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"Our imagination is struck only by what is 

great; but the lover of natural philosophy 

should reflect equally on little things." 

 

- Alexander von Humboldt 
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Abstract 

Although macroalgae usually are inconspicuous on pristine coral reefs, they 

often thrive on reefs that are subjected to various types of anthropogenic 

disturbance. This thesis consists of five papers and investigates how biomass 

and composition of macroalgal communities on coral reefs are affected by 

regulating factors, such as nutrient availability, herbivory, substrate availabil-

ity and hydrodynamic forces. In addition, ecological functions and potential 

impacts of both wild and farmed macroalgal communities are evaluated. 

Paper I describes a method for using macroalgal tissue nutrient concentra-

tions as bioindicator for nutrient availability, with the possibility to map 

nutrient loading from larger coastal cities. Papers II and III are manipulative 

studies comparing top-down and bottom-up regulation of macroalgal com-

munities, where herbivore consumption seems to be the main regulator of 

biomass whereas nutrient availability mainly influences community compo-

sition. Exclosure of large-bodied herbivores had a positive influence on algal 

biomass in both studies, and during different climatic periods. Paper III also 

includes the influence of hydrodynamic forces on algal community biomass 

and structure by comparing a reef crest and a back reef-habitat. Alterations of 

top-down and bottom-up regulation generally had a stronger effect within the 

protected back reef-habitat, suggesting that such environments may be more 

sensitive to anthropogenic influence. Paper IV confirms the general conclu-

sions from papers II and III by studying macroalgal biomass and composi-

tion on reef sites with different environmental prerequisites. This study also 

supports the notion that herbivorous fish can suppress accumulation of 

macroalgal biomass if substrate availability is low, but not where coral cover 

is reduced and plenty of substrate is open to macroalgal colonization. The 

study also found a large temporal variation of macroalgal standing stock and 

associated nutrients at sites with low top-down regulation. Paper V evaluates 

potential impacts of seaweed farming on coral reefs and nutrients in the sea-

scape by experimentally studying growth, survival and nutrient binding ca-

pacity of Eucheuma denticulatum. This study showed that seaweed farms 

counteract eutrophication through nutrient extraction and that the risk of 

farmed algae colonizing local reefs seems to be small as they were rapidly 
consumed.  

In conclusion, the studies in this thesis contribute to the understanding of 

macroalgal regulation and function in tropical seascapes, thereby adding to 
the knowledge base for coastal management.  

Keywords: Macroalgae • Coral reefs • Nutrients • Herbivory • Ecological 

functions • East Africa • Regulating factors • Anthropogenic influence • 

Seaweed farming • Bioindicator  
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Introduction 

Macroalgae and their ecological 

functions  

Macroalgae constitute a vital part of marine coastal ecosystems. They exhibit 

a variety of functions (e.g. primary production, nutrient binding, habitat for-

mation etc.) and interact with numerous other ecosystem components (both 

other primary producers and heterotrophic organisms) (e.g. Mann 1973; 

Jackson 1977; Sogard & Able 1991; Capo et al. 1999; McCook 1999; Chan 

et al. 2003; Binzer & Middelboe 2005; Duarte et al. 2005; Stamski & Field 

2006). The way macroalgae effects other  ecosystem components (e.g. corals 

and fish) is influenced by various background factors (e.g. nutrient levels and 

herbivore abundance) and can either be beneficial or harmful depending on 

societal perspectives (Carpenter 1986; Lapointe 1997; McCook 1999; Troell 

et al. 2005). This duality is also true for their significant production capacity 

which ranks among the highest on the planet, and is one of their most impor-

tant functions (Mann 1973; Capo et al. 1999). Their biomass within the sys-

tem determines the extent of their functional influence. Although the pro-

duced biomass often benefits the ecosystem in terms of energy supply (being 

transferred in the foodweb) and habitat formation (e.g. Montgomery & Gerk-

ing 1980; Sogard & Able 1991; Duarte & Cebrian 1996), it can also cause 

undesirable expansion of algal coverage with subsequent loss of ecosystem 

functions and resilience (McCook 1999; Troell et al. 2005; Hughes et al. 

2010). Not only are macroalagae strong competitors for space (McCook et al. 

2001), as they may have direct harmful effects on corals in terms of chemical 

interactions (Rasher & Hay 2010), abrasion, and changed habitat conditions 
(McCook et al. 2001; Birrell et al. 2008).  

Because of the many ecological functions associated with macroalgae and 

their complex responses to change, it is important to identify and improve 

our understanding about the factors that influence their growth, reproduction 

and community structure, e.g. nutrient supply, grazing pressure, water mo-

tion, etc. (e.g. Lapointe et al. 2004; Schiel & Foster 2006). Thus, macroalgal 

communities’ responsiveness to anthropogenically induced changes (e.g. 

nutrient loading and release of toxic substances) also enables them as indica-

tors for such events (Kautsky 1998). Macroalgal community composition and 

abundance can be used to estimate anthropogenic impact, ecosystem degra-

dation and changes in water quality (e.g. Ballesteros et al. 2007; Pinedo et al. 

2007; Bahartan et al. 2010), but the physiology and chemistry of individual 

macroalgal species may also serve as indicators for various pollutants, such 

as nutrients (e.g. Fong et al. 2001; Cohen & Fong 2006; Lin & Fong 2008; 
paper I) and heavy metals (e.g. Fytianos et al. 1999; Villares et al. 2001).  
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Macroalgal functional groups and 
regulating factors 

Macroalgae are  divided into functional groups, based on differences in mor-

phology and physiology, that respond differently to external factors, such as 

grazing and nutrient availability (Steneck & Watling 1982; Littler & Littler 

1984b; Steneck & Dethier 1994; Littler et al. 2006). Functional differences 

result from more persistent algal forms investing in a larger proportion of 

non-productive structural tissue than fast growing ephemeral algae (Table 1). 

