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Abstract

This thesis presents an assessment concerning the potential of horizontally integrated
aquaculture, with outcomes assessed from a systems-based perspective. A literature review
concerning the negative impacts and the hmitations of current wastewater management
approaches demonstrated that improved strategies are required. Horizontally integrated
aquaculture was proposed, where the productive reuse of aquaculture wastewater
ameliorates associated negative impacts. A definition for horizontally integrated
aquaculture 1s presented and management strategies that conform to this definition
reviewed.

The development and application of the ADEPT bioeconomic model to assess the
potential of a constructed wetland and trout fishery to treat wastewater from a commercial
smolt unit 1n Scotland 1s described. The model outputs were tested against observations
from commercial facilities operating under comparable conditions to those envisaged for
horizontally integrated systems. Findings demonstrated that the modelling approach
adopted was generally effective 1n predicting the composition of wastewater outputs from
the farm and the etfect of the selected treatment strategies. The model was applied to two
further case studies. One assessed the potential of treating wastewater from shrimp farms

in Thailand using a constructed mangrove wetland; the second evaluated the possible

advantages of a rational design approach to lagoon-based wastewater treatment and reuse,
as opposed to a conventional design and traditional practices developed in peri-urban

Calcutta.
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Chapter One

Introduction

Overview

Rapid expansion of the aquaculture sector in many countries has often outpaced the
introduction of legislation and monitoring programmes to regulate wastewater discharges,
and such a pattern of development has frequently been linked with negative environmental
impacts. When regulatory controls are implemented, producers may consider them rigid
and draconian, whilst environmental activists and advocates of the precautionary principle
may find them lenient and poorly policed. Practical aspects of managing and treating
aquaculture wastewater make comphance with discharge standards problematic, time
consuming and expensive, whilst the prospect of more stringent standards threatens to
exceed developments 1n waste management and conventional treatment approaches.
Therefore, a proactive strategy for wastewater management, in both emerging aquaculture
sectors and established industries, that exploits the waste resource in complementary
production systems, whilst ameliorating negative environmental, economic and social

impacts 1s desirable. This thesis proposes that the strategy of horizontally integrated
aquaculture embodies this concept. By invoking a systems-based approach, the potential of
this strategy to ameliorate negative impacts of aquaculture wastewater and produce
products with value, whilst allaying the concerns of stakeholders, especially consumers
and regulators 1s assessed.

As a background to discussing horizontally integrated aquaculture, the range of

negative environmental, economic and social impacts associated with aquaculture



wastewater, together with the strategies that have been employed to mitigate these impacts
are discussed in Chapter 1. In Chapter 2 a definition for horizontally integrated aquaculture
1s derived and studies of the systems meeting the proposed criteria reviewed. Chapter 3
outlines the formulation, development and application of a bioeconomic model for
horizontally integrated aquaculture systems; a case study concerning the integration of a
smolt unit, constructed wetland and trout fishery is used to evaluate the model. Chapters 4
and 5 present further case studies assessing an integrated shrimp farm-mangrove system
and a rational design approach to wastewater aquaculture, respectively. Although not
falling within the proposed definition of horizontally integrated aquaculture, the case-study

concerning wastewater aquaculture in peri-urban Calcutta was selected as this system
constitutes one of the few large-scale ecologically based wastewater production and reuse

systems from which it was thought insights concerning the management demands, social
and economic 1mplications and real world constraints to such systems could be gained. It
was also hoped to test the generality of the modelling approach adopted. A Delphi
investigation concerning future prospects for hornzontally integrated aquaculture 1s
described in Chapter 6. Findings from the review process, modelling exercises and Delphi
investigation are drawn together in Chapter 7; recommendations to guide the sustainable
development of horizontally integrated aquaculture systems are proposed and constraints

requiring further investigation identified.

