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Abstract
Aquaculture is of growing importance in the global seafood production. The environmental impact of aquaculture will
largely depend on the type of environment in which the aquaculture system is placed. Sometimes, due to the abiotic or
biotic conditions of the seascape, certain aquaculture systems tend to be placed within or near specific ecosystems, a
phenomenon that in this thesis is referred to as aquaculture system - ecosystem links. The exposed ecosystems can be more
or less sensitive to the system specific impacts. Some links are known to be widespread and especially hazardous for the
subjected ecosystem such as the one between the shrimp aquaculture and the mangrove forest ecosystem. The aim of this
thesis was to identify and investigate causes and consequences of other spatial links between aquaculture and ecosystems
in the tropical seascape.

Two different aquaculture system - ecosystem links were identified by using high resolution satellite maps and coastal
habitat maps; the link between sea cage aquaculture and coral reefs, and the one between seaweed farms and seagrass beds.
This was followed by interviews with the sea cage- and seaweed farmers to find the drivers behind the farm site selection.
Many seaweed farmers actively choose to establish their farms on sea grass beds but sea cage farmers did not consider coral
reefs when choosing location for their farms. The investigated environmental consequences of the spatial link between sea
cage aquaculture and coral reefs were considerable both on the local coral reef structure, and coral associated bacterial
community. Furthermore, coral reef associated fish are used as seedlings and feed on the farms, which likely alter the coral
food web and lower the ecosystem resilience. Unregulated use of last resort antibiotics in both fish- and lobster farms were
also found to be a wide spread practice within the sea cage aquaculture system, suggesting a high risk for development of
antibiotic resistant bacteria. The effects of seaweed farms on seagrass beds were not studied in this thesis but have earlier
been shown to be rather substantial within the borders of the farm but less so outside the farm.

Further, a nomenclature is presented to facilitate the discussion about production system - ecosystem links, which
may also be used to be able to incorporate the landscape level within eco-certifying schemes or environmental risk
assessments. Finally - increased awareness of the mechanisms that link specific aquaculture to specific habitats, would
improve management practices and increase sustainability of an important and still growing food producing sector - the
marine aquaculture.
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Abstract 
 
 
 
 

Aquaculture is of growing importance in the global seafood production. The 
environmental impact of aquaculture will largely depend on the type of envi-
ronment in which the aquaculture system is placed. Sometimes, due to the 
abiotic or biotic conditions of the seascape, certain aquaculture systems tend 
to be placed within or near specific ecosystems, a phenomenon that in this 
thesis is referred to as aquaculture system - ecosystem links. The exposed 
ecosystems can be more or less sensitive to the system specific impacts. 
Some links are known to be widespread and especially hazardous for the 
subjected ecosystem such as the one between the shrimp aquaculture and the 
mangrove forest ecosystem. The aim of this thesis was to identify and inves-
tigate causes and consequences of other spatial links between aquaculture 
and ecosystems in the tropical seascape.  

 
Two different aquaculture system - ecosystem links were identified by using 
high resolution satellite maps and coastal habitat maps; the link between sea 
cage aquaculture and coral reefs, and the one between seaweed farms and 
seagrass beds. This was followed by interviews with the sea cage- and sea-
weed farmers to find the drivers behind the farm site selection. Many sea-
weed farmers actively choose to establish their farms on sea grass beds but 
sea cage farmers did not consider coral reefs when choosing location for 
their farms. The investigated environmental consequences of the spatial link 
between sea cage aquaculture and coral reefs were considerable both on the 
local coral reef structure, and coral associated bacterial community. Fur-
thermore, coral reef associated fish are used as seedlings and feed on the 
farms, which likely alter the coral food web and lower the ecosystem resili-
ence. Unregulated use of last resort antibiotics in both fish- and lobster farms 
were also found to be a wide spread practice within the sea cage aquaculture 
system, suggesting a high risk for development of antibiotic resistant bacte-
ria. The effects of seaweed farms on seagrass beds were not studied in this 
thesis but have earlier been shown to be rather substantial within the borders 
of the farm but less so outside the farm. 

 
Further, a nomenclature is presented to facilitate the discussion about pro-
duction system - ecosystem links, which may also be used to be able to in-
corporate the landscape level within eco-certifying schemes or environmen-
tal risk assessments. Finally - increased awareness of the mechanisms that 
link specific aquaculture to specific habitats, would improve management 
practices and increase sustainability of an important and still growing food 
producing sector - the marine aquaculture  
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Introduction 

The food production - ecosystem conflict 
 
Since the start of the agricultural revolution, humans have been occupying 
parts of the landscape suitable for production. The river valley civilizations 
along the Nile, Euphrates, Tigris and Huang-He rivers utilized the stable 
flow of fresh water and nutrients provided by the rivers. The riparian ecosys-
tems where converted to agricultural fields that could feed the growing 
population and flourishing civilization (Verhoeven & Setter 2010). The im-
pact of agriculture on the terrestrial ecosystems is immense, since more than 
a third of the global ice free land surface is now converted from primary 
forests or natural grasslands to pastures or cropland (Goldewijk 2001, 
Machovina et al. 2015). Since the 1980s the majority of the conversion is 
taking place in tropical forests and are one of the primary causes of habitat 
and biodiversity degradation (Gibbs et al. 2010). 

 
Mariculture, which is a marine equivalent to agriculture, does not occupy the 
sea surface at the same magnitude as agriculture does on land since the 
ocean is so much bigger and most is far away from human settlements. Most 
mariculture production is concentrated in the coastal zone, in estuaries, river 
outlets, sheltered bays, mangroves, fjords or on land in seawater ponds, and 
very little is produced in the pelagic system (FAO Fishstat 2017). 
 
The coastal zone is important for human livelihoods, wellbeing, and eco-
nomics, and is generally more densely populated than the inland (Costanza 
1999, Martínez et al. 2007). Many different interests are competing for the 
same space such as tourism, shipping, housing and industries. The coastal 
zone holds a unique biodiversity and unique ecosystems (Martínez et al. 
2007), and coastal ecosystems are generating sea food, coastal protection, 
and recreational values that are crucial for hundreds of millions of people 
(Martinez et al. 2007, Liquete et al. 2013).  