Such relatively slow-growing forms seem more capable of meeting their 

nutrient requirements at lower nutrient concentrations than fast growing 

forms (Pedersen & Borum 1997). These forms also tend to be better pro-

tected against grazers, which together with a better persistence against dis-
turbance, results in an extended longevity (Steneck & Dethier 1994).  

These different strategies of macroalgal functional groups result in competi-

tion between them, which is driven by external conditions. Two of the main 

factors that shape macroalgal communities are grazing by herbivores and 

regulation through nutrient availability (e.g. Burkepile & Hay 2006). Viewed 

from the macroalgae’s trophic position as primary producers, limited nutrient 

resources can be described as bottom up-regulation whereas consumption by 

herbivores as top-down regulation (although more trophic levels sometimes 

are included in this concept). However, the importance of these factors, and 

the strength of the interaction between them, is debated (e.g. Nielsen & 

Sand-Jensen 1990; Hughes et al. 1999; Lapointe 1999; Littler et al. 2006). 

The relative importance of these modes of regulation was tested experimen-

tally on natural macroalgal communities in papers II and III. Their potential 
to explain differences between sites was also evaluated in paper IV.  

As this thesis focuses on regulation through limited/excess nutrient resources 

(bottom-up) and consumption by herbivores (top-down), the relation between 

macroalgae, nutrients and herbivores will be described in further detail in the 
following sections. 

 

Table 1. Properties of macroalgal functional groups. Summarized from Steneck & Watling 1982 and 

Littler & Littler 1984. Properties increase in the direction of the arrows. 

Functional group Example 

Penetration 
resistance  

Grazing 
difficulty 

Complexity/ 
thallus size 

Net primary  
productivity  

Photosynthetic  
tissue (%) 

1. Filamentous Cladophora      

2. Foliose Ulva      

3. Corticated Caulerpa      

4. Leathery Sargassum      

5. Articulated calcified Halimeda      

6. Crustose corallines Lithothamnion     
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Macroalgae and nutrients 

Increased supply of nutrients has been shown to increase algal growth in 

situations where nutrients constitute a limiting factor (McCook 1999). It is, 

however, important to realize that it is not only ambient concentrations that 

determine the actual availability and uptake of nutrients to macroalgal tis-

sues. Thus e.g. high water motion can also maintain a high growth rate, even 

in nutrient poor conditions (McCook 1999), and additional factors such as 

light and temperature may further influence nutrient uptake rates (Topinka 

1978). Influence of water motion on nutrient availability and growth was 
further investigated in papers III and V. 

Nutrient enrichment can benefit macroalgae in a number of ways; i.e. in-

crease photosynthetic rates (Littler et al. 1988; Schaffelke & Klumpp 1998), 

enhance growth rates (Larned 1998; Schaffelke 1999), boost community 

diversity (Fabricius et al. 2005) and increase biomass (Schaffelke 1999). 

Furthermore, many macroalgal species are known to accumulate and store 

nutrients (Schaffelke 1999), which can be used for later photosynthetic activ-

ity during low nutrient conditions (Chapman & Craigie 1977; Pueschel & 

Korb 2001). Algae with a high internal concentration of a particular nutrient 

are therefore less likely to be limited by that nutrient during occasional scar-

city. Nutrients have also been known to influence macroalgal community 

structure (Fong et al. 1993; Worm et al. 2000; Lapointe et al. 2004), and are 

frequently assumed to increase macroalgal abundance, either through in-

creased reproductive output or by improved viability of propagules (Lapointe 
1997; Diaz-Pulido & McCook 2005).  

Macroalgal communities are directly influenced by the available amount of 

nutrients, but they may also themselves have a strong impact on the water 

column nutrient concentration, through their uptake and photosynthesis 

(Wheeler & Björnsäter 1992). This significant uptake capacity makes some 

ephemeral forms (e.g. Ulva) strong competitors for nutrients and they have 

occasionally been shown to outcompete phytoplankton for N, even during 

hypertrophic conditions (Herbert 1999). Ulva’s efficient nutrient uptake is 

also the main reason for using it as a bioindicator for nutrient availability in 
paper I. 
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Macroalgae and grazing on coral reefs 

Herbivory is largely responsible for algal distribution patterns on coral reefs 

(Morrison 1988), and has a major influence on plant survival and reproduc-

tion (Lewis 1985). In addition to biomass cropping, herbivores influence a 

number of ecological processes (e.g. sediment accumulation and nutrient 

availability) (McClanahan 1997). They also influence the composition of 

algal communities through the structure of their mouth parts, foraging behav-

ior, feeding frequency and habitat range (Carpenter 1986). Furthermore, 

herbivory directs the competitive prerequisites and is one of the most impor-

tant factors mediating algal overgrowth on corals (McCook et al. 2001). 

However, grazing intensity is heterogeneously distributed; creating spatial 

refuges where algal cover becomes higher (Morrison 1988). Hence, reef 

algae have been shown to be bathymetrically distributed as the herbivores 

ranges are depth dependant (Morrison 1988). Herbivore movement is also 

influenced by the superstructure of the reef, where high complexity provides 
shelter and thereby promotes mobility (Odum & Odum 1955). 

