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Abstract

Rapid scale growth of intensive mariculture systems can often lead to adverse impacts on the environment. Intensive
fish and shrimp farming, being defined as throughput-based systems, have a continuous or pulse release of nutrients
that adds to coastal eutrophication. As an alternative treatment solution, seaweeds can be used to clean the dissolved
part of this effluent. Two examples of successfully using seaweeds as biofilters in intensive mariculture systems
are discussed in this paper. The first example showsGhatilaria co-cultivated with salmon in a tank system
reached production rates as high as 48.9 kg ar?, and could remove 50% of the dissolved ammonium released

by the fish in winter, increasing to 90-95% in spring. In the second exai@pdeijlaria cultivated on ropes near

a 22-t fish cage farm, had up to 40% higher growth rate (specific growth rate of #compared to controls.
Extrapolation of the results showed that a 1@&acilaria culture gave an annual harvest of 34 t (d. wt), and
assimilated 6.5% of the released dissolved nitrogen. This production and assimilation was more than twice that
of a Gracilaria monoculture. By integrating seaweeds with fish farming the nutrient assimilating capacity of an
area increases. With increased carrying capacity it will be possible to increase salmon cage densities before risking
negative environmental effects like eutrophication and toxic algal blooms sometimes associated with the release of
dissolved nutrients. The potential for using mangroves and/or seaweeds as filters for wastes from intensive shrimp
pond farming is also discussed. It is concluded that such techniques, based on ecological engineering, seems
promising for mitigating environmental impacts from intensive mariculture; however, continued research on this
type of solution is required.

Introduction implies that a ‘precautionary principle’ be applied to
any development activity that might be unsustainable.
Aquaculture, according to FAO statistics, is the fastest Aquaculture may contribute to the degradation of the
growing food production sector, with a yearly growth environment, but paradoxically it is still dependent on
of about 4-11% (FAO, 1997; values for all aquatic the supply of clean waters, seed larvae supply and
products 1988-1995). Without doubt aquaculture will other ecosystem services (Ronnback, in press).
continue to play an important role in the global supply Traditional farming systems (e.g. extensive pond
of fish and shellfish in the future. The present concern farming) dominate aquaculture production in many re-
for continuing deterioration of coastal ecosystems and gions, but these are now slowly being replaced by
its subsequent impact on aquaculture and other usesjntensive western oriented techniques (New & Wijk-
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strom, 1990; Ekins et al., 1994; Weber, 1996). This and the sensitivity of the receiving ecosystem. From
trend is disquieting, as it will often have negative intensive mariculture systems the principal wastes are
implications for the environment. Intensive aquacul- uneaten feed and faeces, dissolved nutrients, dis-
ture systems have been described as ‘throughput-basedolved organic compounds, chemicals and therapeut-
systems’ (Daly & Cobb, 1989; Folke & Kautsky, ics (Beveridge et al., 1994). The release of bacteria,
1992); they depend on large inputs of resources of pathogens and farmed species escapees should also be
which only a minor part is taken up by the cultured included as waste components.
species, with the rest being released as wastes to the Generally, less than 1/3 of the nutrients added
environment (Folke & Kautsky, 1989; Troell, 1996). through feed are removed by harvesting in intensive
Intensive farming of carnivorous fish species like yel- fish farming (Gowen et al., 1991; Holby & Hall, 1991,
lowtail, seabream, seabass, trout and salmon in cageHall et al., 1992). For intensive shrimp pond farming
or tanks, and shrimp in ponds, are examples of such itis even less, ranging between 6 and 21% (Primavera,
farming systems. 1994; Briggs & Funge-Smith, 1994; Robertson &
Existing solutions for aquaculture waste treatment Phillips, 1995). Due to differences between systems
have mainly focused on reducing particle load (dis- and cultured species, wastes will be partitioned dif-
cussed in Cripps, 1994), leaving the dissolved nutrient ferently. The rapid water exchange often associated
fraction untreated. However, the fact that treatment with coastal cage farming may quickly transport re-
of effluents usually involves a higher degree of tech- leased dissolved nutrients away from the farming area,
nology and thereby also higher costs, suggests thator if situated in turbulent water dilute them rapidly
release of untreated water is the rule rather than thein a large water volume. Despite this, fish cage cul-
exception in intensive mariculture. tures have been shown to increase dissolved nutrient
The rapid development of shrimp farming has had concentrations in surrounding marine waters (Weston,
an adverse impact on the environment (Primavera, 1986; Black & Carswell, 1987; Persson, 1991 and
1993), mainly through the conversion of large man- references cited therein). Water from land-based fish
grove areas into shrimp ponds. Intensive shrimp farms farms (e.g. salmon cultured in tanks) is usually con-
have, compared to more extensive systems, muchtinuously replaced due to the fish being sensitive to
higher production per unit area. Thus, compared to low oxygen concentrations and build-up of metabolic
extensive systems less mangrove forest is needed towastes. In intensive fish cage farming about 50-60%
reach a certain production level. However, outputs of of the supplied N is released to adjacent waters in dis-
wastes from intensive systems are much higher and thesolved form (mainly NH-N). In shrimp pond farming
production depends to a larger extent upon external water column ammonia is usually rapidly taken up and
inputs of energy, feeds and chemicals to sustain yields. incorporated in phytoplankton biomass, followed by
Integration of seaweeds with fish and shrimps has subsequent accumulation in pond sediment. As little
been suggested as a means to counteract the releasas 10% may leave the pond in dissolved form with ef-
of dissolved nutrients, and at the same time convert it fluent water (Briggs & Funge-Smith, 1994; Robertson
into a useful product (review in Brzeski & Newkirk, & Phillips, 1995), depending on shrimp density and
1997; Kautsky et al., 1997a; Troell et al., 1999). water management (Hopkins et al., 1995; Lorenzen et
The aim of this paper is to outline the possibilities al., 1997). Shrimps are more tolerant and pond wa-
and constraints in integrated systems where seaweedder replacement is therefore needed less frequently. In
function as biofilters in fish and shrimp mariculture. intensive shrimp cultures, with high rearing densities,
Since nitrogen is usually regarded as the limiting nu- water exchange can be as high as 30-50% per day de-
trient in coastal waters, the focus of this paper will be pending on phase in the production cycle (Primavera,