1.1. Introduction

This chapter introduces the concept that aquaculture appropriates a range of environmental
goods and services from an ecosystem support area, or ecological footprint, and that the
demand for these goods and services can exceed the carrying capacity of the ecosystem.
Environmental, social and economic impacts associated with aquaculture wastewater

discharges that exceed this carrying capacity are reviewed. The current status of



wastewater treatment and management 1s discussed and constraints to developing more

efficient and reliable approaches 1dentified.

1.2. Agquaculture and its ecological footprint

Aquaculture approprates a range of environmental goods and services (Beveridge, Phillips
and Macintosh, 1997). The area of natural environment required to sustain the supply of
these goods and services has been referred to as both the ecosystem support area and the
ecological footprint (Kautsky, Berg, Folke, Larsson and Troell, 1997). Appropriated
environmental goods include the physical area of land or water for site development;
construction materials e.g. timber, stone, soil; water (containing oxygen) for filling ponds
and replenishing that lost through evaporation or exchange; broodstock, seed and juveniles
for stocking; areas of land or water to produce feed. Environmental services required by
aquaculture consist mainly of processes metabolising and assimilating waste fractions and
replenishing dissolved oxygen concentrations.

Ecological footprints associated with i1ntensive aquaculture indicate that
environmental goods and services are appropriated from relatively large areas (Folke and
Kautsky, 1989; Larsson, Folke and Kautsky, 1994; Robertson and Phillips, 1995; Berg,
Michélsen, Troell, Folke and Kautsky, 1996; Kautsky et al., 1997; Folke, Kautsky, Berg,
Jansson and Troell, 1998). Shrimp (Penaeus stylirostris and Penaeus vannamei)
production in semi-intensive ponds along the Caribbean coast of Colombia was estimated
to require an ecosystem support area 35-190 times the surface area of the farm (Larsson et
al., 1994). The mangrove nursery area required to supply postlarvae to 1 ha of shrimp
ponds was estimated to be the largest component of the ecological footprint at 160 ha.

Describing small-scale semi-intensive pond farming of tilapia (T llapia rendalli,

Oreochromis mossambicus and Oreochromis niloticus) in Zimbabwe, Berg et al. (1996)

estimated that the area for phosphorus assimilation and oxygen production to support 1 m?



of this culture system was 0.9 and 0.5 m®, respectively, and could therefore be
accommodated within the pond area. By comparison, it was estimated that tilapia
production in 1 m’ of intensively managed cages situated in Lake Kariba required an
ecosystem area of 115 and 160 m*® for phosphorus assimilation and oxygen production,
respectively. At a further extreme, the intensive production of salmon in cages is largely
dependent upon the supply of concentrated feed containing fishmeal and oils derived from
marine capture fisheries. Folke (1988) estimated that the ecosystem area needed to sustain
the supporting capture fisheries ranged between 40,000 and 50,000 times the cage area.

A key factor to be considered when invoking the principle of ecological footprints
1s the degree of connectivity that exists between the activity appropriating environmental
goods and services and the supporting ecosystem area. Traded goods and services e.g. teed

and fry, derived from other ecosystems can be purchased to augment inadequate local

supplies. Environmental goods and services that cannot be supplemented 1.e. the
assimilation of nutrients, will therefore define the capacity of the localised ecosystem to
sustain production in the aquaculture facility. Balancing the demand for these goods and
services with supply is essential to avoid undesirable environmental impacts.

The supposition that increasing material and energy inputs to aquaculture leads to
increased risk from negative environmental impacts has been presented (Folke, 1988;
Kautsky and Folke, 1990). However, pond-based integrated agriculture-aquaculture and
dike-pond systems receive comparatively large inputs of organic material, yet have little
impact on the external environment (Edwards, 1993). Inputs of duck, pig and cattle manure
to traditional dike-pond farms 1n the Zhujiang Delta, China are typically 75, 454 and 550 t
ha™ y'l, resulting 1n fish yields of 7-10 t ha™ y'1 (Korn, 1996). However, integrated
production of sugarcane, mulberry, silk worms, vegetables and bananas, fertilized with
mud and water from the fishpond, may increase production to 20-40 t ha™ y™'. Physically,

this integrated system 1s relatively closed, with little discharge of pond water or by-




products to the external environment, instead relying on in situ processes to assimilate
waste and supply other environmental services; therefore, the openness of aquaculture
systems is important when considering possible environmental impacts.

