
E2).Table 1 summarises the period when each campaign took place and Table 2 the vari-
ables measured in each campaign. Due to the scarcity of data those data have to be grouped
into spring-summer conditions and winter conditions. In addition to the CIMAR cruises, the
Salmon Technological Institute (INTESAL, its Spanish acronym) which is part of the Salmon
Industry Association, SalmonChile (http://www.salmonchile.cl/), made available temper-
ature, salinity, density and oxygen vertical profile data collected on the 10th of February 2007
on nine stations along the Aysén Fjord ((http://pronosticos.salmonchile.cl/) (Figure 1).

2.1 Modelling efforts

The MOHID water modelling system Module Water Quality has been coupled to the hydro-
dynamical model described in the Chapter ”Hydrodynamical vertical 2D model for the Aysén
fjord” in order to sketch the ecological processes taking place in the Aysén fjord. The Water
Quality Module is based on an eutrophication model developed by the EPA (U.S. Environmen-
tal Protection Agency) (Bowie et al. 1985). Initially, the model simulated the oxygen, nitrogen
and phosphorus biogeochemical cycles, including both inorganic and organic forms, but re-
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cently the silica cycle has also been included. The concentrations of these nutrients along
with other environmental factors such as light availability and temperature would determine
the dynamics of the primary producers, in this case phytoplankton and diatoms, and indirectly
the zooplankton dynamics as well. In order to model the ecological processes taking place
in the Aysén fjord, it was to characterise the Aysén waterbody with two open boundaries cor-
responding to the Aysén River loads and the open entrance that connects the fjord with the
Moraleda Channel in the Chilean Inland Sea. In order to force river discharges with realistic
local values despite the lack of observed data, the Soil and Water Assessment Tool (SWAT)
model (Arnold and Fohrer 2005) has been applied to the Aysén River catchment. As defined
by their creators, the model consists of a river basin scale model developed to quantify the
impact of land management practices in large, complex watersheds. An application of the
SWAT model, on the Aysén catchment (Yarrow and Leitão 2007), produced the monthly nu-
trient values summarised in Table 3. The oxygen concentrations presented in the same table
were obtained from seasonal data presented in CADE-IDEPE (2004). The river discharge has
been implemented dividing its flow over the top six cells of the land boundary.

Cohesive sediment loads from the river were included on the model though observed data are
absent. A constant concentration of 25 mg l−1 was assumed for the river discharge. Concen-
trations along the fjord strongly depend on river flow, with the river plume presenting higher
concentrations and extending further during winter, coinciding with high river discharges. The
Aysén fjord initial conditions and for its coastal open boundary have been characterised by us-
ing vertical profiles from station 77 of the campaign CIMAR 1 (table 4). This station has been
chosen because of its location near the mouth of the Aysén fjord and also because during
the CIMAR 1 campaign were collected simultaneously more water properties. The boundary
cells would be reading the boundary conditions from the interior, obtaining at each moment
the immediate values resulting from the interaction of the initial values and the forcing.

The Mohid model atmospheric module has a global model of radiation that changes the emit-
ting radiation from the high atmosphere that can be modulated by the local climatology. In
the case of Aysén, relative humidity, air temperature and cloud cover was obtained from the
Meteorological Annals of Chile for the years 1968-1969 at Puerto Aysén (Table 5) to charac-
terise the Aysén fjord climatology. To favour the exchange of heat and gases taking place at
the air-water interface also it was included winds collected during the CIMAR 7 campaign in
2002, as explained in the Hydrodynamical chapter. The model was previously run for a period
of a year to adjust the initial values to the atmospheric, river and boundary forcing. The model
results shown in this chapter correspond to the subsequent year of simulation.

3 DATA AND MODELLING RESULTS

3.1 Abiotic variables

Oxygen concentrations present their maximum values, close to 12 mg/l, at the surface due to
exchange with the atmosphere favoured by the wind interaction and the entry of oxygenated
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river waters (Table 3). Though a minimum appears around 100 m, this could be explained
by the deposition at the bottom near the river mouth of the organic loads at the head of the
fjord where a platform stops at around 100 m. Through remineralisation processes oxygen
is consumed nearly to depletion levels, under 2 mg l−1. This mass of water with low oxygen
levels is transported to the rest of the estuary at the same depth (Figure 2). Also is in the head
of the fjord where material allochtonous coming from land is mainly deposited thus consuming
oxygen near the bottom. As was observed on the residual flux velocities there are water
exports from this area to the fjord waters which can be observed on Figure 2 as a plume
with low oxygen concentrations. This process is permanent though during winter, levels the
extension of this plume can be greater because of the increase of loads into the system, as
the model results show (Figure 3).Oxygen concentrations are higher on the superficial fjords
water than in the vicinity coastal waters due to the entry of more oxygenated fresh waters.

TABLE 1: Cruises of the CIMAR program in the study area.

  

 
Cruise Initial Date End Date Season 

CIMAR 1 08-10-1995 11-11-1995 Spring 
CIMAR 4 E1 26-09-1998 09-10-1998 Spring 
CIMAR 4 E2 25-02-1999 08-03-1999 Summer 
CIMAR 7 E1 07-07-2001 21-07-2001 Winter 
CIMAR 7 E2 12-11-2001 27-11-2001 Spring 
CIMAR 8 E1 01-07-2002 26-07-2002 Winter 
CIMAR 8 E2 15-11-2002 28-11-2002 Spring 
CIMAR 9 E1 05-08-2003 25-08-2003 Winter 
CIMAR 9 E2 03-11-2003 21-11-2003 Spring 

 

TABLE 2: Variables collected during each campaign.

  

 
Campaign Temp Sal Oxygen Ammonia Nitrite Nitrate Phosphate Silicate Chl a 
CIMAR 1 X X X X X X X X X 

CIMAR 4 E1 X X X   X X X X 
CIMAR 4 E2 X X X   X X X X 
CIMAR 7 E1 X X X X  X X X X 
CIMAR 7 E2 X X X X  X X X X 
CIMAR 8 E1 X X X   X X X X 
CIMAR 8 E2 X X X   X X X X 
CIMAR 9 E1 X X X   X X X X 
CIMAR 9 E2 X X X   X X X X 

SalmonChile X X X       
 
 

 
 TABLE 3: Monthly values of nutrients and oxygen imposed on the Aysén River discharge.

  

 
Month Flow 

(m3s-1) 
Oxygen 
(mg l-1) 

Nitrate 
(mg l-1) 

Nitrite 
(mg l-1) 

Ammonia 
(mg l-1) 

Organic N 
(mg l-1) 

Phosphate 
(mg l-1) 

Organic 
P (mg l-1) 

January 325.86 12.2 0.1262 0.0044 0.0113 0.0042 0.0076 0.0003 
February 249.45 12.2 0.0808 0.0052 0.0128 0.0049 0.0080 0.0003 
March 336.82 12.2 0.0885 0.0052 0.0142 0.0061 0.0073 0.0004 
April 475.12 13.1 0.0856 0.0071 0.0230 0.0155 0.0096 0.0010 
May 655.63 13.1 0.0916 0.0111 0.0437 0.0379 0.0152 0.0028 
June 731.80 13.1 0.1089 0.0104 0.0409 0.0354 0.0150 0.0026 
July 729.44 11.9 0.1385 0.0267 0.0972 0.0779 0.0347 0.0051 
August 814.96 11.9 0.1136 0.0197 0.0700 0.0537 0.0268 0.0034 
September 636.33 11.9 0.0877 0.0101 0.0345 0.0274 0.0144 0.0019 
October 542.83 10.8 0.0752 0.0071 0.0227 0.0155 0.0104 0.0010 
November 436.88 10.8 0.0623 0.0048 0.0135 0.0068 0.0075 0.0004 
December 439.44 10.8 0.0578 0.0043 0.0114 0.0049 0.0066 0.0003 
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TABLE 4: Vertical profiles of station 77 of CIMAR 1 used for characterising the Aysén fjord watercolumn.