Even if macroalgae are strongly regulated by herbivory, some species have a 

significant capacity to adapt to top-down pressures through development of 

defenses that influence their susceptibility to herbivory, e.g. development of 

deterrent secondary metabolites and morphological adaptations (Lewis 

1985). This was illustrated by Lewis (1985) who showed that macroalgae 

transplanted from a habitat with high grazing pressure was highly resistant to 

grazing, while the opposite trend was shown for algae from a habitat with 

low grazing pressure. Such resistance may allow non-palatable algae to 

gradually take over portions of coral reefs, which are subsequently consoli-

dated through obstruction of coral recruitment (Szmant 2002). However, 

despite the significant importance of herbivore regulation of algal coloniza-

tion on coral substrate, algal outcompeting of corals has been shown to occur 

without reductions in herbivory (McCook et al. 2001), possibly resulting 
from alternations of other controlling factors (e.g. nutrients).  

Fish and sea urchins are often considered the most prominent groups of her-

bivores on coral reefs (e.g. Ogden & Lobel 1978; Hay 1984; Carpenter 1986; 

Morrison 1988; McClanahan et al. 1994), and their activities regulate the 

distribution of both plants and invertebrates (Hay 1984). Collectively, they 

are often referred to as large bodied herbivores and are the only herbivores 

that are directly studied in the current thesis (papers II-V). However, other 

groups such as small mobile invertebrates (i.e. mesograzers like e.g. amphi-

pods and gastropods) may also play an important role as primary consumers, 

and can dominate the herbivore function when fish and sea urchins are absent 

(Duffy & Hay 2000). Nevertheless, mesograzers are often not considered  

particularly important grazers on coral reef macroalgae in terms of biomass 

removal, as they mainly feed on epiphytes (e.g. Brawley & Adey 1981; Car-
penter 1986; Brawley & Fei 1987; Bell 1991).  
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Anthropogenic influence on regulating 
factors  

Numerous regulating factors interoperates to shape macroalgal communities 

(e.g. light, temperature, hydrodynamic forces, substratum availability, nutri-

ent availability, herbivory etc.), whereof many are affected by different kinds 

of anthropogenic activities. However, there is a large global variation in the 

severity of human impact on marine ecosystems (Halpern et al. 2008). Both 

top-down and bottom-up regulation are influenced by anthropogenic activi-

ties through overharvesting of algal consumers (McClanahan et al. 1996; 

Hughes et al. 1999) and increased nutrient loading (Lapointe 1997; Lapointe 

1999). Besides direct effects on macroalgae, anthropogenic activities se-

verely impact upon entire coral reef systems worldwide, often resulting in 

degradation and losses of ecosystem function (Nyström et al. 2000; 

McClanahan et al. 2002). These activities affect the competitive balance 

between different ecosystem components as many groups of species are dis-

favored to various extents, while some actually benefit. The most obvious 

effects are seen within the species we harvest and those sensitive to physical 
and chemical degradation of the coastal zone.  

Coral reef macroalgae may thrive when water quality deteriorates as they 

have been shown to increase with rising nutrient and particle concentrations, 

which is commonly associated with human presence (Fabricius et al. 2005). 

As response is related to the trophic requirements of biota, corals are gener-

ally negatively affected during such development (Fabricius 2005; De'ath & 

Fabricius 2010). Anthropogenic nutrients not only affects corals indirectly by 

enhancing macroalgal productivity as they also may have direct negative 

effects on coral physiology and survival through influence on e.g. calcifica-

tion and their symbiotic relationship with zooxanthellae (Pastorok & Bilyard 

1985). Even if single factors may cause macroalgal proliferation, they gain a 

stronger competitive edge over corals when eutrophication coincides with 

reduced herbivory, often resulting in shifts from coral to macroalgal domi-

nance (McCook 1999; Hughes et al. 2010). Such shifts take place when deg-

radation of coral reefs reach its disturbance threshold, after which the reef 

system undergoes a transition towards an alternative stabile state (Norström 

et al. 2009). These alternative states are usually dominated by macroalgae, 

although dominance by other organisms has been reported (Norström et al. 

2009). However, whether these alternative states really can be considered 

stable or not has been debated (Dudgeon et al. 2010). Apart from shifts be-

tween dominant groups of species disturbed marine communities are also 

more susceptible to invasions by introduced macroalgal species (Williams & 
Smith 2007).  

The reefs studied in this thesis are subjected to various degrees of anthropo-

genic disturbance, which makes them typical for the region where the major-

ity of coral reefs are damaged and/or threatened by anthropogenic activities 
(Obura et al. 2004).  
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Cultivated macroalgae 

Macroalgae generate high commercial values and global cultivated seaweed 

production exceeded 13 million tons, in 2008, at a farm gate value of around 

6 billion USD (FAO 2010). The use of seaweeds goes far back in time as 

“nori” (Porphyra) has been collected for human consumption since the 6th 

century and farming is known since the 17th century (Pulz & Gross 2004). 

However, cultivation of seaweeds for industrial products, such as phycocol-

loids, did not commence until the middle of the 20th century. Even today, 

farming is mainly concentrated to a small number of algal genera’s within 

Rhodophyta and Phaeophyta (Pulz & Gross 2004). Food production is domi-

nated by “nori” (Porphyra), “wakame” (Undaria) and “kombu” (Laminaria), 

while the main phycocolloid products are different alginates, carrageenans, 

agars and agaroses, which are extracted from a dozen of algal genera’s (Jen-

sen 1993; Radmer 1996). The phycocolloids (hydrocolloids) are polysaccha-

rides which are mainly used as thickening agents with different chemical and 
physiological properties (Radmer 1996).  

Besides the generation of commercially valuable products, seaweed farming 

may be environmentally beneficial as nutrients are removed through harvest. 