 
Aquaculture has during the last decades become one of the fastest growing 
food sectors in the world (Troell et al. 2014, Little et al. 2016). The 2014 
production was estimated to be over 100 million tons, where marine systems 
contributed 47%, freshwater systems 46% and brackish water systems 7% of 
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the total volume (FAO 2016). About 41% of the total volume is freshwater 
fish (mainly carps), 26% is marine algae, and 16% marine molluscs (FAO 
2016). The growth is, however, fastest in brackish waters, where penaeid 
shrimp pond culture is the major aquaculture system, standing for over 75% 
of the brackish water aquaculture production volume (FAO 2016). 
 

Aquaculture in the tropical seascape 
 

Seascape 
The tropical seascape is often described by mentioning the three typically 
diverse, and highly valued ecosystems; coral reefs, seagrass beds and man-
groves (Ogden 1997, Moberg & Rönnbäck 2003, Nagelkerken 2009, 
Berkström et al. 2012). Shallow water coral reefs and mangroves are essen-
tially limited to tropical and sub-tropical conditions while seagrasses are also 
distributed in temperate waters (Kleypas et al. 1999, Short et al. 2007, Giri et 
al. 2011). The three ecosystems occupy different parts of the seascape, and 
can when occurring in the same seascape benefit from each other’s presence, 
where coral reefs act as wave breakers, mangroves as sediment traps and 
seagrasses stabilize the sediment (Ogden 1988, Moberg & Rönnbäck 2003). 
Corals, seagrasses and mangroves can be biologically, chemically, and phys-
ically inter-linked. Organisms such as fish and shrimp migrate between the 
habitats to forage or lay their eggs, and water currents transport nutrients and 
plankton from the inshore mangrove forest, over the seagrass beds out to the 
reef (Ogden 1988, 1997, Berkström et al. 2012).  

 

Mangroves  
Mangroves are halophytic woody plants adapted to the highly variable envi-
ronment in the tidal zone (Lugo & Snedaker 1974, Kathiresan & Bingham 
2001). The global distribution of mangroves has dramatically declined dur-
ing the last 50 years (Valiela et al. 2001, Hamilton 2013). The single major 
driver behind the mangrove-deforestation has been shrimp aquaculture but 
also other types of food production such as rice fields and oil palm planta-
tions have contributed considerably to the habitat loss (Richards & Friess 
2015). Mangroves are more important for sequestration and storage of car-
bon compared than most other ecosystems. The carbon is, however, released 
if the forest is cut down, which is undesirable if the perspective is to combat 
global warming (Donato et al. 2011). Mangroves provide ecosystem services 
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such as timber, medicinal resources, genetic resources, air quality regulation, 
erosion prevention, nursery service and recreation, and are one of the highest 
valued coastal ecosystems in monetary units (de Groot et al. 2012). The eco-
logical and economical land functions and values will change when a man-
grove area is converted from mangrove forest to shrimp ponds (Rönnbäck 
1999, Gunawardena & Rowan 2005). Shrimp ponds have also been associat-
ed with other local, regional and global concerns such as spreading of antibi-
otic resistance, overfishing of seeds and feed, and chemical and nutrient 
effluents (Kautsky et al. 2000, Naylor et al. 2000, Holmstrom et al. 2003, 
Wahlström 2003, Tacon & Metian 2008, Tacon et al. 2009). Lots of im-
provements have been made in farming practices during the last decade, but 
still 30% of the mangrove deforestation in South East Asia is due to aquacul-
ture (Rico et al. 2013, Henriksson et al. 2015, Richards & Friess 2015).   

 

Seagrass meadows 
Seagrasses are flowering plants adapted to grow submerged in saline water, 
on soft bottoms and in clear water with good insolation (Dennison et al. 
1993). They are often growing in dense stands creating meadows, which are 
important habitats for e.g. fish, invertebrates, manatees, dugongs and green 
sea turtles (Beck et al. 2001). Seagrasses belong to the world’s most produc-
tive ecosystems, and are like mangroves effective in sequestering atmospher-
ic carbon into the sediment (Duarte & Chiscano 1999, Duarte et al. 2005, 
Kennedy & Björk 2009). Seagrass has also recently shown to have bioreme-
diation qualities, producing natural biocides that clear the water from micro-
bial pathogens, which is also beneficial for e.g. adjacent ecosystems such as 
coral reefs (Lamb et al. 2017). Other examples of important ecosystem ser-
vices provided by seagrass meadows are; water and sediment purification, 
tourism, mariculture substrate and pharmaceuticals (reviewed by  Nordlund 
et al. 2016). Since seagrasses are dependent on strong solar irradiation, they 
are sensitive to increased water turbidity (Orth et al. 2006). Reduced water 
quality has been the major cause of the last century’s global accelerating loss 
of seagrass meadows (Waycott et al. 2009). Farms where crustaceans or fish 
are cultured often generate organic pollution and increased nutrient loads, 
which leads to plankton growth and increased turbidity and sedimentation. 
Negative effects of coastal pond and sea cage aquaculture have been seen in 
seagrasses such as reduced growth, production and abundance, increased 
mortality, and changes in sediment infauna, associated macrofauna and pro-
tozoa communities (Ruiz et al. 2001, Holmer et al. 2003, 2008, Marbà et al. 
2006, Fortes et al. 2012, Herbeck et al. 2014, Leopardas et al. 2015). Fur-
thermore, seaweed farms placed on seagrass beds have shown to negatively 
affect the seagrass biomass, fish biomass and benthic infauna community 
(Eklöf et al. 2005, Eklöf et al. 2006a, Eklöf et al. 2006b). 
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Coral reefs 
Corals are animals often living in colonies that are building important three 
dimensional structures, which are creating micro habitats for other organ-
isms (Nyström et al. 2008, Graham & Nash 2013). When many corals are 
living in the same area they are forming coral reefs which are one of the 
most diverse ecosystems on earth, harbouring millions of different species 
(Reaka-Kudla 1997, Hughes et al. 2002). Corals are adapted to oligotrophic 
waters through an intricate mutual interaction between the coral host and a 
symbiotic microbial community including photosynthetic algae, bacteria, 
archaea, viruses and fungi (Rohwer et al. 2002, Ainsworth et al. 2010, Ains-
worth & Gates 2016, Haas et al. 2016). The coral- microorganism symbiosis 
is referred to as the coral holobiont, and is sensitive to changes in water tem-
perature, nutrient composition, and grazing pressure (Berkelmans & van 
Oppen 2006, Wooldridge 2009, Correa & Baker 2011, Vega Thurber et al. 
2014, Bennett et al. 2015, Rädecker et al. 2015). With the current change in 
global temperature, a worldwide increase in nutrient emissions and overfish-
ing of coral associated fish the future for the sensitive coral reefs is trouble-
some (Jackson et al. 2001, Baker et al. 2008, Goldburg & Naylor 2005). The 
most biodiverse seascapes are found in countries bordering Indonesia in 
South East Asia in an area called the coral triangle (Hughes et al. 2002, 
Veron et al. 2009). SE Asia is also a hotspot in coastal aquaculture where, 
for example, Indonesian mariculture production is bigger than the European, 
American and African production volume combined (FAO FISHSTAT 
2017). Corals are, like seagrasses, sensitive to aquaculture pond and cage 
farm effluents, where increased mortality, decreased reproductive success, 
changed coral structure and community, decreased coral cover, and changed 
microbial community have been reported as consequences of farm effluent 
exposure (Loya et al. 2004, Villanueva et al. 2006, Garren et al. 2008, 2009, 
Huang et al. 2011, Huang et al. 2012). 
 