  

 
Depth 

(m) 
Salinity 
(PSU) 

Temperature 
(ºC) 

Oxygen 
(mg l-1) 

Nitrate 
(mg l-1) 

Nitrite 
(mg l-1) 

Ammonia 
(mg l-1) 

Phosphate 
(mg l-1) 

Silicate 
(mg l-1) 

2 13.4558 10.8477 10.6957 0.0056 0.0018 0.0017 0.0016 2.4435 
5 25.8857 10.1496 8.9678 0.1555 0.0028 0.0038 0.0375 0.5617 
10 29.1555 9.5800 8.1110 0.1765 0.0045 0.0063 0.0443 0.4775 
15 29.4397 9.4941 8.4395   0.0094   
20 29.5993 9.4922 8.2396   0.0074   
25 29.6338 9.5059 7.9682 0.2045 0.0014 0.0060 0.0480 0.4494 
50 30.4125 9.8220 6.8544   0.0021   
75 30.7126 9.7861 7.0686 0.2395 0.0028 0.0021 0.0566 0.5536 

100 30.9620 9.8179 7.5256 0.2283 0.0024 0.0021 0.0560 0.5617 
150 31.0517 9.5745 7.9972 0.2255 0.0015 0.0021 0.0560 0.6741 
200 31.0791 9.5326 7.6112 0.2003 0.0017 0.0021 0.0529 0.4775 

 

On the other hand, nitrogen species on surface waters are nearly depleted for nitrate, nitrite
and ammonia. In the case of nitrate, it appears to be nearly absent from the surface water
of the fjord (Figure 4), mainly consumed by primary producers where light conditions favour
their growth. Nitrate concentrations on the surface are higher during winter due to a higher
river flow and slightly higher concentrations of this compound on river water, along with the
adverse conditions for primary producers. Under the pycnocline, organic particulate matter
tends to accumulate and to undergo remineralisation processes where nitrate is released and
transformed into ammonia, nitrite being an intermediate in the process. The presence of nitrite
indicates that transformation between nitrate and ammonia is taking place. In this sense,
surface waters of the fjord present lower values of nitrate when compared with the waters
of the Moraleda Channel nearby. Model results (Figure 5) reproduce the same pattern of
concentrations and show that during summer the layer where nitrate concentrations are nearly
depleted increases maybe due to better light conditions. Prado-Fielder (2000) considers that
nitrite concentrations are, however, due to nitrification processes that would convert ammonia
into nitrite.

 
 

FIGURE 1: Location of Intesal-SalmonChile vertical profiles.

In the case of ammonia, only near the fjords head where several rivers discharge, this nutrient
is present in the surface waters (Figure 6). Ammonia concentrations in the surface extend
further due to higher river discharges during winter. Padro-Fielder (2000) also considered that
differences in ammonia concentration between the continental fjords and the open channels
correspond to a higher terrestrial input of organic nitrogen and the limited water exchange in
these channels closed on one of its sides. Ammonia concentrations present a similar vertical
distribution as the nitrate with subsurface maximum values due to remineralisation processes
(Figure 7). However, the number of available ammonia observations is too small to reach a
definitive conclusion.
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FIGURE 2: Oxygen concentration profiles along the Aysén Fjord for the CIMAR spring-summer campaigns

(Top), winter campaigns (Middle) and Intesal Campaign on February 2007 (Bottom). Distance is measured

seawards from the innermost station.

 
 

FIGURE 3: Modelled oxygen concentrations for the months of July (Left) and January (Right).

As in the case of nitrate, inorganic phosphorus concentrations are higher near the bottom of
the fjord (Figure 8) due to remineralisation processes taking place on the sediment and to
the low loads from the river. During spring/summer conditions phosphate is depleted in the
fjords head, while during winter low levels are present in the top layer and concentrations
are higher than in summer conditions. The fjord would act as a whole as a net exporter of
phosphorus to the adjacent coastal waters. Model results (Figure 9) reproduce this same
pattern of concentrations.

On the other hand, silica concentrations reach their maximum concentrations on the surface
due to the river being the main source (Figure 10). Thus the maximum concentrations are
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found near the river mouth and decrease along the fjord and the value would be modulated by
river flow. In the model a second maximum appears near the bottom due to remineralisation
(Figure 11).

 

 
 

FIGURE 4: Nitrate concentration profiles along the Aysén Fjord for the campaigns carried out during

spring-summer (Top) and winter conditions (Bottom). Distance is measured seawards from the innermost

station.

 
 

FIGURE 5: Modelled nitrate concentrations for the months of July (Left) and January (Right).

TABLE 5: Monthly averaged atmospheric conditions from the Meteorological Annals of Chile (1968-1969).

  

 
Month Temperature (ºC) Relative Humidity (%) Cloud Cover (0-1) 

January 14.15 88.17 0.792 
February 12.30 89.33 0.879 
March 11.50 88.33 0.692 
April 9.35 92.33 0.810 
May 7.65 93.00 0.888 
June 4.75 92.17 0.790 
July 4.55 93.00 0.858 
August 5.60 91.00 0.794 
September 7.00 85.83 0.848 
October 8.00 88.17 0.796 
November 11.30 86.17 0.842 
December 12.85 85.00 0.775 
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3.2 Biotic variables

There is a gap in phytoplankton communities’ publications in the southern Chile area (Cassis
et al. 2002), with most of the studies focused on local phenomena and/or small areas. Diatoms
are the dominant form of phytoplankton at the head of the Aysén fjord with 74 species out
of the 106 recorded during the period 1993-1998, showing specific composition differences
according to the origin of the waters (Cassis et al. 2002). Estuarine taxa stand out due to
their abundance and constant presence and marine taxa because of their number of species.
Estuarine species dominate the fjord with this dominance sometimes being interrupted by the
entrance of continental and marine species (Cassis et al. 2002). Higher relative abundances
of phytoplankton were found during summer. Biological changes in the surface layer at the
head of the Aysén fjord are related to the fresh water inputs. Small Skeletonema costatum
dominate the microphytoplankton level with very low diversity that only increases at the head
of the fjord due to the presence of continental species (Avaria et al. 1997, Cassis et al. 2002).