Production in semi-intensive and intensive aquaculture requires that natural
supplies of environmental goods, particularly feed, be supplemented. However, as
production intensifies beyond the productive and assimilative capacity of the standing
water body, the exchange of water and therefore the volume of wastewater discharged
tends to increase (Phillips, Beveridge and Clark, 1991). This leads to the appropration of
increased levels of environmental goods and the export of waste to the receiving
environment. Large wastewater volumes discharged from intensive aquaculture typically
contain low concentrations of waste compounds as compared with effluents from other
industrial processes (Cripps and Kelly, 1996), and in overall mass flow terms, nutrients
discharged from aquaculture make a relatively small contribution to the overall
anthropological input to most aquatic ecosystems (Ackefors and Enell, 1990; Kronvang,
Artebjerg, Grant, Kristensen, Hovmand and Kirkegaard, 1993). However, aquaculture
wastewater may contain significantly higher concentrations of pollutants than would be
expected 1n the receiving environment (Robertson and Phillips, 1995).

To appreciate the likely impact of aquaculture wastewater on an ecosystem key
factors must be considered: the connectivity between the aquaculture system and
ecosystem; the wastewater volume and quality; the hydrology of the receiving environment
and the carrying capacity of the ecosystem. Hydrological characteristics of the receiving
environment largely dictate the carrying capacity of the ecosystem, with open systems
situated 1n dynamic high-energy sites that promote mixing and dispersion being less likely
to exceed the carrying capacity of the ecosystem. However, continuous point source

discharge of dilute aquaculture wastewater to low energy systems over an extended period



may exceed the assimilative capacity of the environment close to the culture facility, thus

producing localised environmental impacts.

Invoking the ecological footprint concept demonstrates that even wastewater
discharged from well-planned and managed aquaculture operations appropriates a range of
environmental goods and services, disrupting natural functioning of the system. Over time
this may lead to shifts in the species assemblage of the receiving environment or may
compromise the ecosystems resilience to natural shocks and perturbations. Theretore,
unless a comprehensive and precise long-term monitoring programme 1s in place, such
subtle changes will not be recorded. However, where carrying capacities of ecosystems

have been exceeded by aquaculture wastewater discharges, negative impacts have been

observed and pertinent examples are presented in the following sections.

1.3. Environmental impacts of aquaculture wastewater

Recent articles have focused public attention on the potential negative environmental
impact of aquaculture, particularly the intensive production of salmon and shrimp
(Holmes, 1996; Anon, 1997; Hecht, 1998; Naylor, Goldburg, Mooney, Beveridge, Clay,
Folke, Kautsky, Lubchenco, Primavera and Williams, 1998; Naylor, Goldburg, Primavera,
Kautsky, Beveridge, Clay, Folke, Lubchenco, Mooney and Troell, 2000). However, when
assessing the impact of aquaculture a rational appraisal, based on the best available data,
must be established to prevent the debate becoming distorted by stakeholder groups with
markedly different agendas (Boyd, 1999).

Environmental impacts associated with aquaculture wastewater discharges include
the alteration of physio-chemical parameters in the receiving environment, eutrophication,
shifting trophic status and interactions, problems associated with the escape of culture

organisms and the impact of pathogens released from the aquaculture facility on native



species. The cause and effect of these environmental impacts are discussed in the

following sections.

1.3.1. Physio-chemical impacts

The appropriation of water for aquaculture and the subsequent discharge of wastewater can
have a significant impact on the local hydrology and chemical composition of water and
sediments 1n the receiving environment. Major physical impacts described here include the
modification of flow regimes and hydrological conditions in the receiving environment and
the effect of sedimentation. Changes in the chemistry of the receiving environment are
largely related to the release of nutrients and chemical agents used to treat disease.
However, respiration within the aquaculture facility and biological and chemical oxygen

demand associated with discharged waste also impact upon the water quality.