In some cultivation systems their nutrient binding is maximized and can in 
itself constitute a value (Chopin et al. 2001; Troell et al. 2003).  

Presently, nutrient extraction through harvest of cultivated macroalgae is 

usually associated with co-farming with different types of fed aquaculture 

(e.g. fish, molluscs and shrimps). Extensive evidence supports the efficiency 

of this practice, regarding uptake of dissolved phosphorus and nitrogen (e.g. 

Nelson et al. 2001; Chopin et al. 2001; Lüning & Pang 2003; Troell et al. 

2003;  Zhou et al. 2006; Msuya et al. 2006; Yang et al. 2006). However, 

seaweed farming has been suggested as a potential measure against large 

scale coastal eutrophication (Fei 2004). Paper V evaluates some aspects of 

nutrient extraction through farming of seaweeds for the phycocolloid indus-
try. 
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Study region 

The studies presented in this thesis have been conducted in East Africa (i.e. 

southern Kenya and northern Tanzania, Figure 1), where local dependency 

on coastal resources is high and population growth is rapid, especially in 

coastal regions where annual population increase approaches 6% (Obura et 
al. 2004).  

Due to regional current-patterns, this 

area is a major downwelling area, gen-

erally characterized by low nutrient 

conditions (McClanahan 1988). How-

ever, there are numerous large scale 

nutrient sources along this coastal sec-

tion. Most prominent are major cities 

and larger rivers, draining inland agri-

cultural areas (e.g. Lusugga Kironde 

1999; Obura 2001). In addition to large-

scale nutrient emissions, more localized 

sources (influenced by beachside land 

use) also influence nutrient levels 

through groundwater seepage, dumping 

and flushing by rainfall (e.g. Uku et al. 

1996; Mwashote et al. 1999; Uku & 

Bjork 2001; Obura 2001). The gener-

ally low nutrient levels found in the 

region, in combination with signifi-

cant point source outlets, provide several nutrient “hotspots” that form nutri-

tional gradients. However, regular monitoring of nutrient levels are generally 

lacking and little information exists on the effects of anthropogenic nutrient 
loading.  

Besides nutrient pollution, unsustainable extraction of herbivores by over-

fishing is considered to be one of the largest threats to coral reefs in the re-

gion (Obura et al. 2004). However, some parts of the region are protected to 

various extents from fishing, as they are located within reserves and marine 

parks. These parks have proved effective as protection from commercial 

fishing have been shown to be the strongest predictor of fish abundances and 
diversity within the region (McClanahan & Arthur 2001).  

Figure 1. Map of the studied region. 
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Aims and scope of the thesis  

This thesis investigates how biomass and composition of coral reef macroal-

gal communities are affected by different biological and environmental pre-

requisites. It especially studies the influence of regulating factors such as 

nutrient availability, herbivory, substrate availability and hydrodynamic 

forces, and how these shape algal communities. Finally, ecological functions 

and potential threats from both wild and farmed macroalgal communities to 

coral reefs are evaluated from a seascape perspective. The goal is that this 

information will fill some of the information gaps regarding interactive ef-

fects on macroalgal communities and thereby increase the knowledge base 
for coral reef management. 

Although many aspects of macroalgal regulation have been studied in isola-

tion, in other geographic regions, manipulative field experiments with multi-

ple factors are lacking in the East African region. Effects of increased nutri-

ent availability (nutrification) on coral reef macroalgae have largely been 

neglected in the region as a result of limited nutrient data and a large vari-

ability. This variability originates from the complex interactions between 

tides, currents and monsoon cycles (e.g. McClanahan 1988; Uku & Björk 

2005). Therefore, one of the aims was to develop an indicator of nutrient 

availability that could be used to estimate nutrient loading in the region (pa-

per I). Another aim was to test the relative importance of top-down and bot-

tom-up regulation of natural macroalgal communities. Both in isolation (pa-

per II) as well as together with other regulating factors, such as hydrody-

namic forces (paper III) and substrate availability (paper IV). The thesis 

also includes investigations of cultivated macroalgae (paper V), studying 

survival (in terms of growth and consumption) of introduced algae on the 
reef, as well as estimating nutrient removal through seaweed farming. 

The overall aim of this thesis was to increase the understanding of some key 

factors that govern macroalgal composition, abundance and dispersal on East 

African coral reefs. It also aimed to characterize macroalgal communities on 

these reefs by quantifying standing stocks and describe their composition as 
well as evaluating their nutrient binding function and productivity. 
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Methods used 

The main methods are synoptically described below, but details can be found 
in the specific papers. 

Inventories of macroalgal communities 

The majority of papers in this thesis (papers II; III; IV) are based on sur-

veys of coral reef macroalgal communities over time. The surveys are either 

conducted on site level, using belt transects or sampling plots (paper IV), or 

within revisited experimental plots (papers II; III). During inventories, spe-

cies occurrence, cover and height was estimated/measured. Cover and height 

was then used to calculate thallus volume which was multiplied by a density 

coefficient to give algal wet weight. This method was used as it allows for a 

non-destructive estimation of algal biomass, thus enabling revisiting of plots 
and survey of larger areas.  

Manipulation of nutrients and herbivory 

As the thesis deals with anthropogenic influence on regulating factors it was 

important to be able to experimentally manipulate the studied factors. Top-

down control through herbivore consumption and bottom-up control through 

nutrient availability was therefore manipulated using constructed cages and 
fertilization through addition of fertilizer pellets (papers I; II; III and V).  