Linking production to seascape characteristics 
Coastal ecosystems do not occur randomly in nature but are dependent on 
the seascape inherent abiotic and biotic conditions. Placement of production 
systems are also influenced by the physical carrying capacity of a particular 
site, i.e. the biotic and abiotic services, and this in turn has consequences in 
the sense that some production systems spatially overlaps with certain eco-
systems or habitats (Ross et al. 2013). Major aquaculture systems are spatial-
ly linked to specific ecosystems such as shrimp farms to mangroves and 
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salmon farms to fjords (Figure 1). The causes behind the links vary between 
systems. The steep fjords provide wind shelter, suitable water temperature 
and circulation to the salmon farms and the mangroves provide cheap land, 
feed, seed and water exchange (Primavera 1997, Muir & Young 1998). The 
production system - ecosystem link can lead to certain ecosystem specific 
problems such as shrimp farms negative impact on global mangrove distri-
bution and health. However, evaluation of aquaculture systems ecological 
impact is seldom performed at the ecosystem level (Micheli et al. 2014). The 
extension of the problem with aquaculture in the tropical seascape is not 
known since the aquaculture systems are relative new and rapidly expanding, 
often placed in poor countries, in ecosystems covered by water (Moberg & 
Rönnbäck 2003, Bostock et al. 2010, FAO 2016). It is important to find 
causes and consequences of potential spatial links between aquaculture and 
ecosystems before we get another shrimp farming - mangrove conservation 
conflict. 
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Figure 1. Visualization of aquaculture system - ecosystem links. The figure 
schematically describes how aquaculture requirements can be filled by land-
scape functions, thereby creating couplings between the production system and 
the ecosystem. Hypothetically, for each coupling the link gets stronger.  
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Scope of the thesis 

The environmental impact of aquaculture production will depend on where 
the farm is placed, and on which natural resources from what ecosystems 
that are used. On a production system level, the scale is also of significant 
importance. The overall purpose of this thesis was to evaluate aquaculture 
system effects with focus on placement in the seascape and the relation to 
ecologically and economically important and sensitive ecosystems. The spe-
cific aims were to investigate: 

 
 

1. Aquaculture - ecosystem spatial links between sea cage aquaculture 
and coral reefs, and seaweed farms and seagrasses 

 
2. Environmental effects of aquaculture placement and distribution  

 
3. Sustainability issues regarding resource use within the Vietnamese 

sea cage farming industry  
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Methods and study area 

Study area and aquaculture systems 
This thesis focus on two different aquaculture systems; the sea cage aquacul-
ture system, common in SE Asia, and intertidal seaweed farming system, 
common in East Africa. The two geographical regions differ in aquacultural 
development, where SE Asia is the major production region in the world and 
East Africa still has a less developed mariculture sector (FAO Fishstat 
2017). The sea cage aquaculture system produces high valued carnivore fish 
and lobsters and requires a substantial input of feed and capital (Hung & 
Tuan 2009, Petersen & Phuong 2011), whereas the seaweed farm system 
cultures primary producers that do not require feed, and little inflow of capi-
tal (Msuya 2006). SE Asian sea cage farms are often family owned, and the 
family or parts of the family often live in small houses built on the floating 

Figure 2 Regions investigated in the thesis. Paper 1; Vietnam, Hainan (China), 
Taiwan, Luzon (Philippines), Java (Indonesia), Papers 2 and 4; Vietnam and 
Paper 3; Zanzibar (Tanzania). 
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rafts supporting the cages. The sea weed farms simply consist of a rope with 
attached algae fragments, tied between two wooden poles, and are often 
managed by women as a part time or full time business (Jiddawi & Khatib 
2008). 
 
Prior to field sampling, the entire Indo Pacific coast was scanned using 
Google Earth to find and map coastal aquaculture structures. Two countries 
(Vietnam and Tanzania) with high densities of the two different farming 
structures (sea cages and algal ropes) where chosen for further in situ studies 
(papers 1-4) (Figure 2).  
 