Appropriation of water resources

Beveridge and Phillips (1993) reviewed environmental impacts associated with tropical
inland aquaculture and noted that water resource appropriation may have several adverse
consequences: altering channel morphology and sedimentation patterns, reducing access to
spawning and nursery areas, creating barriers to migratory fish, changing thermal regimes
and modifying biological communities 1n the receiving environment. Groundwater
abstraction for tropical coastal aquaculture has been implicated in causing subsidence and
saline intrusion, whilst the discharge of saline wastewater has caused the salinisation of
surface water and land resources (Phillips, Kwe1 Lin and Beveridge, 1993; Tran, Le and
Brennan, 1999). Water resource appropriation for sub-tropical and temperate freshwater
aquaculture 1s likely to have impacts similar to those outlined by Beveridge and Phillips
(1993), although water requirements for pond aquaculture are likely to be higher in more

arid climates (Boyd and Gross, 2000). These authors also proposed some practical water



conservation measures for pond aquaculture that included seepage control through

employing good construction practices, limiting water exchange and providing storage for
rain and runoff water. Jones (1990) noted that water abstraction for flow-through trout
farms reduced flows in rniver stretches between the farm intake and outflow to such an
extent that the movement of migratory fish could be hampered. Situations such as this
could be avoided through improved site selection and restricting abstraction to well below
the minimum recorded flow; supplementary aeration and water reuse also have potential

for improving the efficiency of water use 1n aquaculture.

Sedimentation

Deposition of particulate matter entrained in aquaculture wastewater can be unsightly, but
also causes additional problems. Siltation can smother mvertebrates and macrophytes, and
increase substrate embeddedness, reducing interstitial water tflow and restricting the access
of certain fish species to substrates suitable for spawning. Sedimentation 1s more lhikely
where the dilution capacity of the receiving environment 1s limited (Jones, 1990). Within
the receilving environment, particular habitats are more vulnerable to siltation 1.e. the
deeper reaches of rivers and streams downstream of commercial aquaculture operations
and directly beneath cage farms. Excessive sedimentation can inundate the habitat, altering
the sediment composition, restricting colonisation and eventually leading to anoxia that

may contribute to eliminating pollution tolerant species.

Pollutants
In addition to the physical impacts outlined above, several potential pollutants are
discharged to the receiving environment entrained in aquaculture wastewater (Beveridge,

Phillips and Clarke, 1991). Primanly, these waste fractions arise from uneaten feed,



excreta and faecal material and chemical treatments used to maintain water quality and
eradicate disease (Beveridge and Phillips, 1993).

Ammonia discharged from fish farms and released during the degradation of
proteinatious waste can be toxic to invertebrates, particularly in lentic habitats. Streams
and rivers in Scotland are particularly vulnerable as they generally have high water quality,
characterised by diverse communities of benthic invertebrates, many of which are
intolerant of pollution (NCC, 1990). However, several studies show that nutrients released
from aquaculture contribute only a small proportion to the overall anthropogenic input to
aquatic ecosystems (Ackefors and Enell, 1990; Foy and Rosell, 1991; Kronvang et al.
1993; Paez-Osuna, Guerrero-Galvan and Ruiz-Fernandez, 1998). Compared with other
nutrient sources, shrimp aquaculture in the coastal states of Mexico contributes only 1.5%
to total nitrogen, and 0.9% to total phosphorus mputs to the marine environment (Paez-
Osuna et al., 1998). However, these relatively small inputs have been implicated 1in causing
adverse local environmental impacts. Reports of eutrophication and shifts in species
assemblages and interactions associated with wastewater discharged from aquaculture are
reviewed later.