on nitrogen. 1993; Flores-Nava, 1995; Thongrak et al., 1997).
However, sometimes it may be kept lower due to in-

Thongrak et al., 1997). Hopkins et al. (1993) and
The quality and quantity of wastes from aquaculture Lorenzen et al. (1997) found that particulate matter
depends mainly on culture system characteristics andand dissolved nutrients in the outflow water increase
the choice of species, but also on feed quality and considerably with higher water exchange rates. They
management (lwama, 1991). The impacts on the envir- concluded that assimilation by phytoplankton and ni-
onment will then depend on hydrodynamic conditions trifying bacteria attached to detrital particles are the
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principal process of nitrogen removal from the water (Folke et al., 1997). Due to time lags and the buffering

column. Water exchange rates higher than 0-3reés- capacity of ecosystems, the eutrophication process in
ulted in mainly dissolved nitrogen being discharged an area may be slow, acting over time scales of several
(Lorenzen et al., 1997). years (Wulff & Stigebrandt, 1989). Thus, when evalu-

Depending on the fate of the solids accumulated in ating environmental effects from increased supply of
pond bottoms i.e. either being flushed out during pond matter, not only should local factors be considered
cleaning, or being dumped on land or in the sea some but, because we are dealing with effects on complex
distance from the farm, additional dissolved nutrients natural systems, short-term and long-term ecological
will, at a later stage, enter adjacent waterways after threshold effects, on both spatial and temporal scales,

remineralisation. must also be considered (e.g. Costanza et al., 1993).
Few publications have directly linked the release
Cause and effects from nutrient discharge of dissolved fish farm waste with hypernutrification

or eutrophication in marine waters. Ruokolahti (1988)