Chemical analysis 

Chemical analysis of macroalgal tissue nutrient content (% C:N:P) was used 

to estimate nutrient availability at various sites and occasions, as well as to 

confirm nutrient uptake in fertilized treatments (papers I; II; III; IV; V). 

However, even though this method is a component in all studies it is the 
foundation in paper I, where its usefulness is evaluated. 
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Summary of papers 

Paper I 

”Tissue nutrient content in Ulva spp. (Chlorophyceae) 
as bioindicator for nutrient loading along the coast of 
East Africa” 

Objective: To develop an indicator of nutrient availability in a region where 
good water column nutrient data is generally lacking.  

Good background data on water column nutrients is scarce in the East Afri-

can region and sampling of dissolved nutrients proved to be complicated by 

low concentrations and rapid fluctuations. This led to the development of an 

alternative method for estimation of nutrients available to macroalgae, by 

measuring the tissue nutrient content in Ulva spp. Such a method also pro-

vides an overview of the general nutrient status of sampled areas. The study 

found N to be the limiting nutrient for algal growth and demonstrate Ulva’s 

ability to reflect nutrient gradients along the coast. These gradients originated 

from major cities, with up to 90% higher tissue N levels in vicinity of these 

cities compared to adjacent areas. Despite integrating nutrients over time, 

Ulva responded to small point source additions within 2 days, proving that it 

is able to reflect nutrient pulses. The study suggests that macroalgal tissue 

nutrient content has potential as a complement to regular water nutrient sam-

pling. Even though this paper is primarily a method description, it is impor-

tant in order to be able to include nutrient availability as a factor in future 
studies in the region. 

Paper II 

“Top-down and bottom-up regulation of macroalgal 
community structure on a Kenyan reef” 

Objective: To test the relative importance of top-down and bottom-up regula-
tion of macroalgal communities on a relatively disturbed coral reef. 

As the top-down and bottom-up regulation differs between systems and geo-

graphical regions, this study was conducted to investigate how macroalgal 

communities on a local coral reef respond to increased nutrient resources and 

reduced grazing pressure. The study simulated increased nutrient loading 

through fertilization and overfishing by constructing cages, excluding large 

bodied herbivores.  Nutrient addition increased tissue nutrient content in the 

algae, and fertilized quadrats had 24 % higher species diversity. Herbivore 

exclusion resulted in a 77 % increase in algal biomass, mainly attributable to 

a >1000% increase of corticated forms. These results are in accordance with 
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similar studies in other regions, but are unique in that they indicate that, even 

when prevailing nutrient levels are relatively high and herbivore pressure is 

relatively low, continued anthropogenic disturbance results in further eco-
logical responses within the macroalgal community. 

Paper III 

“Differences in top-down and bottom-up regulation of 
macroalgal communities between a reef crest and 
back reef habitat in Zanzibar“ 

Objective: To test the relative importance of top-down and bottom up regula-

tion of macroalgal communities at sites with different exposure to hydrody-
namic forces. 

This study was conducted to further investigate the responses of macroalgal 

communities to alternations in top-down and bottom-up regulation. This 

study is a follow up to paper II, but is conducted in another area and during 

another climatic period (when macroalgal biomass generally decline). It also 

has an extended design and includes hydrodynamic forces as an additional 

regulating factor. The study showed that both caging and fertilization had 

significant impacts on macroalgal community composition but like paper II, 

only caging showed any significant effects on biomass development. How-

ever, the influences of both these structuring forces were lower at the more 

exposed crest-site. Consumption by fish and sea urchins was, however, esti-

mated to account for approx. 50% of the biomass loss at the more protected 

back reef site. Overall, our results propose that exposure to wave action and 

water motion functions as an important regulating factor, affecting macroal-

gal communities by influencing both top-down and bottom-up regulation. 

Consequently, these results suggest that anthropogenic disturbances may 
have a greater impact on more sheltered coral reef habitats. 

Paper IV 

“Regulation of macroalgal biomass accumulation and 
community structure by herbivory and nutrients on 
Kenyan coral reefs”  

Objective: To study the influence of top-down and bottom-up regulation in 

relation to substratum availability, at field sites with different nutrient load-

ing, grazing pressure and coral cover. The study also aimed to quantify the 

macroalgal component at the studies reefs and to estimate its nutrient bind-
ing. 

Macroalgae are major contributors to the primary productivity of coastal 

waters. As such, they form an important basis for secondary production and 

can significantly influence nutrient dynamics within the coastal system. It is 

therefore important to quantify their presence on different types of reefs and 
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to determine what regulates them. While papers II and III studies regulation 

of macroalgal communities through manipulation of external prerequisites, 

this paper studies the communities on a larger scale, at sites with different 

properties. It investigates temporal variability of macroalgal standing stock 

biomass; community composition; nutrients bound in algal tissue, and dis-

cusses the factors that control these traits. Herbivory once again appear to 

have the strongest influence on macroalgal biomass, while macroalgal tissue 

nutrient concentrations had a stronger influence on algal community compo-

sition. The results suggest that herbivorous fish can suppress accumulation of 

macroalgal biomass where substratum availability is low, but not where coral 

cover is reduced and too much substratum is open to macroalgal coloniza-

tion. The paper also found a large temporal variation of macroalgal standing 

stock and associated nutrients at the sites where top-down regulation was 

weak. Amongst the studied sites, macroalgal biomass averaged around 600 g 

wet weight m
-2

 with a maximal variation of 2 kg m
-2 

between sites, corre-

sponding to a large variation in bound nutrients. Even if large macroalgal 

standing stocks may impact some benthic organisms negatively, they also 

supply a valuable ecological function as they capture land-derived nutrients 
that increase system productivity.  