Organic and 1norganic fertiliser employed 1n semi-intensive pond aquaculture may
significantly increase nutrient levels in the culture water. However, the minimal exchange
of water 1n these systems limits the release of nutrients to the receiving environment. The
use of chemicals 1n aquaculture, including inorganic fertiliser, has been reviewed in a
number of studies (Beveridge et al., 1991; Beveridge and Phillips, 1993; Phillips et al.,
1993; Bergheim and Asgérd, 1996). Lime is used extensively to condition pond sediments
between production cycles, but impacts on the external environment are likely to be
limited. More problematic may be the use of highly toxic and persistent chemicals such as

chlorinated hydrocarbons and organotins to eradicate predators, competitors and disease

vectors (Phillips et al., 1993). Piscicides and molluscicides derived from plant extracts e. g.



rotenone, saponin and nicotine are widely used 1n tropical aquaculture (Baird, 1994) and
Phillips et al. (1993) suggest that the environmental impact of using these products 1s
expected to be limited as they readily biodegrade. However, the non-specific nature of
these compounds and their possible impact on the health of workers during preparation and
application represent serious concerns (Baird, 1994).

Disinfectants, e.g. sodium hypochlorite, formalin and benzalkonium chloride, used
in production facilities, particularly hatcheries, may be discharged 1n aquaculture
wastewater; however, the consequences of this practice have not been investigated
(Phillips et al., 1993). Environmental impacts associated with using algicides such as
copper sulphate in shrimp ponds have not been studied, but impacts are likely to depend on
the application rate and degree to which water 1s exchanged between the culture facility
and receirving environment. Copper-based antifoulants used to treat nets on salmon cages
have been associated with elevated concentrations of copper in sediments close to culture
facilities, although, no harmful impacts were reported (Bergheim and Asgérd, 1996).

The majority of other chemicals employed 1n aquaculture are used to treat disease
and combat parasites 1.e. antibiotics, parasiticides and fungicides. However, despite
widespread use 1n tropical aquaculture, information concerning the extent and impact of
these chemicals 1s limited. Burka, Hammell, Horsberg, Johnson, Rainnie and Speare
(1997) presented a comprehensive review of the current status of chemotherapeutant use in
salmonid aquaculture; compared with mammalian therapeutants the range of treatments is
limited, and application 1s restricted to anaesthesia and anti-infective agents preventing
parasitic and microbial diseases.

In many cases a large proportion of the medication is not absorbed and retained by
the culture organisms, but passes out of the aquaculture system to the receiving
environment (Weston, 1996). Antibacterial medications are often delivered as feed

additives, however, diseased fish generally have a suppressed appetite, decreasing the
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proportion of medicated feed consumed. The discharge of therapeutants from fish farming
operations is increased further as the majority of active agents ingested are not absorbed in
the gut but expelled, unmodified, in faeces. It has been estimated that due to the factors
outlined above, 62-95% of antibacterial agents such as oxytetracycline and oxolinic acid
may be discharged from culture facilities (Weston, 1996).

The fate and potential impact of therapeutants entrained 1n aquaculture wastewater
from commercial facilities has been investigated in a number of studies (Pouliquen, Le
Bris and Pinault, 1993; Smith, Donlon, Coyne and Cazabon, 1994; Davies, McHenery and
Rae, 1997). Residues from therapeutants used 1in aquaculture may pose a serious threat to
non-target invertebrate communities in the receiving environment as many chemical
treatments used in aquaculture are designed to eradicate invertebrate pathogens. Ivermectin
(22,23-dihydroavermectin B1) wused to treat sea-lice (Caligus elongatus and
Lepeophtheirus salmonis) infestations at salmon cage sites has been mmplicated in
eradicating communities of benthic invertebrates and damaging shellfish fishenes.
However, research suggests that using this agent in aquaculture 1s unlikely to cause acute
direct toxic effects in invertebrates and that bivalves in the receiving environment will not
bioaccumulate detectable concentrations (Davies et al., 1997).