 

Methods 
Aiming to understand patterns of how farmer placement decisions are linked 
to the seascape, as well as the environmental effects of these decisions at 
different levels of biological organization from molecular to ecosystem 
scale, the methodology of this thesis has ended up to be rather diverse (Fig-
ure 3).  

Large-scale seascape patterns through remote sensing 
To understand placement patterns at the farming system level, high-
resolution satellite images were used. Google Earth provides good global 
coverage of images from various satellites such as QuickBird, WorldView 1-
4 and GeoEye 1 with a multispectral resolution of 2 m or better. Most aqua-
culture structures are clearly visible at this resolution under favourable 
weather and tidal conditions (Al-Abdulrazzak & Pauly 2012, Trujillo et al. 
2012). Except for finding and mapping farms (papers 1 and 3), satellite pic-
tures have also formed the basis of the habitat maps used in this thesis (pa-
pers 1, 2 and 3). Furthermore, large scale water characteristics such Chl a 
values and have also been derived from satellite images (paper 2). 
 

Farmer perspectives and practices 
In order to get first-hand information of farming practices and potential 
farming side effects (papers 2 and 4), and to find out what is important for 
the farmer when selecting farming site (papers 2 and 3), interviews were 
conducted with sea cage farmers (papers 2 and 4), seaweed farmers (paper 
3), and fishermen and fish retailers dealing with sea cage farms (paper 2). 
The interviews were done in two major ways by semi-structured interviews 
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and in private (papers 2 and 4), or in focus groups (paper 3). In Vietnam one 
stakeholder on each sea cage farm, fishing boat, or the boat selling trash fish 
to the sea cages, was interviewed for about 20-30 minutes, with help from a 
Vietnamese-English speaking interpreter (papers 2 and 4). The conversation 
ran freely but was aiming to answer certain questions in a pre-printed inquiry 
sheet. In Zanzibar (paper 3), the interviews were mainly performed with help 
from a Swahili-English speaking interpreter in focus groups with 10-25 par-
ticipants that could interact and discuss the different subjects (Kitzinger 
1994, 1995). During the interviews, the different individual perspectives 
were noted. 
 
 

Field sampling 
Field sampling was done for two major reasons; to assess ecosystem effects 
of sea cage aquaculture (papers 1 and 4) and to ground truth satellite map-
ping of habitats and farms (papers 1 and 3). The environmental effects were 
measured in various biological endpoints on the coral reef ecosystem. The 
sampling was conducted by SCUBA diving on shallow reefs in Nha Trang, 
and Phu Quoc in southern Vietnam. Methods used were; photo transects to 
assess cage farming effluent responses on e.g. coral structure, cover, and 
mortality (paper 1), coral tissue and coral mucus sampling for identification 
of bacteria and tissue stable isotope values (paper 4). The endpoints were 
generally sampled in a distance gradient to sea cage farms to gather infor-
mation on how far the impact of the farming cluster was detectible. Identifi-
cation of bacterial strains was done by sequencing of 16s rDNA gene. To 
investigate if sea cage aquaculture antibiotic use were causing antibiotic 
resistance to spread to the coral holobiont, antibiotic growth inhibition tests 
were done on two bacterial strains Bacillus niabensis and B. pumilus. The 
two Bacillus strains were chosen because they were found in coral mucus, on 
three different distances from cage farm effluents, respectively. 
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Figure 3. Triangulation of the research questions in focus in the thesis.  
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Results & Discussion 

Aquaculture - ecosystem links 
The two aquaculture systems studied in this thesis; SE Asian sea cage aqua-
culture and East African sea weed farms were both linked to specific envi-
ronments, organism groups and ecosystems (paper 1, 2 and 3). 

 
 The results of paper 1 showed that most of the sea cage farms in SE Asia 
were placed close to coral reefs. A majority of sea cage farms in four out of 
five countries within the study, including Vietnam, Taiwan, Philippines and 
Indonesia, were placed within 1 km from a coral reef and almost all farms 
within the study had a coral reef within 5 km distance. The major cause for 
placing the sea cages close to the reef was overlapping environmental needs 
between the sea cage farms and the coral reefs, rather than the need for ser-
vices provided by the reefs (paper 2). Some of the abiotic requirements of 
coral reef ecosystems were the same or overlapped with the environmental 
preferences of the sea cage farmers. One such shared preference variable 
presented in paper 1 and investigated in paper 2 was clear oligotrophic wa-
ter. Corals are, as mentioned in the introduction, adapted to oligotrophic 
conditions. Oligotrophic waters also satisfy the sea cage farmers need for 
oxygen rich water with low bacterial growth. The farmers mentioned water 
quality as one primary concern in farm site selection and the farms were also 
in general found in waters with significantly lower Chl a levels than the 
coastal average (paper 2). A second cause for the spatial overlap of cages 
and corals was investigated in paper 2. The sea cage farms need protection 
from wind and waves, especially during the monsoon season. That promoted 
the farmers to place their sea cages close to land on the leeward side of steep 
rocky coasts. Coral larvae need a hard substrate to settle and the coral distri-
bution is therefore limited to rocky parts of the coast. Although many farm-
ers were dependent on coral reef derived seedlings and feed, proximity to 
coral reefs was not recognised as important in farm site selection by the 
farmers.     
       
The seaweed farms in Zanzibar were distributed in a shallow narrow depth 
corridor parallel to the coast (paper 3). The reason for this distribution was 
logistic, primarily limited by the demand for a farming area accessible by 
foot, and urge that the farmed seaweed should not be exposed to air and sun-
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light for too long during low tide. With the large tidal fluctuations in the 
area, the suitable farming depth corridor showed to be quite limited. Within 
the corridor the seaweed farms were clustered in quite dense stands, and 
many farmers said that there was competition for farming space. Further-
more, seaweed farms were linked to seagrass beds within the farming corri-
dor, as proposed by de la Torre-Castro & Rönnbäck (2004). Seaweed cultur-
ing guidelines produced during the 1990s, encouraged seaweed farmers to 
place the farms on vegetation such as seagrass (Eklund et al. 1992, Ask 
1999), both because the substrate is suitable for the wooden poles and that 
the presence of certain seagrass and algal species indicate good conditions 
for seaweed farming. The interviewed seaweed farmers also mentioned 
seagrass as a suitable and preferred habitat. Almost all mapped farming 
patches were at various rates covering seagrasses. In farming areas with no 
seagrasses, algal beds seemed to be the targeted habitat instead. 
The two studied aquaculture systems are thus linked to their respective eco-
system in two separate ways; seaweed farms and seagrasses are deliberately 
physically linked, whereas sea cage farms and coral reef are linked by abiot-
ic circumstantial seascape characteristics such as shared preference for rocky 
coasts and oligotrophic waters. 