Avaria et al (2007) during their sampling in the CIMAR 1 campaign found a good relationship
between the algal biomass and the algal pigments especially in the Aysén fjord. Phytoplankton
observations during that cruise in the Aysén fjord gave densities ranging between 60x103 and
743x103 cells l−1, algal biomass concentrations between 0.1 and 0.8 mg l−1 and Chlorophyll
a contents between 0.7x10−3 and 4x10−3 mg l−1 (Avaria et al. 1997). Using the maximum
scales of the graphs that Avaria et al (1997) calibrated for showing the mentioned good rela-
tionship, a C:Chla factor of 225 has been obtained. Phytoplankton biomass concentrations are
in agreement with the results obtained with the Mohid model water quality. They also found
a negative relationship between phosphate and nitrate concentrations with the abundance of
Skelotonema costatum. It was also observed the absence of dinoflagellates.

Euphotic depth on average was around 22 m though photosynthetically active radiation (PAR)
was available down to 50 m depth. The mixing layer reaches at least 50 m depth and is larger
than the euphotic area, thus, the mixing layer depth would compensate the lack of available
light below 22 m (Pizarro et al 2005). The model results suggest that diatoms would bloom
on the surface due to nutrients and light availability (Figure 12). The diatom blooming species
would present maximum concentrations during summer enhanced by higher temperatures and
existing light conditions. Below the surface a maximum of biogenic silica would appear due to
diatoms respiration and death.

According to the model results, other phytoplankton groups such as flagellates, as occurs
with diatoms, would bloom during summer as temperature and light conditions would enhance
its growing. Maximum values for the bloom were found subsurface (Figure 13), due to the
availability of nutrients and light, as they are depleted on the surface. According to the values
from CIMAR campaigns (Figure 14), the phytoplankton bloom seems to occur during summer
as chlorophyll a concentrations are higher than during winter conditions. This fact is more
evident in the inner parts of the fjord where higher subsurface distribution variation occurs
when compared with the Moraleda Channel stations.
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FIGURE 6: Ammonia concentration profiles along the Aysén Fjord for the campaigns carried out during

spring-summer (Top) and winter conditions (Bottom). Distance is measured seawards from the innermost

station.

 
 

FIGURE 7: Modelled ammonia concentrations for the months of July (Left) and January (Right).

 

 
 

FIGURE 8: Phosphate concentration profiles along the Aysén Fjord for the campaigns carried out during

spring-summer (Top) and winter conditions (Bottom). Distance is measured seawards from the innermost

station.
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FIGURE 9: Modelled phosphate concentrations for the months of July (Left) and January (Right).

 

 
 

FIGURE 10: Silicate concentration profiles along the Aysén Fjord for the campaigns carried out during

spring-summer (Top) and winter conditions (Bottom). Distance is measured seawards from the innermost

station.

 
 

FIGURE 11: Modelled inorganic silica concentrations for the months of July (Left) and January (Right).
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The Aysén fjord is located in one of the main areas of accumulation of zooplankton restricted
to the Aysén fjord along with neighbouring Moraleda and Darwin channels (Palma and Silva
2004). However, this biomass abundance is not translated into species richness due to the
spatial and temporal heterogeneity with marked gradients. Only few zooplanktonic species
have been successfully adapted to the extreme oceanographic temperature, salinity and oxy-
gen ranges (Palma and Silva 2004). During the CIMAR 8 campaign, zooplankton biomass
mainly comprised copepods, chaetognaths and euphausids and highest biomass values in
the system were found in the Guafo Mouth, the main connection between the Moraleda Chan-
nel and the open ocean, and the lowest values were observed in the Chile Inland Sea where
the Aysén fjord is located (Palma and Apablaza 2005).

Though zooplankton is present in the model it is not controlling the phytoplankton biomass with
the present parameterisation. Basically, its concentration is depending on the river discharge
values that later is transported to the boundary where due to the boundary conditions they
accumulate. As no data about zooplankton dynamics are available the function on regulating
the primary producers’ biomass is unknown.

4 DISCUSSION AND CONCLUSIONS

The model simulation reproduces the main physical-chemical features of the observed data.
The sharp pycnocline acts as a barrier between the upper and bottom layers preventing mixing
of water unless due to highly energetic processes. Surface waters are mainly dominated by
atmospheric and river discharge processes while bottom water processes are related to sed-
iment processes and coastal boundary processes. The main interaction between both layers
consists of the particulate matter that the upper layer exports to deep waters. Surface waters
are well oxygenated as the rivers discharging into the fjord present high concentrations of oxy-
gen (Table 3). The nutrient loads from the Aysén River are of the same order of magnitude
as the receiving environment, though slightly higher. In this sense, the Aysén River can be
regarded as an oligotrophic river.

Perhaps, the most important effect would be the deposit of particulate matter in the adjacent
fjord beds, also because the inner area would be the section of the fjord with the highest pri-
mary production. These deposits would consume oxygen through remineralisation, producing
a plume of nearly anoxic waters and rich in inorganic nutrients that would extend trough the
fjord transported by the deep water circulation. Oxygen is depleted near the bottom due to
remineralisation of organic matter. In Figure 15 can be seen how nitrate concentrations in-
crease landwards while oxygen concentrations decrease. Also in the inner stations can be
appreciated higher concentrations of nitrite which is considered as an intermediate form of the
whole process that goes from ammonia to nitrate; only the presence of nitrite concentrations
indicates the active production of nitrate (Sverdrup et al. 1942).

According to the values from the CIMAR campaigns and model results the phytoplankton
bloom seems to take place during summer with higher chlorophyll a concentrations than during
winter, especially in the inner parts of the fjord. In this sense, also the production of the system
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would be conditioned by the river discharges, more due to the nutrient loads than to its flow
and to light availability. Very little is known about zooplankton dynamics in the system so the
control that can apply to the primary producers is practically unknown.

 

 
 

FIGURE 12: Modelled diatoms concentrations for the months of July (Top) and January (Bottom).

 

 
 

FIGURE 13: Modelled phytoplankton concentrations for the months of July (Top) and January (Bottom).
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FIGURE 14: Chlorophyll concentration profiles along the Aysén Fjord for the campaigns carried out during

spring-summer (Top) and winter conditions (Bottom). Distance is measured seawards from the innermost

station.

 
 

FIGURE 15: Nutrient profiles obtained during the CIMAR1 campaign for the inner fjord (circles), middle

fiord (squares) and near the Aysén fjord mouth (diamonds).
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In spite of the scarce data, knowledge of the system and model assumptions made it possible
to establish a simple 2D vertical model that mainly reproduces the processes described by the
bibliography and the general trends of the data. This model could serve as a first step to study
the possible effects of modifying the entrance of organic matter as a product of a different
management of the river catchment or other entrances of organic matter into the system.
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1 INTRODUCTION

In a previous chapter we have argued that the integrated management of coastal zones should
be sensitive to the variety of perceptions that different social actors or stakeholders have on
the ecological system being managed (Marı́n and Delgado, this volume). Our analysis of the
economy and social conditions of Aysén suggested us that the main actors, in relation to the
Aysén fjord, are: the local government and salmon farmers (Delgado and Bachmann, this vo-
lume; Bachmann et al. 2007). Consequently we studied the perception of these stakeholders
by means of conceptual PHES-systems models of the Aysén fjord. Since they interact fre-
quently on issues related to its management, we found that it was timely and indeed beneficial
for them to know each other’s perception of the ecosystem that generates the services they
affect.