For nitrogen, which is the nutrient of major concern and Ronnberg et al. (1992) found increased growth
in marine environments, there is a consensus that atof attached filamentous algae near fish cage farms in
least 80% of the total losses (dissolved and organic- Baltic archipelagos. Gowen and Ezzi (1992) demon-
ally bound) from fish farms are plant available and Strated that intensive cage culture can cause nutrient
are potentially eutrophicating substances (H&kansson€nrichment in tidally energetic, fiordic estuaries. The
etal. 1988; Persson, 1988, 1991). Due to a more rapid €ffluents from fish farming have very high N/P ratios
remineralisation of aquaculture wastes in a tropical (Folke et al., 1994), which are considered as a likely
environment (Troell & Berg, 1997), this figure may cause for the development of toxic and non-toxic algal
be even higher for shrimp farming. Compared to the blooms (Granéli etal., 1989; Carlsson et al., 1990; Ed-
build-up of particulate organic matter on bottoms in vardsen et al., 1990; Kaartvedt et al., 1991). Kaartvedt
the vicinity of intensive mariculture operations, envir- €t al. (1991) linked the blooms of the toxic plankton
onmental effects from the release of dissolved nutri- @lgaPrymnesium parvupwhich killed 750 t salmon
ents may not be so obvious. Although there is general and rainbow trout in fish farms in a Norwegian fjord,
concern that coastal environments are being subjectedto nutrient loading from fish farms. The cause of re-
to hypernutrification and eutrophication from maricul- cent outbreaks of fish kills in the U.S.A., e.g. in the
ture activities, very few cases of increased primary estuaries of the Mid- and South-Atlantic states, as well
production in aquaculture have been documented. It @s along the Texas coast, is suspected to be due to
has therefore been argued that nutrient release fromblooms ofPfiesteria piscicidand related dinoflagel-
fish farming is of minor importance (Gowen' 1994; lates (Burkholder & Glasgow, 1997) Potential links
Ackefors & Enell, 1994; Black et al., 1997). However, to fish farming need to be investigated because it has
the lack of direct evidence of eutrophication may be been suggested that toxin production is stimulated by
due to the fact that water exchange rates are usuallyfish excreta-secreta, and also by inorganic and organic
high. Phytoplankton, within this enriched water, hav- Phosphate (Burkholder & Glasgow, 1997).
ing a cell doubling time counted in hours or days, may
increase in number some distance from the farm area
i.e. away from where impact studies usually are being
performed. Also, natural variability is often so large
that eutrophication effects, while existing, cannot be The quality of discharged shrimp pond water in man-
proved unless extensive monitoring programmes are grove areas can be improved by using settling and
started with the specific aim to detect such effects treatment ponds (Lin, 1993; Hopkins et al., 1995).
(Folke et al., 1997). However, few farmers are willing to convert grow-
Apart from increased phytoplankton production, out ponds for such purposes, due to the extra costs
eutrophication can cause many other effects which involved and the fact that farmers have to set aside
may be more sensitive and relevant indicators e.g. ponds that otherwise could be stocked with shrimps
changes in: energy and nutrient fluxes, pelagic and (Thongrak et al., 1997). Laws forcing the farmers to
benthic biomass and community structure, fish stocks, treat their wastewater before releasing it to the envir-
sedimentation, nutrient cycling, oxygen depletion, and onment are applied in some countries e.g. Thailand,
shifts between perennial and filamentous benthic algae but the law enforcement is still rather poor, resulting in

Shrimp farming and mangroves
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low adherence (Flaherty & Choomjet, 1995; Dierberg pers. comm.). Furthermore, the deposition of sed-
& Kiattisimkul, 1996; Claridge, 1996). iments in the seaward fringe of trees created land

Few studies have investigated eutrophication ef- accretion, which prevented drainage of landward trees
fects in mangrove environments caused by shrimp facing stagnant pools at low tide. During summer
farming and the literature on long-term changes in these pools occasionally become fetid and anaerobic,
habitat functions, species shifts or biodiversity loss with sulphur-reducing bacteria moving into the water
due to shrimp farming activity are virtually non- column, resulting in mass mortality of trees overnight.
existent. The impact of sewage on mangrove forests  As discussed previously, it is necessary to increase
has been studied and since there are many similaritiesour understanding of long term consequences on sur-
between urban and mariculture wastes with regard to rounding ecosystems from the nutrient discharge by
their potential to cause eutrophication (Folke et al., mariculture systems. Thus, effects and carrying capa-
1997), these studies are also relevant from a shrimp city must be defined on the basis of a holistic ecosys-
farming perspective. Findings from these studies are tem perspective. This can be highlighted by the capa-
somewhat contradictory. Thus, depending on waste city of mangroves to assimilate nutrients from fresh-
load and characteristics of the mangrove system, the water runoff, which is of importance to the stability
mangrove forest either functions as a nutrient sink, of coastal water quality. This function of dampening
with no visible accumulation pattern (Tam & Wong, nutrient fluctuations is critical, especially during wet
1993), or a slow build-up of nutrients in sediment and seasons when significant amounts of runoff reaches
biota (Boto & Wellington, 1983; Wong et al., 1995). It the coast. Due to nutrient loading from shrimp farm
has been found that effluent discharged into a man- wastes, it is possible that the capacity of mangroves
grove forest bypasses, to a large extent, the woody in stabilising coastal water quality is lowered. This,
halophytes by eroding a direct path to the river sys- in turn, might lead to threshold effects detrimental
tems or ocean (Temple-Banner, University of Victoria to other coastal ecosystem like e.g. coral reefs which
pers. com.). In addition, the water retention time can require oligotrophic waters for vigorous growth.
be increased by constructing effluent ponds, although
this may prove fatal to mangrove species sensitive t0 previous and present use of seaweeds as biofilters
long-term submersion.