 

Environmental effects of aquaculture - ecosystem links 
The in situ environmental studies in this thesis focus on sea cage aquaculture 
effects on coral reefs. The effect of seaweed farms on seagrasses and adja-
cent ecosystem has been thoroughly studied by others (Ólafsson et al. 1995, 
Eklöf et al. 2005, 2006a, 2006b, Halling et al. 2013, Tano et al. 2015, Dahl 
et al. 2016, Poonian & Lopez 2016). The main disturbance mechanisms as-
sociated with seaweed farms are shadowing from the algal ropes and tram-
pling by the farmers, which results in e.g. increased seagrass mortality, low-
ered production, changes in fish and invertebrate community composition 
(Ólafsson et al. 1995, Eklöf et al. 2005, 2006a, 2006b, Dahl et al. 2016). 
According to the results in paper 1, 2 and 4, the effects of sea cage aquacul-
ture on nearby coral reefs and associated assemblages seem to be substantial. 
Changes in community structure at different trophic levels of the coral eco-
system, from coral host to coral associated bacteria was found (Figure 4).   
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Benthic community 
In paper 1, the coral cover, and especially the sensitive branching corals, 
increased with distance from sea cage farms. This corresponds to the de-
creasing cover of turf algae and dead corals along the same gradient. Similar 
patterns have been shown on coral reefs near sea cage farms in Taiwan 
(Huang et al. 2011), the Philippines (Villanueva et al. 2006) and Israel (Loya 
et al. 2004). A probable cause for this pattern is excessive release of nutri-
ents from the sea cage farms (Loya et al. 2004, Huang et al. 2011). When 
coral reefs are exposed to eutrophication a number of severe effects have 
been shown, such as decreased calcification, increased susceptibility to dis-
eases and bleaching (Tomascik & Sander 1985, Hoegh-Guldberg et al. 1997, 
Bruno et al. 2003, Fabricius 2011, Vega Thurber et al. 2014) (Figure 4). The 
decreasing coral cover near fish farms is likely to be at least partly caused by 

Figure 4. The percentage of sea cage farms found at different distances from coral 
reefs and maximum distances from farms where changes in water quality and function-
al effects on coral reefs have been observed in paper 1, 2, 4 and elsewhere. *Coral reef 
fish are utilized in cage farms, however direct effects have not been measured. 
6Villanueva et al. 2006, 7Loya et al. 2004, 8Huang et al. 2012b, 9Garren et al. 2008, 
10Huang et al. 2011, 11Huang et al. 2012a. Modified from figure 7, in paper 1, to in-
clude more recent studies in this thesis. 
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one or a combination of these effects. Close to the farms the algae grow on 
either dead or partly dead as well as living corals, which indicate that algae 
have an advantage over the corals in the interspecific competition. Turf algae 
overgrowth can be caused both by lowered coral resilience and by increased 
nutrient levels (McCook 2001), however, the underlying mechanisms were 
not investigated in this study. 
 

Fish community 
The sea cage aquaculture industry may cause algal overgrowth on corals due 
to overfishing of herbivorous fish (Littler et al. 2006). The results in paper 2 
show that coral reef fish and crustaceans are utilized as feed and as seed for 
grow out stocks in the sea cage farms. In Nha Trang, the area where the coral 
reefs were examined in paper 1, a majority of the sea cage farmers cultured 
wild caught coral reef associated species. The grow out stocks are carnivo-
rous fish and lobsters and the removal of these species will thus not have any 
direct effects on the coral reef algae, although indirect both positive and 
negative effects through trophic cascades may be possible (Dulvy et al. 
2004, Mumby et al. 2006, Bruno et al. 2009). The fishing of algal grazers 
such as Siganids (rabbit fish) to be used as feed in the cages, however, is 
more likely to have a direct effect on algae growing on the coral reefs (Fox 
& Bellwood 2008). The fishermen in Nha Trang were estimated to land 427 
tons of locally caught rabbit fish per year, of which a substantial part is sold 
as feed to the cage famers (paper 2). The Vietnamese fishing fleet has been 
reported to use small mesh sized nets and load catches way over maximum 
sustainable yield (Pomeroy et al. 2009). In paper 2, interviews with Viet-
namese fishermen confirmed the use of small mesh nets, and all fish larger 
than 2 cm was targeted to primarily be used as fish feed, processed, or as 
trash fish. Locally, in Cat Ba in northern Vietnam, more than half off all 
catches were aimed for the sea cage farms. The long term effect of this un-
sustainable outtake is hard to predict but will likely be substantial and se-
vere, ecologically as well as economically (Ludwig et al. 1993, Jackson et al. 
2001, Pauly et al. 2002).    
 