The basis and general description of the PHES-system approach can be found in the chapter
by Marı́n and Delgado in this volume, on Marı́n et al. (2008) and Delgado and Marı́n (2005).
The generation of conceptual models started by sending, two weeks in advance, a short list of
questions that would be the basis of the brainstorming sessions. Several questions (e.g. the
effects of fish hatcheries on the water quality of the fjord, the system components of salmon
farming, and the effects of salmon on the fjord) were common to both groups for comparative
purposes.

Conceptual models, coded using STELLA Research 9.0, were built after the brainstorming
sessions. In the case of government experts, two models were built owing to the rather large
number of people involved and then merged. In the case of salmon farmers one model was
built. In all cases participants were encouraged to use the information generated during the
previous session. Most results from the government stakeholder session have been reported
by Marı́n et al. (2008) and the interested reader is encourage to read it. Here we analyze
results only as they relate to the subsequent conceptual models of the Aysén fjord.

2 BRAINSTORMING SESSION RESULTS

The results of the brainstorming sessions showed that: while the local government perceives
the fjord as an interactive ecological system, salmon farmers sees it as a market place where
the ”natural environment” only exists at the beginning of the market study. For example, when
answering on the effect of hatcheries, government officers proposed two components (fish
food and fecal material) and one process (excretion) as dominant. They further stated that
although today there are only 14 hatcheries in the Aysén watershed, the salmon market has
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established that their number should grow up to 110 within the next 10 years. Furthermore,
participants suggested that loosing fish food from hatcheries is not a problem (current losses
are near 5-7% by mass), since this represents a cost that companies intend to decrease. They
expressed concern over the fact that other components of the fish diet (e.g. zinc, antibiotics)
are currently not regulated and that this may represent a problem in the near future. Salmon
farmers, on the other hand, answered that the effect of hatcheries on environmental variables
is unknown, that current legislation is unclear and that treating hatcheries as sources of pollu-
tants is unjustified given that high value of the river flow/residues ratio. Finally they added that
given these uncertainties, there is a clear need for more studies.

When confronted to the issue of salmon farming within the fjord, government officers iden-
tified several variables and processes that should be considered. Most government experts
emphasized the potential negative effects of escaped salmons on the biological diversity of the
fjord. Salmon farmers stated that since salmons have been in the area since 1969, when the
Chilean government authorized its farming, they should be considered now (25 years later)
as native fauna. Furthermore, they stated that most escaped salmons remain in the vicinity of
the broken cages. They finally stated that the main causes for the escape of salmons are sea
lions and robbery. The different perceptions of these two key stakeholders on the fjord were
even clearer during the building of conceptual models.

3 CONCEPTUAL MODELS OF THE AYSÉN FJORD IN RELATION TO SALMON FARM-
ING

Figures 1 and 2 show the conceptual models generated by government experts and by salmon
farmers respectively. The first model divided the fjord in sections: head, center and mouth.
Since salmon farming is developed mostly near the head, we have concentrated our modelling
efforts in this part of the model. The government model (Fig. 1) shows the different processes
related to the fate of nutrients in the system. From their point of view, salmon farming contribute
with nutrients through salmon excretion and the waste of salmon food (see also Tironi et
al., this volume). However, they also postulate that the government can influence these two
processes by means of coastal zone management schemes. Thus, government proposes that
they can have an impact on the two most important human nutrient sources: salmon farming
and urban activity. Potential regulatory mechanisms are: secondary water quality norms and
waste disposal legislation.

The environment, for salmon farmers, which represents a large portion of the government’s
model, is confined to one single converter inside one process: market study (Fig. 2). It
also appears influencing the production process through the environmental norms set by the
government1. Once the market study is over, and they have decided the location for the
farming of salmons, the environment ”disappears” with the exception of governmental water

1An example is the Supreme Decree 90 which regulates water quality for industrial residues (http:
//www.ist.cl/archivos/ds90.pdf).
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quality rules and regulations. The rest of the processes and variables in the salmon farmer’s
model are related to two main processes: production and exports which in turn affect and will
be affected by two main state variables: salmon biomass and markets (mostly international).

It is worth noting that the urban environment appears twice in the model. On one hand,
the production process is affected by the urban environment in the sense of providing skillful
manpower and their necessary education (Urban environment II, Fig. 2). On the other, the
high water quality requirements of salmon farming makes the urban environment an unwanted
variable (urban environment I, fig. 2), which then affects the production process both through
the logistics necessary to stay ”neither too close, nor too near” and, in turn, affecting the spatial
distribution of the farming centers. Sea lions and salmon robbery appears in their model as
affecting the export process.

 

 

 

 

FIGURE 1: Stella coded conceptual model (government PHES-system) of the Aysén fjord in relation to

salmon farming. See text for details.

4 LESSONS FROM AYSÉN FJORD PHES-SYSTEM MODELLING

We have shown, both through the development of brainstorming sessions as through the sub-
sequent conceptual models, that the perceptions of the Aysén fjord ecosystem by two of the
key stakeholder’s related to salmon farming are very different. In one case (local government)
the fjord is viewed as an interactive system composed of biotic and abiotic components and
fluxes, one of them being salmon farming. In the other case (salmon farmers) the system is
closer to a ”market place” where most variables are related to the export process. Is it possi-
ble to link the two models? In this case the answer is positive, although we do not show the
merged models for reasons of page space only. However, the interested reader can down-
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load it from the internet (http://ecosistemas.uchile.cl). In essence both views of the fjord
ecosystem (or PHES-systems) are complementary. The government model lacks all ”mar-
ket variables” and the salmon farmers model lack all ”ecosystem variables”. Thus merging in
this case is simple. However, in order to use the merged product for integrated management
both key stakeholders will have to learn from each other perspectives. This is indeed one
of the most important findings from other groups generating frameworks for interdisciplinary
modelling: the major problem when integrating and coordinating different stakeholders seems
to be communication (e.g. Heemskerk et al. 2003). In this regard, the PHES-system ap-
proach can effectively be used as a communication tool among stakeholders for the benefit on
integrated ecosystem management.

 

 
FIGURE 2: Stella coded conceptual model (salmon farmers PHES-system) of the Aysén fjord in relation

to salmon farming. See text for details.
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1 INTRODUCTION

Contemporary human pressures over world marine ecosystems could be unsustainable. Over
75% of the world natural fish stocks are considered fully exploited or over-exploited (FAO
2007). Direct impacts over biodiversity, habitat destruction, waste disposal and climate change
indirect effects -and a possible synergy between these factors- (Harley and Hughes 2006)
allow predicting the collapse of all harvested taxa by the year 2048, if we sustain today’s trend
of use and extraction (Worm et al. 2006). However, fish consumption has duplicated since
1960 and now it’s the fastest growing food industry worldwide (FAO 2007).