Several studies have recorded an increase 1n the occurrence of antibiotic-resistant
bacteria following the widespread introduction of antibacterial agents in aquaculture.
Weston (1996) provides a comprehensive review regarding the stimulation of antibacterial
resistance through antibiotic use 1n aquaculture. Treatment using oxolinic acid,
oxytetracycline and potentiated sulphonamide on rainbow trout (Oncorhyncchus mykiss)
farms resulted in elevated numbers of bacteria resistant to these agents being released to
the receiving environment (Austin, 1985). Oxytetracycline use at cage farms culturing

salmonids was associated with an increased abundance of resistant bacteria in sediments

underlying the farms (see Weston, 1996) and cross-resistance between oxytetracycline and
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potentiated sulphonamide in sedimentary bacteria (Gray, Weston and Herwig, 1994, cited
in Weston, 1996). Microcosm studies confirmed that adding oxytetracycline-medicated
feed increased both the number of oxytetracycline-resistant bacteria and bacteria resistant

to potentiated sulphonomide (Gray and Herwig, 1994; cited in Weston, 1996).

Brown (1989) highlighted the potential problem regarding the prophylactic use of
antibiotics 1n aquaculture, and suggested that their unregulated low-level application 1n
penaelid shrimp hatcheries 1n Ecuador may have contributed to the development of
antibiotic-resistant bacteria. Of particular importance from a human perspective 1s that this
practice may lead to the development of antibiotic-resistance in aquatic bactena 1.e. Vibrio
cholerae, Vibrio parahaemolyticus, Vibrio vulnificus and Vibrio alginolyticus, which have
been 1dentified as human pathogens.

In general, the use of chemicals 1n temperate aquaculture 1s closely regulated to
ensure operator safety, protect the environment and safeguard the quality of the product. In
tropical developing countries where aquaculture production has increased dramatically, the
rate of expansion 1n the industry has frequently overwhelmed attempts to regulate and
monitor the industry. Consequently, problems associated with chemical use in aquaculture
may be more acute in developing countries with poorly defined regulatory frameworks.
However, as institutional arrangements evolve, the operators of aquaculture facilities are

likely to require appropriate management strategies and treatment technologies to limit the

release of chemicals 1n wastewater.

Dissolved oxygen

Aquaculture wastewater has elevated biological and chemical oxygen demands (Kelly and
Karpinski, 1994), therefore directly following discharge, dissolved oxygen (DO) levels,
already depressed by respiration within farms, can be reduced further. Boaventura, Pedro,

Coimbra and Lencastre (1997) reported that mean DO concentration in the Coura River,
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250 m downstream of a rainbow trout farm in northern Portugal producing 500 t y'l, WEre
9.6 mg I, as compared with 10.7 mg 17 upstream of the farm. However, mean
biochemical oxygen demand (BOD) levels in the river were 5.6 mg 1! at distances of 250
m and 1000 m downstream of the farm, as compared with 1.6 mg 1" upstream.
Furthermore, BOD levels only returned to background levels 12 km downstream of the
farm and the maximum recommended BOD level for salmonid waters (3 mg 1''; EEC,
1978; cited by these authors) was exceeded in a 1 km stretch of the river. Cornel and
Whoriskey (1993) noted oxygen depletion in the water column (0-9 m depth) close to
rainbow trout cages 1n Lac du Passage, Quebec. Typical monitoring data show that at a
control site ~400 m from the farm, DO levels of ~12 mg ' were recorded at 4 m, however,
adjacent to the cages DO levels were ~6 mg 1™ at this depth. Direct impacts of decreased
oxygen levels on the native biota were not recorded; the authors raised concern that the
stock may have been stressed, although no supporting evidence was presented.

Compared with oxygen depletion rates in other sea lochs, Gillibrand, Turrell,

Moore and Adams (1996) attributed elevated levels 1n the bottom waters of Loch Ailort, a
sea loch on the west coast of Scotland, to the microbial breakdown of organic matter.
These authors estimated that 50% of the total particulate organic carbon supply to the loch
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