 

Microbial community 
Sea cage farming effects on the coral mucus bacteria community were inves-
tigated in paper 4. The results indicate that sea cage effluents affect the bac-
terial community. The communities close to cage farms differ significantly 
from the reference sites. The functioning of the coral mucus bacterial com-
munity is largely unknown (Rosenberg et al. 2007, Krediet et al. 2013, Car-
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dini et al. 2016, Glasl et al. 2016). The coral mucus bacterial community has 
been shown to protect the coral from infections and contribute with available 
nitrogen through nitrogen fixation (Shashar et al. 1994, Ritchie 2006, Kredi-
et et al. 2013, Cardini et al. 2016). The bacteria identified in paper 4 must be 
considered as a small sample compared with studies using more refined 
techniques (not dependent on traditional plating), where the number of dif-
ferent bacterial strains found per coral sample can be 50-100 times higher 
(Roder et al. 2015). Many of the functions of the specific bacteria found are 
not known, and some of the strains have not been found in corals before. The 
bacteria used in the growth inhibition tests Bacillus niabensis and B. pumilus 
have been shown to produce antibiotic compounds, and B. niabensis can 
metabolize toxics from e.g. oil spills (Ibrahim et al. 2008, Bassey & Grigson 
2011). Growth inhibition tests on B. niabensis showed that the susceptibility 
towards antibiotics applied in the cages increased with distance from the 
farms. The development of antibiotic resistance in “good” mutualistic bacte-
ria may not be bad for the corals, however, also pathogens can develop re-
sistance and “good” bacteria can mutate and become pathogenic, or the re-
sistance may transfer to pathogenic bacteria via gene-swapping (Goldenfeld 
& Woese 2007). How much of the observed shifts in bacterial community 
along the gradient that are caused by the antibiotics released from the farms 
is yet to be investigated, but antibiotics are developed to kill bacteria and 
have shown to have major impact on coral microbiotic communities in lab 
tests (Sweet et al. 2011, 2014, Smith et al. 2015). 

Socio-ecological effects 
Many aspects regarding the farmers’ health can be improved in Vietnamese 
sea cage aquaculture and seaweed farming in Zanzibar. Fröcklin et al. (2012) 
compared the perceived health status between seaweed farmers and other 
professionals and concluded that seaweed farmers considered their status 
worse than the others. Many of the problems related to the farmers´ health 
could be solved in simple inexpensive ways such as by using sunglasses to 
protect the eyes, or sandals to protect the feet, but the farmers financial mar-
gins are small and their health status is not prioritized (Fröcklin et al. 2012). 
 
The antibiotic use on the sea cage farms is directly hazardous for the sea 
cage farmers, both due to the direct handling including continuous repeated 
skin contact with the toxic compounds, but even more due to the extensive 
use of last resort active substances (Paper 4). The farmers also eat molluscs 
growing within the farm, that filter the antibiotic infested waters and the fish 
aggregating outside the cages, which may lead to unintended consumption of 
antibiotic residues. Farmers also use the sea next to the cages as toilet. This 
handling leads to the development of antibiotic resistance for many different 
antibiotics crucial to treat both animal and human pathogens. The results in 
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paper 4 show that the use of antibiotics does not significantly improve the 
stock survival rates. However, the antibiotics are cheap and easy to access 
and the stocks are expensive, so the chance that the antibiotics could have an 
effect is worth the low monetary cost. This illustrates a perfect but sad ex-
ample of the tragedy of the commons, where the short term self-interests 
lead to decisions which are bad in the long-term for all that share the com-
mon resource (Hardin 1968).       
 

Couplings, links and interactions  
In this section of the thesis I will present a nomenclature to clarify, simplify 
and enable a discussion about causes and consequences of production system 
- ecosystem spatial relationships. Examples from both land- and sea-based 
systems will be used and three concepts will be presented, and defined:  

 
1. Production system - ecosystem couplings 
2. Production system - ecosystem links 
3. Production system - ecosystem interactions 

 

Production system - ecosystem couplings 
Couplings are unspecific drivers that can create production system-
ecosystem links. Special production requirements that can be filled by the 
ecosystem services or needs that overlaps with the ecosystem abiotic re-
quirements (Figure 1). The primary intention with the term “coupling” with-
in this framework is that it leads to spatial links between the production sys-
tem and the ecosystem 
 

 
The couplings identified between sea cage aquaculture and coral reefs in 
paper 2 were clear oligotrophic water and rocky coasts, and can be character-
ized as overlapping abiotic requirements. Another example of overlapping 
abiotic requirements is viticulture (wine grape farms) and Mediterranean 
climate. Climate regimes that each ecosystem is evolved to, can also be a 
suitable climate regime for production. The Mediterranean biome is one of 
the most diverse biomes in the world. Hot dry summers and mild winters 
with more rain characterize Mediterranean climate. The Mediterranean cli-
mate can be found in south-western USA, South Africa, south Australia, 
central Asia, south-western South America and of course in countries by the 
Mediterranean Sea. This correlates largely with the major wine districts in 
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the world (Fairbanks et al. 2004, Schulz et al. 2011, Hannah et al. 2013, Vi-
ers et al. 2013).  

 
In paper 3, the described coupling between the seaweed farms and seagrass 
beds is rather direct. The farmers target the seagrass when choosing location 
for their farms. The seagrass provides a good stable substrate, with lower 
temperature compared to e.g. bare sand. The coupling is, however, indirect 
from another point of view. The seagrass happens to grow in the narrow 
depth corridor where the farmers are forced to place their farms. In seaweed 
farming villages in seascapes with no seagrass in the farming corridor, the 
farmers will instead put their farms in other habitats such as algal beds.  
Sometimes the coupling between systems can be very direct and therefore 
considered natural, as with hydropower and rivers, and therefore not worth 
mentioning. In other situations the couplings can be rather abstract and con-
sist of historical landscapes and production such as the large boreal forests 
once covering Europe and North America that are now converted to e.g. 
wheat and maize fields (Goldewijk 2001).  

 
Couplings could possibly also be driven by social aspects of a landscape. For 
example when the inherent service of the ecosystem is not the primary target 
but the need to make a living, and the alternatives are few. In the tropics, 
clearing of rainforest for agricultural activities, have been linked to poverty, 
and ill-defined property rights, where the forest has been considered an open 
access resource (Hobbs 2001, Zwane 2007). Whether this sort of linking is 
an oversimplification, a Malthusian artefact, or simply wrong, has been de-
bated (Reardon & Vosti 1995, Wunder 2001, Gray & Moseley 2005, Khan 
& Khan 2009). Laws, regulations and local institutions, as well as increased 
local and global demands, have been suggested as alternative explanations 
(Reardon & Vosti 1995, Wunder 2001, Gray & Moseley 2005).  
 