In this context, fish farming -responsible of more than 70% of this growth- appears as a proper
way to reduce human pressure over world natural fisheries. But, is this true for all types
of aquaculture? Unfortunately no, farming of carnivorous species requires large food inputs
and produces a series of local impacts on marine ecosystems, converting them in a mixed
blessing for world fisheries (Naylor et al. 2000). Fish farming reduces the pressure over
natural fisheries used for human consumption, but at the same time it raises the demand for
some pelagic species (e.g Chilean mackerel) used for fish oil and flour, used in the elaboration
of fish pellets. One of these forms of aquaculture is salmon farming (Naylor et al. 2000, 2003,
2005).

In general terms, the marine stage of salmon farming productive cycle consist of an accel-
erated and controlled growth of juvenile individuals, until they obtain an appropriated weight
for their processing and commercialization. Fish are maintained in floating cages, settled in
protected areas (like fjords, channels and inner seas), and fed with pellets made of a variable
fraction of marine fish flour and oil. Aside from the pressure over pelagic fisheries, salmon
farming produces a series of environmental impacts over marine ecosystems where the cages
are installed. They are, in a short summary: (1) waste disposal over the water column and
bottom, like food pellets, fish feces and antibiotics, (2) invasion by exotic fish species and
pathogens every time fish escape from cages and, as a result of these processes, (3) habitat
destruction (Naylor et al. 2003, 2005, Miranda and Zemelman 2002, Cabello 2006). These
impacts could obscure salmon farming’s contribution to reduce pressures on natural fisheries
resources. In this context, it could be argued that salmon farming is now in a crossroad be-
tween been against or in favor of sustainable development of world fisheries. The path it shall
take will depend on their fish flour and oil use policies (Naylor et al. 2000), and how it will
manage local impacts related to their activities. It is toward the later that we have focused this
work.
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2 LAGRANGIAN MODELS AND THEIR USE IN SALMON FARMING MANAGEMENT

A common cause of most salmon farming local environmental impacts is particulate waste
disposal in the form of food pellet and feces- to the water column and bottom. These particles
usually deposit in the vicinity of cages, distressing the system in various ways: (a) artificial
inputs of organic carbon, nitrogen and phosphorous, (b) increase in primary productivity, mod-
ifying bottom’s community structure, (c) negative impacts over benthos biodiversity and (d) the
formation of an anoxic layer in the sediments under the cages (Corner et al. 2006, Cromey et
al. 2002, Findlay et al. 1995, Soto and Norambuena 2004)

A widely adopted management tool for this kind of particulate wastes is their dynamic sim-
ulation by means of lagrangian particle-tracking models (Cromey et al. 2002, Cromey and
Black 2005). These models simulate the dispersion and sedimentation of particles in ocean’s
bottom. Coupling these with other numerical models, involving additional physical, biogeo-
chemical and ecological process, could contribute to a more integral assessment of salmon
farming local impacts (Corner et al. 2006, Cromey et al. 2002, Cromey and Black 2005, Pan-
chang et al. 1997, Perez et al. 2002) . We implemented, as one of ECOMANAGE activities, a
three-level nested, coupled circulation-lagrangian model to assess the fate of particles gener-
ated at salmon farming sites, one of the main economic drivers of the Aysén fjord region. We
have applied this tool to the Chacabuco bay area inside the fjord.

3 METHODS

3.1 Hydrodynamic models

Hydrodynamic models utilized were developed with the open-source software MOHID Water
Modeling System (Leitão et al., this volume). A 3-level nested modeling structure was chosen
in order to simulate the complex tide signal of the fjord system, reduce numerical errors and
to enhance model stability (Fig. 1). The first level, Fjords, is a barotropic, single-layer sigma
model covering the northern part of Chilean fjords, between 41◦S and 46◦S, with a definition
of 2.2 km. The main purpose of this level was to generate the tidal components, obtained from
the FES2004 model (Lyard et al. 2006), for the lower level models. The second level in the
nested structure (Aysen) is a model covering the area of the Aysén Fjord. It is also barotropic,
but aside from incorporating tides from the Fjords model, it includes the three most important
fresh water discharges (rivers) of the fjord. These two models have been described in detail
by Marin and Campuzano (in press).

The third level, Chacabuco, covered the inner area of the Aysén Fjord. It is a baroclinic model,
with a cartesian geometry of 11 vertical layers. Its resolution is approximately of 100 m, and
it was over this level that the lagrangian particle-tracking sub-model was implemented. The
numerical grid was generated using bathymetric data from Armada de Chile (Chilean Navy),
using geo-statistic methods in order to generate a smooth bathymetry in areas where the point
coverage was not accurate enough.
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FIGURE 1: Geographic area covered by the 3 level nested modeling structure in southern Chile. Grayscale

areas represent each of the model grids. Chacabuco bay, where the particle-tracking model was mounted,

is marked with an asterisk.

The three models were initialized for 10 days with the purpose of stabilizing Aysen’s Fjord
water level, followed by a 25 days run to initialize water properties (temperature and salinity).
Finally, with tide signal, temperature and salinity stabilized, a third 16-day run was imple-
mented to simulate pellets dispersion in the bay area. Table 1 shows the main characteristics
of each of the three models.

3.2 Lagrangian Particle Tracking Module

In what follows we describe the parameterization and assumptions used in relation to salmon
farming loads and their dispersal in the water column.

Discharge volume: A fish density of 10 kg m−3, for every 6000 m−3 cage, was considered for
pellets output with a food/biomass ratio of 1.2. Only 5% of this load was considered to pass
cage’s depth and fall through the water column. We have further assumed that half of these
wasted pellets were eaten by local marine fauna (Cromey et al. 2002). This pellet mass (in Kg)
was then converted to particles assuming a caliber 2500 pellet (0.9 g per pellet, taken from
Ewos Chile website, http://www.ewos.com/cl/, visited on 07/23/2007). The final number of
particles was calculated as 450 particles per cage every two hours.
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Sedimentation Velocity: Previous work has shown that sedimentation velocity depends on
particle size (Perez et al. 2002) and that pellets suffer changes in their size as they descend
through the water column (Chen et al. 1999). Here we have simplified this process applying a
constant sedimentation velocity. The main purpose of this simplification was reducing calcula-
tion time and hardware requirements, given the rather large number of particles tracked in our
simulation ( > 109).

Salmon Production Cycle: Salmon farming involves different fish densities for each stage of
the production cycle. For the purposes of this model we chose a fixed density (10 kg m−3)
corresponding to a high production stage. We subsequently tracked their discharges every 2
hours.

Consolidation: The model does not consider pellets consolidating in the sediments. There
is no enough available information about sediments in the study area. A no-resuspension
scenario was added to the sensitivity analysis to test for this assumption.

3.3 Sensitivity Analysis

Sensitivity analysis was done defining default values for every parameter tested (default run),
and then adjusting them within the range found in literature to create sensitivity scenarios
(Cromey et al. 2002, Panchang et al. 1997, Perez et al. 2002, Chen et al. 1999, Wiberg
2004). Seven scenarios were defined as shown in Table 2. The variable over which we
perform the sensitivity test was the number of particles on day sixteen of simulation ( N16) in
a specified area. The area was chosen after sampling the model for number of particles in
a series of boxes over the whole bay. We chose the one showing greater variation between
sensitivity scenarios. Model sensitivity (Sx) was evaluated as the change in ” N16” relative to
changes in a model parameter ”P” (Huntley et al. 1987), using equation (1).