Trott et al. (1996) studied how effluents from 5.3—  Methods for treating effluents from enclosed maricul-
11.4 ha shrimp pond farms influenced a surrounding ture systems with macroalgae were initiated in the mid
mangrove ecosystem. Water quality, forest growth and 1970s (Haines, 1975; Ryther et al., 1975; Roels et al.,
litter fall, mangrove soil nutrient status and crab feed- 1976; Langton et al., 1977; Harlin et al., 1979). This
ing activity were monitored over a two year period. approach has recently gained new interest (Vander-
Dissolved inorganic and organic nutrients, both in meulen & Gordin, 1990; Cohen & Neori, 1991; Neori
creek waters and in sediment porewater, togetheretal., 1991; Haglund & Pedersén 1993; Buschmann et
with litterfall from Rhizophoraand Ceriops forests, al., 1994, 1996; in press; Jiménez et al., 1994; Krom
were similar to undisturbed controls. However, dur- et al., 1995; Neori, 1996; Noeri et al., 1996), verify-
ing periods of shrimp farm discharge, chlorophyll @ ing that wastewater from intensive and semi-intensive
and BOD levels were significantly higher than during mariculture is suitable as a nutrient source for seaweed
non-discharge periods and controls. The moderate ef-production, and that integration with seaweeds signi-
fects on surrounding mangrove forest was explained ficantly reduces the loading of dissolved nutrients to
by the fact that concentrations of suspended sedi- the environment. However, in open culture systems,
ments, and dissolved organic and inorganic nutrients jike fish cage farming, the continuous exchange of
in the discharge waters were not significantly elevated water makes waste disposal difficult to control, and so
compared to adjacent tidally flushed mangrove creeks. far, few studies have investigated the possibilities of

In a recent study from South Australia the long- integrating seaweeds with such cultures (Hirata & Ko-
term discharge of sewage effluent into Awicen-  hijrata, 1993; Petrell et al., 1993; Hirata et al., 1994 a,
nia forest killed the offshore seagrasses, and as p; Troell et al., 1997). There is also a serious dearth of
a consequence unconsolidated sediment from thejiterature focusing on the feasibility or application of
seagrass beds washed into the mangroves and preintegrated cultures of seaweeds and shrimps (He et al.,
vented new propagules from establishing (Peri Cole- 1990; Chandrkrachang et al., 1991; Lin et al., 1992,
man, Delta Environmental Consulting, SA, Australia, 1993: Primavera, 1993; Flores-Nava, 1995; Enander
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& Hasselstrom, 1994; Phang et al., 1996), although
this approach seems promising for shrimp farming
(Primavera, 1993; Flores-Nava, 1995; Lin 1995).

Case studies: Integrated fish farming and seaweeds

1. Land based fish tank cultivation

The agarophyt&racilaria chilensiswas used for re-
moving dissolved nutrients from an outdoor intensive
fish tank culture (see Buschmann et al., 1996 for
details). The cultivation system consisted of eight cir-
cular 8 n? tanks for salmon cultureQncorhynchus
kisutchandO. mykis}, from which effluent water was
channelled into decantation tanks for removal of sus-
pended matter. The water was then lead by gravity
to seaweed culture units. The water in the algal cul-
ture cells was replaced 10 times’d had an algal
inoculum maintained at 1.5 kg ™ by harvesting at
15-d intervals and the algae were rotated by bubbling
air. Fish production reached 30 kg #during a 13
month production cycle, and food conversion could
be maintained stable at 1.4 g food g fidhproduc-
tion during the entire cultivation period. Ammonium
was the nutrient that increased most in the fish efflu-
ents, reaching concentrations as high as gt

in spring and summeGracilaria production was 48.9
kg m—2 yr—1 and was able to remove 50% of the dis-
solved ammonium in winter, increasing to 90-95% in
spring.