Production system - ecosystem links 
Production system - ecosystem links, when a certain type of production sys-
tem tends to end up in certain types of landscapes/seascapes, ecosystems or 
habitats, as a result from various ecosystem - production system couplings.  

 
The link concept within this framework is developed in order to diversify the 
discussion and to potentially lead to new perspectives and insights in envi-
ronmental management and spatial planning. The knowledge of existing 
spatial links might be especially helpful in aquatic environments where the 
impacts of the production is often less visible. Extra focus should be put in 
identifying of production links with high diversity ecosystems in areas where 
there are still natural ecosystems left to protect. 
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Production system - ecosystem interactions  
The concept production system - ecosystem interaction under this framework 
refers to two different forms of interactions. The first is the level of depend-
ence on the specific ecosystem services for the production, which might be 
measured as the number and/or the strength of ecosystem specific couplings 
making up the link. The other interaction is the level of impact of the pro-
duction on the ecosystem. The interactions can be classified using biological 
interaction terms, which are used when describing the relationships between 
e.g. parasites and hosts (Figure 5).  
 
The mutualistic relationship is what to aim for, where both the production 
system and the ecosystem benefits from the presence of the other. Examples 
of mutualistic interaction could be when raising livestock on semi-natural 
grasslands, or farming mussels in eutrophicated waters (Hansson & Fogel-
fors 2000, Lindahl et al. 2005). Another production form promoting the eco-
system is when the interaction is commensalistic, where the ecosystem bene-
fits from the spatial link, but the production system is unaffected. This kind 
of interaction could arise when production builds new substrates that can be 
colonized by various organisms such as corals growing on oil rigs (Sam-
marco et al. 2004, Gass & Roberts 2006). Production systems that do not 
impact nor gets impacted by the linked ecosystem, in a fully neutral interac-
tion are hard to imagine in this context. Small fully circulated systems such 
as aquaponics might be rather neutral but are likely not linked to specific 
ecosystems (Rakocy et al. 2006, Blidariu & Grozea 2011).  
 
The aquaculture system - tropical seascape ecosystem links studied in the 
present thesis are placed in the 4th quadrant of Figure 5, which indicate some 
level of parasitism, where the production system benefits from the spatial 
link with the ecosystem but the ecosystem is negatively affected by the pro-
duction. The placement within the 4th quadrant in Figure 5, may give a hint 
where management efforts should be concentrated.  
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In an amensalistic relationship, such as the relationship between cage farms 
and coral reefs, where the spatial link is bad for the corals but does not mat-
ter for the farms, the primary management effort should be relocation of the 
farms. Since the link is not important for the cage farms, hypothetically, the 
link could be broken by e.g. moving the farms away from the coral reefs to 
other places with wind shelter and good water quality.   
 
Seaweed farms spatial link to seagrass beds on the other hand are more de-
pendent on the ecosystem services provided by the seagrass ecosystem, and 
they are thereby harder to move. The management efforts to break the link 
could instead be to change farming practices to floating lines, by supply 

Figure 5. Conceptual model to illustrate interactions between spatially linked 
production systems and ecosystems. The further down to the right in the 4th quad-
rant the system is placed, the larger is the risk for collapse of both production and 
ecosystem. 
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training and equipment to the farmers to be able to place the farms in deeper 
waters with likely less impact on the bottom substrate.  
  
Shrimp pond aquaculture system relationship to mangroves can in many 
cases be described as parasitic, where the production depends on the ecosys-
tem but at the same time destroying it. Due to the many couplings, manage-
ment efforts are more complicated (Figure 1). Considering the immense 
impact this aquaculture system has made on the world mangrove forests, one 
can argue that new establishment of ponds in mangroves should be very 
limited.  

 
To summarize, the lower on the y-axis in Figure 5 an aquaculture system is 
found, the urge for changing the placement and/or farming practices in-
crease. The further to the right on the x-axis the system is placed the harder 
it will be to break the coupling by moving the farms and change the farming 
practices. 
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Main findings 

Paper 1 
 
• Shows the spatial link between SE Asia sea cage aquaculture and 

coral reefs and  
• Point out the importance of a safety distance to protect corals from 

sea cage effluents.     
 

Paper 2 
 
• Explains the spatial link between sea cage farms and coral reefs by 

two main couplings, i.e. clear water and rocky coasts.  
• Reveals external effects of placing sea cage farms in coral reef areas 

by utilization of coral reef fish and lobsters as feed and seedlings. 
   

Paper 3 
 
• Shows the spatial link between seaweed farms and seagrass beds in 

Zanzibar, Tanzania.  
• Explains the spatial link by couplings to depth distribution and that 

seagrass is generating a favorable microclimate for seaweed farm-
ing. 

 
Paper 4 

 
• Displays how the antibiotic use in Vietnamese fish and lobster sea 

cage farms cause antibiotic resistance in the coral Fungia fungites 
mucus layer.  

• Shows the wide spread, dangerous and unproductive use of last re-
sort antibiotics in the sea cage farms. 
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Concluding remarks & future studies 

The spatial link concept presented in this thesis highlights the risk of intro-
ducing certain production systems to specific seascapes. A natural extension 
of the thesis may be to expand the geographical area and include more aqua-
culture systems. One possible method would be to automatize the identifica-
tion and expansion of aquaculture, which is already done in rainforests, 
tracking the deforestation in real time (Popkin 2016). A lot can be learned by 
looking at where and in what type of seascape the aquaculture expansion has 
taken place in SE Asia, where in many places a majority of the coastline is 
occupied by different types of aquaculture systems. By studying distribution 
patterns in SE Asia, more production system - ecosystem links and potential 
conflicts may be identified. The knowledge earned could be applied to less 
exploited coasts in the rest of the world.  