Sx =
(N16s,x − N16def )/N16def

(Ps,x − Pdef )/Pdef
(1)

Where N16s,x is the value for N16 for the x scenario in the sensitivity analysis, and N16def is
the value for N16 on the default run. Ps,x correspond to the value of parameter P for a given
sensitivity scenario x, while Ndef is the default value of the parameter.

3.4 Management tool

The management tool generated is a modified ArcViewr 3.3 (ESRI Inc.) interface (pro-
grammed using AVENUE scripts) that shows, in a simple and user-friendly way, the combined
results of the hydrodynamic and particle-tracking model in a Geographic Information System
(GIS) environment. Custom buttons were added to show pellets dispersal, relevant hydro-
dynamic data and GIS coverage. Help text and button information were translated to local
language (spanish) to improve user experience. During the development of the tool, local
manager’s capabilities and requirements were checked to improve its usage and to fulfill their
information requirements.
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4 RESULTS

The Chacabuco hydrodynamic model was validated with respect to salinity and water level.
The model is capable of reproducing the typical halocline of the Aysen fjord, with the river
flowing seaward through the upper level of the water column (Fig. 2). When comparing wa-
ter levels given by the model with real values taken from mareographic station located inside
the model, the results shows a good fit, with an r2 of 0.94 (Marin and Campuzano, in press).
Thus, the model is able to simulate the main characteristics of the estuarine system in the Cha-
cabuco bay area. Therefore, the validated model was used to study the spatial dispersion of
particulate wastes coming from salmon farming activities in the bay, using MOHID lagrangian
module.

The results of the lagrangian particle tracking module (pellets dispersal after 16 days of sim-
ulation of five cages throwing 450 particles every 2 hour) is shown in Figure 3. The ma-
jority of the origins showed pellets dispersing mostly beneath the cages or in distances be-
tween 100 m and 500 m from the cage’s center. The greater dispersal in our simulation
reached 1100 m, not including isolated particles. In total, pellets covered between 17%
and 27% of the Chacabuco bay area. Results for the sensitivity analysis, grouped by sce-
narios, are shown in Table 3. The most sensitive variables were those defining resuspen-
sion; specifically erosion and deposition shear stress. The management tool was delivered
to local decision makers. Additionally, there is an online version of the tool (mapserver for-
mat: http://ecosistemas.uchile.cl/ecomanage/resultados). The tool has already been
used in the process of generating new environmental regulations for the Aysen region (DGA,
CONAMA, personal communication).

5 COMPARISON WITH OTHER MODELS

We have shown the development of a lagrangian particle tracking model that can be used by
salmon farmers and local decision makers. When comparing model’s output with previous
work with lagrangian approaches (Cromey et al. 2002, Cromey and Black 2005), the results
are qualitatively similar. DEPOMOD is the only model with its dispersion module validated,
showing between 13% and 22% of difference between modeled and observed values (Cromey
et al. 2002). Thus, we have used it as a reference in this comparison.

There are some important differences between MOHID and DEPOMOD that should be taken
into account before comparing them. First, MOHID sedimentation velocity was fixed during the
whole simulation ( 1.28x10−1 m s−1), while DEPOMOD uses random generated rates taken
from a given range of values. The amount of particles simulated with MOHID ( 4x109) is
five orders of magnitude above DEPOMOD ( 7x104). In fact, our volumes were close to real
production values for particulate wastes discharges from Chilean salmon cages (EIA reports
from salmon farmers POCH, 2004). Another important difference is the spatial and time scale
of both models. While Cromey et al. (2002) used a grid definition of 10x10 m, covering an
area of 0.25 km2, here we used a grid of 100x100 m, covering an area of 147 km2.
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TABLE 1: Main properties of the 3 nested model system.
 

Model Nesting 
Level 

Grid Definition 
(km) Geometry Type Discharges Tides 

Fjord 1 2.2 Sigma, 1 layer Barotropic No FES2004 

Aysén 2 0.5 Cartesian, 1 layer Barotropic Yes Fjord Model 

Chacabuco 3 0.1 Cartesian, 11 layers Baroclinic Yes Aysén Model 

TABLE 2: Default values and sensitivity analysis scenarios. For every scenario, defaults parameters were

modified to fit a range of values founded in literature. 

Resuspension Sedimentation Random movement 

Parameters 
Default 
values E1 E2 E3 E4 E5 E6 E7 

VARVELHX* 0.02 - -  - - 0.04 0.01 

VARVELH* 0.02 - -  - - 0.04 0.01 

Critical Shear Stress of Erosion 0.02 0.01 0.04 1 x 10-5 - - - - 

Critical Shear Stress of Deposition 0.004 0.002 0.008 1 x 10-5 - - - - 

Erosion Rate 0.005 0.0025 0.01 1 x 10-10 - - - - 

Sedimentation velocity 0.128 - -  0.096 0.064 - - 

*varvelhx y varvelh are both model parameters determining particle random movement 

TABLE 3: Results from the sensitivity analysis. Each scenario is represented by the relative amount of

variation of a given parameter from their default values. Sensitivity was calculated based on Huntley

(1986). 

Sensitivity (x 103) as particle number 
Sensitivity Scenario 

200% -75% -50% -200000% 

Resuspension (E 1-3)  -664.3  335.5 982.8 

Sedimentation Velocity (E 4-5)   -1.8 107.1  

Random Movement (E 6-7)  90.5  128.6  
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FIGURE 2: Salinity values for model results (◦) and available field data (•). The dotted lines represent

standard deviation of model results.

The time span of both simulations is also very different. Our model ran for sixteen days, with
particle discharges every two hours for five origins, while Cromey et al. (2002) shows a 24 hour
simulation with a single discharge. Despite the differences just mentioned, DEPOMOD and
MOHID show similar results in their pellets’ dispersal simulation. Cromey et al. (2002) showed
that pellets dispersal occurred mainly beneath the cages (0-100 m), reaching a maximum
distance for pellets dispersal of 200-300 m from the cage center. Our results, for comparable
depths, show the same pattern, but with maximum dispersal distances of 300-400 m. Thus,
the simulation of salmon farming particulate waste dispersal using MOHID lagrangian module
shows congruent results when compared with previous experiences with similar approaches
(Cromey et al. 2002) and in general, with previous simulations of particulate waste dispersal
(Corner et al. 2006, Panchang et al. 1997, Perez et al. 2002).
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FIGURE 3: Final spatial distribution of our 16-days simulation. Darker particles represent the results

from the default simulation, while grayscale particles symbolize particle dispersion from the sensitivity

scenarios. White circles shows each cage location.

6 A BROADER CONTEXT

Models, like the one we have developed here, do not gain enough relevance until they are con-
sider as part of a wider strategy, thus allowing the application of their results outside academic
circles. A management framework we think is able to provide this wider context is Integrated
Coastal Zone Management (ICZM; Turner 1999, 2000) is one strategy where models can be
used. This management framework understand the relationship between nature and society
as a process where perturbations generated from the former alter some ecosystem functions,
eventually affecting the flux of ecosystem services to society, generating negative impacts over
it, in a cycle called Driver-Pressure-State-Impact-Response. ICZM also provides a good sup-
port for stakeholder involvement in any of the multiple stages of project development (Christie
et al. 2005, de Araujo et al. 1999).