Paper V 

“Seaweed farming in the tropical seascape – implica-
tions for coral reefs and nutrients in Chwaka Bay, Tan-
zania”  

Objective: To estimate the risk of establishment of the farmed seaweed 

Eucheuma denticulatum on adjacent coral reefs. The study also aimed to 

estimate nutrient removal through seaweed farming and to evaluate its po-
tential for mitigating eutrophication.  

While, the first four studies in this thesis have investigated various properties 

of natural macroalgal populations, paper V study cultivated seaweeds. As 

the global seaweed market continues to grow, seaweed cultivation has in-

creased substantially, and is projected to continue to do so in the future. 

However, cultivated seaweeds maintain many of the functions associated 

with natural macroalgal communities, even though some aspects are largely 

regulated by humans. It is therefore important to evaluate the risks and po-

tentials of farmed seaweeds, as they constitute a growing fraction of the 

global seaweed biomass that keep expanding in the seascape. Paper V inves-

tigates the risk of dispersal and establishment of Eucheuma denticulatum on 

coral reefs by evaluating which factors that limit their growth and their po-

tential for survival. It also explores the potential for nutrient removal through 

harvesting of seaweeds. The study does however, not include other aspects of 

seaweed farming, such as socioeconomics and ecological effects on sea-

grasses. The risk of unwanted colonization of coral reefs outside Chwaka 

Bay currently appears small, as unprotected Eucheuma are rapidly consumed 
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by the large bodied herbivores on the reef. However, overfishing of impor-

tant herbivores may result in unwanted dispersal in the future. Paper V also 

evaluates the nutrient removal potential of seaweed farming and found that 

nutrients bound in the seaweed harvest may considerably reduce nutrient 

accumulation in the bay by extracting ~70-90% of anthropogenic nutrient 

loading (approx. 50 kg N and 4 kg P d
-1

). Such removal by seaweed farming 
may be a cost-effective complement to secondary sewage treatment. 

Although farmed strains of Eucheuma is largely regulated by the same fac-

tors that have been studied in papers II, III and IV, they are also regulated 

by farming practices, as long as they do not disperse. This allows for a 

maximization of desired functions (e.g. primary production and nutrient 
binding) through conscious farm allocation and harvest planning. 
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Discussion 

Methods and scope 

Although the global literature on macroalgae is extensive, it is important to 

unravel the specific properties of East African macroalgal communities as 

ecosystem composition differs between geographic regions (Kerswell 2006), 

and at multiple spatial scales (Smale et al. 2010). This involves mapping of 

both regulating factors and the ecological functions of the algae. As cultiva-

tion also is practiced within the region, an analysis of seaweed farming and 
its consequences is also justified. 

The papers in my thesis aspire to shed some light on what regulates macroal-

gal community composition and biomass, as well as quantify and discuss 

some of their ecological functions. Cultivated macroalgae have also been 

evaluated from both ecological and management perspectives, within the 

scope of a case study. One of the main focal points has been how the macro-

algae affect coral reefs under various environmental prerequisites. However, 

as a wealth of papers exists on coral-algal interactions, none of my studies 

have been conducted on their direct physical relations. Rather, the studies 

encompass macroalgal responses to various environmental prerequisites on 

coral reefs. These responses are studied using both field surveys and multi-
factorial manipulative in situ experiments. 

Besides contributing with geographically specific information, the studies in 

this thesis also include combinations of these regulating factors, which are 

seldom tested together in field experiments. However, the thesis lacks long 

term studies (possibly with the 9 month study in paper IV as an exception) 

as well as laboratory experiments, that would have been helpful to clarify or 

verify findings. This is mainly explained by the limitations of conducting 

fieldwork on another continent and the relative scarceness of laboratory fa-

cilities in the study region. Overall, the papers in the thesis try to use small 

scale studies to draw conclusions regarding mechanisms that also are rele-

vant on larger scales. This is quite common in ecological studies, resulting 

from limited time and resources, but may none the less result in a large mar-

gin of error. Despite the need for extrapolations, the information from these 

studies contributes to the understanding of both regulatory mechanisms and 

macroalgal functions on coral reefs. Such information is vital to improved 

predictions of anthropogenic influence on these systems, and to better under-
stand the macroalgal component in tropical seascapes.  
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Effects of grazing and nutrients on 
macroalgal regulation 

Top-down regulation through herbivory and bottom-up regulation through 

limited nutrient resources has a strong influence on coral-algal interactions 

(McCook 1999), and are discussed in detail in the introduction. These regula-

tory forces are studied experimentally in papers II, III and V. They are also 

studied indirectly, in terms of different site prerequisites, in paper IV. A 

general conclusion from these studies is that grazing seems to have the 

strongest effect on macroalgal biomass whereas nutrients instead mainly 

influence community composition. Nevertheless, it should be clarified that 

these studies only deal with large bodied herbivores (i.e. fish and sea urchins) 
and do not include smaller herbivores (i.e. mezograzers).  

However, it is not only the total grazing pressure that regulates and structures 

macroalgal communities, as variations in herbivore composition also have a 

considerable impact. Fish is usually considered as the most important herbi-

vore on undisturbed reefs, whereas sea urchins may dominate disturbed reefs 

(Hay 1984; McClanahan et al. 1994). These two groups of grazers not only 

differ in consumption rate as sea urchins have been shown to have a higher 

clearance capacity (actual removal of algae), which enables them to suppress 

macroalgal biomass even when there is a large amount of available substrate 

(Mörk et al. in manuscript). One of the underlying mechanisms behind domi-

nance pattern between these grazer groups is the efficient predation on sea 

urchins in undisturbed areas, which also have been shown in East African 
coral reef ecosystems (e.g. McClanahan et al. 1994; Nordemar et al. 2007).   