The production ofGracilaria increased total in-
come by 18% (not including production costs). If
costs for nutrient emission were to be paid for by the
producer, i.e. practising the ‘polluter pay principle’,
stipulated in the Rio declaration 1992, a further sav-
ing of 4% would be possible through the integration.
The final conclusion from this study and a comple-
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Yield of agar per biomass ranged between 17-23% of
dry weight, being somewhat lower closer to the farm
but, due to higher growth rates, the accumulated agar
production still peaked close to the fish cages. The
degree of epiphytes and bryozoan coverage was low
overall. An extrapolation of the results shows that 1
ha of Gracilaria, cultivated close to the fish cages,
has the potential to remove at least 6.5% of dissolved
nitrogen and 27% of dissolved phosphorus released
from the fish farm. For nitrogen this may seem a minor
reduction but, because the fish farm released nearly 16
tons of nitrogen annually, the volume assimilated by
the algae is substantial. Although the sizeGracil-

aria culture used for the above calculation is small, it
would give an annual harvest of 34 t (d. wt)@facil-

aria, valued at US$ 34,000. This Figure is twice that
of a Gracilaria monoculture, not integrated with fish
cage farming.

The conclusions from this study are that both
economic and environmental advantages could be
achieved by integrating algal cultivation with fish
farming in open sea systems. A larger cultivation unit
would increase nutrient removal efficiency and profits,
but further studies focusing on full scale cultivation
during different seasons are needed. The high wa-
ter exchange rates that often characterise coastal fish
farming will be of importance when integrating sea-
weeds with fish. Unlike particulate nutrients, the dis-
solved fraction will be transported over much greater
distances. The proportion of integrated seaweeds be-
nefiting from the surplus of dissolved nutrients will
increase with the time that nutrient levels remain high
in the water package passing the cages (Lgland, 1993).
There are two main factors that will determine the po-
tential for seaweeds to remove nutrients: one is the
capacity of the seaweeds to respond to an increased

mentary economical study (Buschmann et al., in press) nutrient concentration, and the other is how precise

is that Gracilaria could be used for removing dis-
solved nutrients from fish tank effluents, generating

economic benefits to the farmers as well as the soci-

ety as a whole, and permitting a diversification of the
production.

2. Open cage cultivation
Rope cultures ofGracilaria chilensis were co-

the current pattern can be predicted, or how exposure
to the nutrient rich water can be maximised (Troell &
Norberg, 1998).

3. Footprints to visualise area required for nutrient
absorption in integrated fish-seaweed farming

The spatial ecosystem area needed to take care of
the released waste can be illustrated by calculating