In this work we understand stakeholders involvement as a continuum from partial involvement,
or cooperative research (e.g. information exchange agreements), to collaborative research,
where scientist and stakeholders jointly develop research projects. In any point of this spec-
trum, recent studies show that participatory research is able to contribute to scientists and
stakeholders more informed about each other and better engaged in projects’ objectives and
outcomes (Hartley et al. 2006). Furthermore, stakeholder involvement has the potential to in-
crease their self-reliance and awareness of the issues being investigated, facilitating more eq-
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uitable trade-offs between stakeholders with competing interests (de Araujo et al. 1999). From
this point of view, our experience during the development of this work showed that stakehold-
ers’ involvement in the research process brings a series of benefits: (1) Considering the large
field data required to set model’s initial/boundaries conditions and for the validation process,
government stakeholders participation -and their data bases- were a key element in the data
gathering period, (2) the working relationship generated with local stakeholders allowed us
to identify each of their administrative, technical and institutional capabilities, key information
when generating public research reports and decision support systems to final users (Peder-
sen et al. 2005) and (3) the creation and definition of modeling scenarios was facilitated during
this interaction, linking research objectives with stakeholders’ specific interests (Hanson et al.
2006).

However, there’s a huge distance between the theory and practice of ICZM, especially in the
context of developing countries. ICZM requires an integrated approach to natural resource
management, and strong institutions able to guarantee an equitable distribution of projects
benefits among stakeholders, with the ability to resolve conflicts between partners, super-
vising the realization of conflict-solving agreements and assuring stakeholders participation
(Oracion et al. 2005, Pollnac and Pomeroy 2005). None of these conditions are satisfied
in Chile. First of all, Garces (2005) proposes that Integrated Management (IM) would not
be possible given the reductionist approach taken by Chilean environmental institutions and
legal framework. Furthermore, Chilean economic orthodoxy, based on a neoliberal economy
with small-state, free-market priorities, sustained on raw material exports, privileges economic
growth -measured as GDP increase- over other aspects of economic welfare, even showing a
hostile attitude over more sustainable initiatives (Carruthers 2001).

On a potential scenario of ICZM, this historical predilection towards the generators of this eco-
nomic growth on a national level (private companies, multinationals, sometimes the govern-
ment itself) (Saez and Cerda 2007) over other more sustainable aspects has produced uneven
relationships between stakeholders on the local (regional) and central (national) level, limiting
government institution’s capacity to solve potential conflicts. Finally, participatory processes
are seriously constrained, mostly explained by; (1) stakeholder’s apathy towards participa-
tory measures and proceeding given recent historical and political developments (Carruthers
2001) and (2) a fragmentary, merely informative ”top-down” approach by government institu-
tions towards stakeholders participation (Bachmann 2007, Fraser et al. 2006). It’s under this
socio-political context that this work was meant to improve local decision-making processes
involving salmon farming particulate waste management, strengthening regional environmen-
tal institutions. In the context of a developing country like Chile, we expect this to be one step
towards ICZM.
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THE AYSÉN FJORD TSUNAMI OF APRIL 2007: UNEXPECTED USES OF
CIRCULATION MODELS

V.H. MARÍN, L.E. DELGADO AND A. TIRONI

1 INTRODUCTION

One characteristic of the Chilean territory is its high frequency of earthquakes. The responsi-
bility for the coordination of responses and management in case of natural disasters in Chile
rests with the National Emergency Office (ONEMI, http://www.onemi.cl). When dealing
with specific disasters, ONEMI seeks advice from experts and scientists through Scientific
Technical Committees (STC). On January 22nd, 2007 a seismic crisis started in the Aysén
fjord area. A series of earthquakes, sometimes referred as earthquake’s swarms, occurred
during a period of approximately four months. Given the steepness of the fjord’s topography
and the possibility of landslides that could in turn generate tidal waves within the fjord, ECO-
MANAGE scientists were invited to join ONEMI’s STC for Aysén. On April 21st, 2007 a major
earthquake (6.2 on the Richter scale) affected the Aysén region. This earthquake triggered a
7 x106 m3 landslide, mostly rocks, which, in turn, generated a 14 m tidal wave (SHOA 2007).
Although the tsunami did not reach populated areas, it resulted in the dead of people which,
at the moment of its triggering, were onboard small vessels within the fjord. Both national and
local governments started a desperate search for the victims, in order to relief the pain of the
affected families. At that point, ONEMI turned to ECOMANAGE posing a specific question:
Was it possible to use the results of Aysén’s circulation model as an aid in searching for the
tsunami’s victims? The remainder of this chapter is a summary our response.

2 MODELLING THE THREE-DIMENSIONAL CIRCULATION OF THE AYSÉN FJORD

The circulation of deep estuaries like fjords is highly three-dimensional (see Marı́n et al., this
volume). In the specific case of the Aysén fjord, both data (Cáceres et al. 2002) and models
show that there may be more than two layers which are influenced by the wind and the tidal
cycle. Beyond this local complexity, the tidal signal that arrives in the fjord has to cross a sin-
gular seascape full of islands and small channels (Marı́n and Campuzano, in press). In order
to model this complex signal a 3-level nested circulation model was implemented. Most details
about the first level (FJORD), have been explained by Tironi et al. (this volume) and by Marı́n
and Campuzano (in press). Since our main objective in ECOMANAGE was to understand
and model the inner Chacabuco bay, we developed a second level nesting model which we
termed AYSEN (Tironi et al., this volume). This second level would normally be 2D barotropic,
since its only purpose would be to bring the tidal signal from the previous level (FJORD) into
the target model (CHACABUCO). However, when ONEMI’s request arrived it was clear that
a three-dimensional model of the whole Aysén fjord was necessary. The reason for this was
the processes that undergo a dead human body when falls in the water (explained to us by
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physicians from the Chilean Medical Legal Service), which makes them first sink all the way to
the bottom, to re-surface again after a period of time that will depend on temperature to finally
sink again permanently.

The modified AYSEN model was implemented with eleven Cartesian layers, seven of them in
the first 50 m in order to accurately solve the circulation near the surface. Its grid size was
57x215, with a resolution close to 555 m. Its spatial extent and bathymetry are shown in Figure
1. Forcing for the AYSEN model corresponded mainly to the oceanic semidiurnal tidal signal
and river discharges (see Tironi et al., this volume). The FJORD model (upper nesting level)
was initialized for 15 days in order to stabilize the tidal signal. Then the AYSEN model was
initialized for a month for the same reason. The potential advective patterns of the tsunami
victims were modeled using MOHID’s lagrangian module. The module was initialized for the
three locations were victims fell into the fjord’s waters (Fig. 1). For each location lagrangian
drifters were continuously deploy for five minutes starting on April 21st at 14:00 hrs. Drifters
were followed for 15 days, with hourly outputs.
 

      

FIGURE 1: Spatial extent and bathymetry of the AYSEN model. Please refer to the work by Tironi et al (this

volume) for the geographic location and description of the study area. Black circles mark the approximate

positions were victims fell into the water during the tsunami on April 21st, 2007.