The studies in this thesis lack direct measurements of water column nutrients 

and instead use macroalgal tissue nutrient content as a measurement of nutri-

ent availability (paper I). This is partially due to the low nutrient concentra-

tions and large short-term fluctuations in the study region, which complicate 

nutrient sampling. Although water-column nutrient levels are important, 

there is not always a direct relationship between the water-column nutrient 

concentrations and the amount of a specific nutrient available to algae. Dif-

ferent species of macroalgae can be limited by different nutrients within the 

same area. Such differences in limitation could result from different nutri-

tional demands, but little is known about the mechanisms behind (Valiela et 

al. 1997; Fong et al. 2003). In diverse ecosystems, such as coral reefs, still 

other sources may provide macroalgae with nutrients for growth. Such 

sources can be heterotrophic organisms that have the capacity to convert 

significant amounts of biological compounds to inorganic nutrients (Corredor 

et al. 1988; Miller et al. 1999). For example, reef living sponges (and their 

symbiotic cyanobacteria) have been shown to release large amounts of N, 

which potentially could sustain more than 100% of the reefs N demand 

(Corredor et al. 1988). This problem is largely avoided by using tissue nutri-

ent content, as nutrients available to the algae are reflected regardless of 

origin.  
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Interactions with other regulating 
factors  

Despite the importance of grazing and nutrients, other factors turned out to 

be influential, and were hence included in the thesis. Two of the most impor-

tant additional regulators were hydrodynamic forces (papers III and V) and 

substratum availability (paper IV). Hydrodynamic forces may directly affect 

algal morphology and growth through physical regulation (stimula-

tion/disturbance) (Stewart & Carpenter 2003). Such forces could also affect 

algal distribution indirectly, as it may influence the importance of the other 

regulating factors, either by hampering herbivore movement (e.g. Ogden 

1976; Clemente & Hernandez 2008) or affecting nutrient availability (paper 

V). These interactions between regulating factors are complex, because their 

influences on macroalgae are both direct and indirect, as presented in the 

conceptual model below (Figure 2). Even though other factors potentially 

influence macroalgal ecology this model seeks to include the most important 
structuring factors at both site- and regional/seasonal scales.   
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Figure 2. Conceptual model of factors that regulate macroalgae, as well as positive and negative 

aspects of their presence. Black arrows indicate direct effects while gray arrows indicate indirect 

influence on macroalgae. 
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The factors are divided into two categories; local factors that change over 

smaller spatial and temporal scales and regional/seasonal factors that work at 

larger scales. Some of the large scale factors (e.g. pH and temperature) are 

also subjected to global climatic patterns as they are directly influenced by 

climate change (Hoegh-Guldberg et al. 2007). They are also exclusively 

abiotic, whereas the local factors include a mix of biotic and abiotic compo-

nents. The large scale factors have not been directly investigated in this the-

sis as they are hard to manipulate in the field, but their influences on macro-

algal communities are generally versatile, affecting algae directly as well as 
indirectly through influence on most of the local regulating factors. 

The factors in the model may also have additional routes of influence, which 

are excluded to simplify the model. One example is substratum availability, 

which also exerts a direct (spatial) regulation on macroalgal communities. In 

the model, however, it is presented to have an indirect effect on top-down 

regulation through grazer consumption as paper IV found different efficien-

cies in regulating macroalgal biomass, depending on the amount of substrate 

available for algal growth. More specifically, this paper found that an effi-

cient herbivore community seems to suppress macroalgae, even when sub-

stratum availability is high, while a less efficient herbivore community may 

need a higher coral cover to be able to regulate macroalgae. The mechanisms 

behind this dilution of grazing intensity with increasing substratum availabil-

ity are described by Mumby & Steneck (2008). The model highlights poten-

tial threats to coral, but this is of course a simplification as macroalgae are 

vital components of coral reefs and nutrient extraction through commercial 

seaweed farming may benefit adjacent coral reefs by reducing nutrient con-
centrations (paper V). 

Threats and functions 

Both ecological functions and potential threats will depend on how such 

regulating forces shape macroalgal communities. However, this regulation is 

rapidly changing as coral reefs are becoming increasingly influenced by 

human activities (Knowlton & Jackson 2008; Halpern et al. 2008; De'ath & 

Fabricius 2010). This usually means an increased macroalgal presence on 

coral reefs, as well as changed community composition. Such changes have 

profound ecological consequences as increased algal biomass have direct 

negative effects on e.g. corals (Lirman 2001). Species composition is also 

important as different algal types have different properties in terms of e.g. 

nutritional content (Montgomery & Gerking 1980) and palatability (Table 1), 

which affect herbivore consumption and energy transfer. It is therefore im-

portant to combine studies of macroalgal influence with studies of their re-

sponse to environmental change, in order to optimize management toward 

desired goals. The studies in this thesis contribute information on macroalgal 

abundance and composition at different types of sites, as well as an increased 
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understanding of macroalgal regulation in the studied region. This informa-

tion may be important to policymakers when making predictions and man-

agement decisions, but may also be useful in comparisons between geo-

graphical regions. Furthermore, the method described in paper I could be 
refined and used in monitoring of anthropogenic nutrients. 