cultivated with a coastal salmon cage farm (producing the farm’s ecological footprint (Robertson & Philipps,
230 t al) in Chile (Troell et al., 1997)Gracilaria 1995; Berg et al., 1996; Kautsky et al., 1997b; Folke et
cultivated at 10 m from the salmon cages had up to al., 1998). The ecological footprint needed for assim-
40% higher growth rates (specific growth rate of 7% ilating nutrients released from aquaculture indicates
d=1) than at 150 m and 1 km distance. The nutrient how densely farms can be placed in an area without
content of algae was also higher close to the cages.risking self-pollution, formation of algal blooms, etc.
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Ecological footprint analysis of intensive tilapia environment. This could be accomplished in different
cage farming showed that a pelagic system with an ways, either using high-technology cleaning solutions,
area 115 times larger than the area of the cagesre-using the water in enclosed systems or treating the
is needed to take care of the phosphate releasedwastewater before release to the environment using
In a semi-intensive tilapia pond the nutrients could integrated farming techniques i.e. using filter feeders
be assimilated within the pond area itself (Berg et and seaweeds as biofilters (Enander & Hasselstrom,
al., 1996). Robertson and Phillips (1995) calculated 1994; Flores-Nava, 1995). Due to difficulties and
that the nitrogen and phosphorus released from semi-high costs involved in re-circulating systems i.e. high-
intensive shrimp pond farming could be entirely as- technology solutions (Hopkins et al., 1995), it may
similated by a mangrove forest, which was 2.4-2.8 be unrealistic to believe that such a development will
times larger than the pond area itself. For intens- take place. Instead, intensive systems combined with
ive shrimp farming this area increased to 7.4-21.6 secondary biological treatment units should be pro-
times the pond. If seaweeds are integrated in intens- moted. In a study of an integrated farming system,
ive aquaculture, the footprint for waste assimilation consisting of oysters ar@racilaria cultivated in tanks
as well as the strain on the environment will be re- in the shrimp farm effluent water, total nitrogen and
duced. We can calculate this reduction for the above total phosphorus could be reduced by 41 and 52%, re-
example of open cage salm@racilaria culture in spectively (over 90% removal of ammonium, nitrate,
Chile. The salmon cage will release 5.52 kg N and nitrite and phosphate) (A. Jones, Dept Botany, Univ.
0.924 kg P rd a1 (recalculated from Troell et al.,  Queensland, pers. comm.). Enander and Hasselstrém
1997). Assuming an average pelagic primary produc- (1994) also demonstrated effective uptake of nutrients
tion of 200 mg C M d—1 for the area and an atomic by mussels and seaweeds cultivated in ponds receiving
ratio of 80 C:15 N:1 P (Redfield et al., 1963), it can shrimp effluent waters. They were able to remove 81%
be calculated that the footprints for nitrogen and phos- ammonium and 19% nitrate from the dissolved waste.
phorus waste are 340 and 400 times larger than the The possibility for cultivating seaweeds in shrimp
cage area, respectively. When integrated v@tacil- ponds in Malaysian mangroves was studied by Phang
aria, the corresponding footprintis reduced to 150 and et al. (1996), who compared the growth@facilaria
25 times the cage area for nitrogen and phosphorus,in a shrimp pond with plants in an irrigation canal and
respectively. This means that the carrying capacity of in a natural mangrove habitat. A threefold increase in
the area, in terms of nutrient absorption, is increased growth was found in the irrigation canal compared to
and that it should be possible to place salmon cagesthe shrimp pond and the natural mangrove, the latter
at somewhat higher densities before risking negative two having similar growth. This was explained by lar-

environmental effects from eutrophication. ger secchi depth and more frequent water exchange
in the canal. The plants cultivated inside the shrimp
Sustainable shrimp farming pond were also heavily epiphytised and grazed by fish.

Phang et al. (1996) concluded that the difficulties en-

Many suggestions have been put forward for ‘sustain- countered in the shrimp pond could be solved through
able’ shrimp farming. Of particular interest is the idea better pond management; for instance, flow around the
that future development should, as a means of min- plants could have been increased if the plants had been
imising land use (i.e. clearing of mangroves), focus Placed further towards the edge of the pond.

on intensive rather than extensive systems (Flores-  To increase the sustainability of shrimp farming in
Nava, 1995; Menasveta, 1997). Another suggestion, mangrove environments the benefits from aquasilvi-
and something that is already taking place, is to culture systems integrated with seaweeds needs to be
locate intensive shrimp systems on higher elevations investigated.

inland of the mangroves (Ythoff, 1996; Menasveta,

1997). However, even if situated outside the man-

groves, wastewater will usually be released to adjacent Conclusions

mangrove systems or coastal waters and thereby still

constitute a threat to these environments. Such cul- The renewed interest in adopting new farming tech-
tures would therefore preferably consist of enclosed niques e.g. methods built on the principles of ecolo-
systems, where water is being filtered for particles gical engineering, have the potential to find solutions
and dissolved nutrients before being released to thethat could mitigate negative environmental impacts

japh599.tex; 30/04/1999; 0:10; p.6



from intensive mariculture. However, systems like fish
tank farming, fish cage farming and shrimp pond farm-

ing have different characteristics regarding how waste
is being emitted to the surrounding ecosystems. Thus,

a solution applied in one type of culture may not be

feasible in another. The development of techniques
where seaweeds are used as biofilters is just in its in-
fancy and continued research on ecologically sound

production systems is needed.
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