The average circulation of the fjord, for the standard no-wind run used in this experiment,
is shown in Figure 2. The model effectively resolves a two layer estuarine circulation, with
maximum surface velocities on the order of 0.2 m s−1. This velocity is within the same order
of magnitude of that reported by Cáceres et al. (2002).
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FIGURE 2: Average along-fjord component of the velocity for the no-wind standard run used during the

lagrangian experiments.

3 LAGRANGIAN EXPERIMENTS

Considering the dynamics of bodies in the water (see 2. Above), we generated two experi-
ments, both with the same initial conditions respect to the location of the lagrangian drifters:
for the first experiments, objects stayed on the surface without sinking. This scenario would
simulate human bodies that would get trapped on drifting objects such as tree trunks. For the
second experiment, objects were allowed to sink at velocities close to that of a human body
(≈0.25 m/s). The results of both scenarios after 36 hours of simulation are shown on Figure
3. When objects stayed in the surface (Fig. 3 A) most of them had left the fjord after 36 hours
or they anchored in the south shore. Conversely, if objects are allowed to sink, they would
remain inside the fjord, in deep waters in the middle of the channel (Fig. 3B). In the last case,
even if objects would re-surface again they would leave the system thorough its surface flow
to disappear after 72 hours.

4 LANDSLIDE RISKS AND CIRCULATION MODELS

Contrary to what it is expect from tsunamis generated on open coastal oceans, landslide
tsunamis occur so fast that there is hardly time for reaction. In the case of the Aysén tsunami
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A

B

FIGURE 3: Spatial distribution of lagrangian drifters for the first experiment, non-sinking drifters (A) and

the second experiment (sinking drifters) after 36 hours of simulation.

it took only 6 minutes for the waves to arrive at populated areas (SHOA 2007). Given the
location of the landslide and the distribution of populated areas, victims were reduced only to
those standing on boats during the event. Although the Chilean government deployed a rather
costly operation in search of victims, none were found. Our lagrangian model results suggest
that the main reason for this is that just 36 hours after falling I the fjord’s waters, victims were
already far away from the main event sector.

Risk prevention seems to be the only solution in the face of landslide tsunamis, given its fast
dynamics. After the April event, the Chilean government organized a group of experts on
numerical modelling, including ECOMANAGE scientists. The main task of this group was to
generate a prediction model to assess risk potential and likely responses in other sectors of
the Aysén fjord. The results of that work were delivered to the government on August 2007
(SHOA 2007). As a result of the studies conducted by ECOMANAGE and by other members
of ONEMI’s STC for Aysén, most parts of the inner fjord were declared as dangerous for
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aquaculture. However, although human lives and whole farming facilities were lost, salmon
farmers soon started a lobby to reverse the decision of fjord closure for salmon farming.1

Thus, the main lesson from this experience is that numerical models, such as the ones devel-
oped by ECOMANAGE on the Aysén fjord, may be important tools for risk assessment and
to suggest strategies for local governments. Specially when confronted to decisions that may
affect human lives. However, in the end these tools will be only one component in a complex
set of components related to the development and security of coastal areas. Final decisions
will always be political!
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FINAL REMARKS

M. MATEUS, J.W. BARETTA AND R. NEVES

This volume has drawn together contributions from a range of disciplines to address the chal-
lenges and explore the opportunities for managing three very different coastal systems in
South America: the Santos Estuary (Brazil), the Bahı́a Blanca (Argentina) and the Aysén
Fjord (Chile). We have looked at a wide range of coastal management scenarios in the var-
ious geographical settings. But for all the differences, there are similar developments and a
common recognition of the conflicting uses of the coastal area. This was the main theme at
all sites, and hence, the principal focus of this volume.

A range of views emerges from this volume on managing coastal zones. Coastal managers
generally agree that a broad and integrated view of coastal systems is necessary to capture
their complexity. However this perspective sometimes is in conflict with a more reductionist
approach to coastal sciences, which tends to concentrate on individual system components
as such. While this approach can be very useful, if the component(s) studied are critical
to system function, integration most of the time is the key to understand the link between
system components and overall system function. Both approaches have been followed in the
work developed during the ECOMANAGE project. Individual compartments of each system
were studied and the knowledge gained was then used to gain a deeper understanding of
the overall picture, where the complex feedbacks between man (socioeconomic features) and
nature (ecological features) manifested themselves. The DPSIR framework has paved the
way for this integrative approach.

A simple, yet fundamental lesson emerges from this book, connecting the local interest of de-
velopment and economic growth with adequate management of the coastal resources. Social
wellbeing means achieving the equilibrium between physical as well as socioeconomic stabil-
ity, which makes the management task all the more difficult. Attaining such demanding goal
implies minimizing the impacts of human occupation because they diminish or even destroy
productive uses of coastal areas, undermining their ability to provide human populations with
a healthy natural environment. As we have shown, the functioning of ecosystems may be dis-
turbed by a wide range of impacts and these, in turn, have direct and indirect repercussions
on the socioeconomic structure of the area. Through a series of responses and/or adaptive
measures, which may range from changing social habits, laws and policies to technological
solutions, humans attempt to prevent or lessen potentially destructive processes.

Despite the intrinsic complexity of these efforts, it is obvious that an assessment of the impacts
of human activities on the system and the feedback mechanisms to the socioeconomy remains
central to planning the use and development of coastal zones. And this is why the plans and
politics for land use and for the management of the water is a shared responsibility between
scientists, civil servants, politicians, stakeholders and NGO’s. Coastal management is an
integrating concept. The diverse group of people involved in this project has embraced the
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concept of a multidisciplinary approach, its value to society, and especially as a way of making
their knowledge more relevant to coastal managers and stakeholders.

Hard decisions need to be made in both short- and long-term management of the three sys-
tems addressed in this volume. The complex interactions between the various subsystems in
each case make such decisions particularly difficult. In face of this complexity, those involved
in the management of these areas need to promote a continuing vision of the coast against
which to plan both the immediate and the gradual development of the system. Certainly this
will lead to difficult but fundamental choices and decisions in order to achieve the sustainable
physical, social and economic development of the region.

This volume suggests that a critical lesson to be drawn for ICZM is that management decisions
must be based on the understanding of the coastal system in a dynamic and holistic frame-
work. It has been important to us to ensure that scientific approaches and models contribute
to understand the integrated nature of coastal areas at multiple scales, and are available to
support all levels of decision making for integrated management. This is the rationale behind
the major effort devoted to the modelling of the three systems.

Fundamental understanding of the behavior of many components of each study site has been
put forward in this volume by both physical and social scientists. However, integrating this
disparate knowledge into understanding of the dynamics of each system and to apply it to
achieve tangible outcomes for coastal management are still major challenges. Assuming that
good decisions in coastal zone management emerge from detailed knowledge on the func-
tioning of those areas, our goal has been encapsulating this knowledge in an integrative and
comprehensive way. Achieving proper management policies is a moving target because the
drivers change and, consequently, the pressures, state and impacts. As such, a continuous
adaptation of management strategies is a necessity in order to optimize responses to these
changes. While this also requires a continuous research effort and long-term study programs,
we hope to have kick-started this on-going process with the work developed during the 3-year
ECOMANAGE project.