Regardless of the independent effects of regulating factors, ecosystem ecol-

ogy is complex and effects can hence be expected to depend on intricate 

interactions within the system. This is also the case on coral reefs where the 

interaction between top-down and bottom-up regulation may work somewhat 

differently at a system scale. As discussed by Szmant (2002) and Mumby & 

Steneck (2008) nutrification of a coral reef system may in itself not be a 

strong driver for shifts from coral to algal dominance. However, they also 

describe the potential significance of high nutrient delivery (resulting from a 

combination of increased water concentrations and efficient breaking of 

boundary layers by hydrodynamic movement) and a large substratum avail-

ability, which may increase gross productivity and result in macroalgal ex-

pansion on the reef. This increase in macroalgal productivity potential (re-

sulting from a combination of nutrients, hydrodynamic forces and substratum 

availability) interacts with herbivore grazing efficiency to determine the 

competitive ability and biomass accumulation of macroalgae (Szmant 2002; 
Mumby & Steneck 2008).  

However, the fate of macroalgal production varies between different sys-

tems. Depending on nutrient content and palatability, there is great variability 

in the fraction of marine autotrophic production that enters the food web 

through herbivore consumption (Duarte & Cebrian 1996). Apart from direct 

consumption, detritus often constitutes a major route for algal production, 

with up to 90% of algal carbon supporting consumers through the detrital 

branch of the food web (Mann 1973; Duggins et al. 1989; Behringer & But-

ler 2006; Pedersen et al. 2008). This is demonstrated in paper IV where 

algal biomass that accumulated at the sites with insufficient herbivory was 

subjected to physical detachment and flushing by seasonal storms. Such ac-

cumulation and transport of biomass represents an export of organic material 
and its bound nutrients, to adjacent ecosystems. 

Regardless of how macroalgal production is transferred to higher trophic 

levels, the influence of their contribution to system productivity will depend 

on the properties of the ecosystem and the organisms that inhabits it. Coral 

reef systems consists of many trophic levels, hence a large part of the energy 

is lost in trophic transfer (Arias-Gonzalez et al. 1997). Increased macroalgal 

production may thus boost gross productivity and enhance biomass of con-

sumers, as they constitute a large part of the primary productivity in such 

systems (Arias-Gonzalez et al. 1997). However, if their production exceeds 

the consumption capacity of the heterotrophic consumers, an imbalance 

arises and the reef will increase its export of detritus (Hatcher 1997). If this 
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imbalance persists the reef may eventually undergo a phase shift towards a 
state dominated by macroalgae.  

This leads to the contested question of how much macroalgae that are desired 

on coral reefs, and what is their role in eutrophication? According to Nixon 

(1995), eutrophication is defined as “an increase in the supply of organic 

matter to an ecosystem”, and the trophic classification of a water body is 

based on the supply of organic carbon (g C m
-2

 y
-1

). As macroalgae capture 

land derived nutrients and converts them into organic material through pho-

tosynthesis, they can be said to enhance eutrophication of coral reefs. The 

algae may also compete for benthic space, overgrow corals, cause damage 

through shading, abrasion and allopathic chemicals (McCook et al. 2001), as 

well as affecting habitat chemistry and nutrient regimes (Birrell et al. 2008) 

(Figure 2). Despite these negative properties, macroalgae also reduce water 

column nutrients, which can otherwise be harmful to corals, while increasing 

consumable biomass within the system. Hence, macroalgae have both harm-

ful and beneficial properties, that ultimately will depend on the structure of 

the coral reef system and the external stressors it is subjected to. For exam-

ple, high macroalgal production is not necessarily negative, if it does not 

exceed the consumption capacity of the herbivore guild. To a certain extent, 

increased macroalgal production might instead increase fish biomass (e.g. 

Robertson 1991; Lindahl et al. 2001), which may benefit local communities 

that depend on that resource. What is good for corals may not always be the 

same thing that is good for people, which necessitates clearly defined man-

agement objectives. It is therefore unrealistic that management of coral reefs 

always should aspire for “pristine” oligotrophic reef systems, which usually 

are sensitive to high extraction of reef organisms. This sensitivity stems from 

a tight recycling of organic material within the reef system (Hatcher 1990), 

and a low net primary production (P/R-ratio estimated to 1.03), of which 

only about 10% is available for sustained human harvest (Crossland et al. 

1991). Macroalgal dominated reefs have a much higher P/R-ratio that in-

crease with the amount of fleshy algae (Gattuso et al. 1997). This may be 

especially important in densely populated coastal regions, where policy mak-

ers must adapt to local prerequisites and consider the needs of coastal com-

munities. Management can therefore not always aim towards preserving or 

recovering pristine reef systems. Partially, because this is not biologically 

possible in densely populated coastal areas, but also because it may not be 

the type of system that best serve coastal communities. The amount of 

macroalgae that are desired on coral reefs will therefore depend on what type 

of coral reef system that is desired, and realistic. It is thus vital to further 

increase the understanding of factors that shape macroalgal communities 
since they ultimately determine the functions that they provide. 
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Conclusions 

In conclusion, this thesis contributes to the understanding of macroalgal 

regulation in the East African region, as it compares top-down and bottom-up 

regulation of macroalgal communities. One general finding is that herbivore 

consumption seems to be the main regulator of biomass whereas nutrient 

availability mainly influences community composition. The influence of 

hydrodynamic forces and substrate availability as additional regulating fac-

tors is also demonstrated, and their modes of influence on macroalagal com-

munities are discussed. The thesis also demonstrates that both wild and culti-

vated macroalgale provide important ecological functions through their bio-

mass production and nutrient processing. This is an important perspective as 

most studies of macroalgae growing on/or in the vicinity of corals reefs 

solely discuss them as a threat to corals. In conclusion, the studies in this 

thesis contribute to the understanding of macroalgal regulation and function 

in tropical seascapes, thereby adding to the knowledge base for coastal man-
agement.  
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