 
The methods used have been based on primarily free, easy to access, high-
resolution satellite data combined with interviews, and can easily be applied 
by local NGOs. The concept itself may also function as a pedagogic tool 
acknowledging the importance of holistic views on management.  
The spatial linking concept may also fit in context within eco-labelling 
schemes. One example of an existing acknowledged link that influence the 
willingness to buy the product is the one between palm oil and tropical for-
ests (Disdier et al. 2013, Giam et al. 2015). However, not nearly enough to 
halt the current rainforest and mangrove deforestation (Wicke et al. 2011, 
Richards & Friess 2015, Furumo & Aide 2017). Environmental effects of 
food production are hard to accurately measure, but it is important to try 
(Foster et al. 2007). It has been proposed that global industrial food systems, 
through their complex production structures, have created a mental and geo-
graphical barrier to the consumers, which in turn has led to igno-
rance/acceptance for the environmental consequences of the production 
(Friedmann 1992, Clapp 2015).  

 
Linking a specific production system (sea cage aquaculture) to a specific 
environment (coral reefs) may help in understanding general implications of 
the production system and the effect it may have on the surrounding ecosys-
tem.  
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Sammanfattning på svenska 

Vattenbruk har en allt mer betydande roll i den globala produktionen av fisk, 
skaldjur och alger. De miljömässiga effekterna av den ökade produktionen är 
styrda av typen av vattenbruk och beror på var odling placeras. Ibland kan 
landskapets olika biotiska och abiotiska förutsättningar göra att vissa typer 
av vattenbruk systematiskt hamnar i eller nära specifika ekosystem, ett fe-
nomen som i denna avhandling benämns som en länk mellan vattenbrukssy-
stem och ekosystem. Det berörda ekosystemet kan vara mer eller mindre 
känsligt för ett vattenbrukssystems påverkan. En del länkar mellan vatten-
bruk och ekosystem är globala företeelser t.ex. länken mellan räkodlingar 
och mangroveträsk. Den länken har i stor utsträckning bidragit till den dra-
matiska minskningen av mangroveträskens utbredning. Målet med denna 
avhandling har varit att identifiera orsaker till, och konsekvenser av, spatiala 
länkar mellan vattenbruk och ekosystem i tropiska hav. 
 
Två olika vattenbrukssystem- ekosystem länkar identifierades med hjälp av 
högupplösta satellitbilder och habitatkartor; länken mellan kassodlingar och 
korallrev i Sydostasien samt länken mellan algodlingar och sjögräsängar i 
Tanzania, Östafrika. Karteringarna följdes upp av intervjuer med odlarna för 
att få reda på deras perspektiv gällande val av odlingsplats och odlingssätt.  
Länkarna uppstod framförallt p.g.a. överlappande abiotiska krav t.ex. vatten-
kvalitet, bottentyp och djup men förstärktes även av att vattenbruken utnytt-
jande ekosystemtjänster från respektive ekosystem. Många kasseodlingar 
odlade fisk och languster som tagits som yngel från koralreven. Dessutom 
användes ofta korallrevsfisk som föda i odlingarna. Stora mängder antibio-
tika användes i framförallt langusterodlingarna, varav många av de aktiva 
substanserna är förbjudna i vattenbruk och endast avsedda för svåra sjukdo-
mar inom sjukvården.  
 
Genom dyktransekter, och insamling av korallvävnad och korallmukus (ko-
rallslem) undersöktes kassodlingarnas påverkan på korallreven. Utsläppen 
från kassodlingarna hade en stor påverkan på de närliggande korallreven. 
Alla effekter som undersöktes minskade med avståndet mellan rev och od-
ling. Rev nära odlingar hade färre koraller som täckte botten, och de som 
fanns var i högre uträckning döda eller täckta av fintrådiga alger. Täckning 
av habitatbyggande grenade koraller minskade också ju närmre man kom en 
kassodling. Hos koraller som låg nära kassodlingar ändrade de livsviktiga 
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bakterier som finns i korallens skyddande mukuslager sammansättning och 
utvecklade resistens mot antibiotika som användes på odlingarna  
 
Effekterna av algodlingar på sjögräsängar undersöktes inte i denna avhand-
ling men tidigare studier har visat att algodlingarna stör fisk och bottenfauna 
samt sjögräsens primärproduktion lokalt under själva odlingarna. Kass-
odlingarna påverkade ett större område runt odlingarna där stora effekter på 
korallreven syns flera tusen meter från kassarna.  
 
Kopplingen mellan produktionssystem och ett ursprungligt ekosystem är 
ibland självklar som t.ex. den mellan vattenkraft och vattendrag, utan vatt-
nets lägesenergi funkar inte kraftverket. Ibland är den avlägsen p.g.a. histo-
riska eller geografiska avstånd. Ett historiskt avstånd skulle i detta fall kunna 
vara mellan ett vetefält och den skog som tidigare stod där fältet nu ligger 
eller sjön som innan utdikningen kanske fanns där. Ett geografiskt avstånd 
som skymmer kopplingen kan t.ex. vara den mellan sojabönor eller palmolja 
och tropisk regnskog. Många av de grödor vi stoppar i oss vet vi inte hur de 
ser ut eller var de kommer ifrån. Kopplingarna kanske är extra svåra att se i 
marina ekosystem som ju döljs för ögat av vatten. Det viktigt är dock att de 
produktiva, och för människan livsviktiga kustekosystemen förvaltas på ett 
hållbart och rättvist sätt. För att kunna göra det underlättar ett systemper-
spektiv, både på landskapet och på produktionen. 
 
Jag har i den här avhandlingen försökt belysa vikten av att ha ett systemtänk 
när det gäller matproduktion, både när det gäller naturliga ekosystem och 
produktionssystem. Jag har skapat en del koncept som är tänkta att under-
lätta diskussionen om produktionssystem - ekosystemlänkar. Tankesättet kan 
möjligtvis också passa för ekocertifieringssystem eller i ekologisk riskbe-
dömning.   
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