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Abstract 

Although rather inconspicuous on healthy coral reefs, macroalgae form the 
basis of coral food webs. Today, macroalgae are generally increasing and 
many reefs undergo transitions from coral to macroalgal dominance resulting 
from e.g. enhanced nutrient loading or increased fishing. 
  
This thesis aims to investigate the relative importance of top-down and bot-
tom-up regulation, and different herbivore types, on macroalgal distribution, 
fecundity and community composition on coral reefs. Papers I and II indi-
cate that macroalgal abundance in a coral reef system is largely governed by 
top-down regulation through grazing by herbivores, while bottom-up regula-
tion through enhanced nutrient availability rather influence algal species 
composition. Paper II also shows that these regulating effects are not as 
evident in an area with relatively strong water motion, suggesting that im-
pacts of anthropogenic disturbance may be site-specific. Paper III shows 
that herbivory is an important factor influencing macroalgal growth and sub-
sequent reproduction. Furthermore, Paper IV and V conclude that efficiency 
in removing macroalgal biomass is dependent on the type of dominant herbi-
vore, where sea urchins seem to be more effective than fish. Paper IV indi-
cates a seasonal variation in macroalgal biomass and distribution in a small 
geographic scale but with relatively high temporal resolution. Paper V on 
the other hand shows these same effects, but with a focus on geographic 
variation, including a large part of the East African region, as well as be-
tween year temporal variations in Kenya. Together, results from the two 
latter studies indicate that herbivory by fish may not be able to prevent a 
macroalgal bloom in a degraded system where substrate availability for algal 
colonization is high, but that it may still facilitate coral recovery over time. 
Thus, a large algal biomass may not necessarily indicate a reef beyond the 
possibility of recovery.  
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change  • Fish  • Sea Urchins  •  East Africa 
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Sammanfattning 

På ett ostört korallrev är makroalger vanligen inte särskilt iögonfallande, men 
de bidrar med en stor del av primärproduktionen, och utgör basen i 
födoväven på revet. Idag börjar makroalger bli mer och mer vanligt 
förekommande och många rev genomgår t o m övergångar från korall- till 
makroalg-dominans. Dessa övergångar är ofta ett resultat av mänsklig 
påverkan i form av ökad näringsbelastning som stimulerar tillväxt av alger, 
eller ökat fisketryck som kan ha en direkt inverkan då herbivora arter fiskas 
ut, eller en indirekt inverkan då predationstrycket på andra herbivora arter, 
t.ex. sjöborrar, minskar 
 
 
Därav är den här avhandlingen ämnad att undersöka den relativa betydelsen 
av reglering från betning och näringstillgång, tillsammans med den relativa 
vikten av olika typer av betare, på makroalgers utbredning, reproduktiva 
förmåga och sammhällsstruktur på östafrikanske korallrev. Studie I och II 
visar att mängden makroalger på ett rev framförallt styrs av betning från 
herbivorer, medan ökad näringstillgång snarare påverkar algernas 
artsammansättning. Studie II visar ytterligare att dessa effekter inte är lika 
tydliga i ett område med relativt hög vattenrörelse, vilket antyder att 
mänsklig påverkan kan ha olika inverkan i olika områden. I studie III 
framkommer att betning är en viktig faktor som även påverkar makroalgers 
tillväxt och reproduktiva förmåga. Dock är inverkan av betning artspecifik 
och sammansättningen av betarsamhället är därför avgörande för vilka arter 
av alger som förekommer. Vidare så påvisar studierna IV och V att hur 
effektiv betningen av alger är beror på vilken typ av betare som förekommer, 
då sjöborrar tycks vara mer effektiva än fisk. Sjöborrar kan emellertid också 
orsaka bioerosion och medföljande minskad förekomst och rekrytering av 
levande korall. Studie IV påvisar säsongsvariation i makroalgernas biomassa 
och utbredning på en liten geografisk skala, men med relativt hög temporal 
upplösning. Studie V å andra sidan visar samma effekter, men fokuserar på 
geografisk variation och inkluderar en stor del av Östafrikas kust, såväl som 
mellanårsvariation inom Kenya. Tillsammans tyder resultaten från dessa två 
studier på att betning av fisk kanske inte klarar att förebygga en 
makroalgblomning i ett degraderat system där det finns mycket substrat 
tillgängligt för alger att kolonisera, men kanske kan underlätta återställande 
av revet på sikt. Därav kanske stora mängder makroalger inte nödvändigtvis 
visar på ett rev bortom möjlighet till återhämtning. I sin tur tyder resultaten 
på att korallrevsförvaltning mot ett ökat fiskbestånd och minskade mängder 
sjöborrar kan på kort sikt orsaka ökningar av alger, men också tillfrisknande 
av reven på längre sikt. 
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Introduction 

State of affairs 

Coral reefs provide a habitat for an immense biological diversity, and are one 
of the most productive marine ecosystems in the world (Odum 1971; Connell 
1978). Through its physical and biological properties, reefs around the world 
provide an array of ecosystem goods and services, such as food, shoreline 
protection, and income from tourism (Moberg and Folke 1999). The mone-
tary value of these goods and services has been estimated at approximately 
US$ 375 billion annually (Wilkinson 2002). Approximately 500 million 
people, or 8 % of the global population, depend on goods and services from 
coral reefs and some 30 million of the poorest people depend entirely on 
coral reefs for food (Wilkinson 2004). Thus, “healthy” reefs have become 
important for the social development in these areas. The growing human 
populations together with technological development and trade has increased 
pressures on the reef ecosystems in terms of overfishing and nutrient loading, 
as local reef resources have become global assets (Bellwood et al. 2004; 
Hughes et al. 2005; Berkes et al. 2006). This high exploitative pressure has, 
together with global climate change, resulted in degradation and destruction 
of reefs around the world. It has been estimated that about 20% of the 
world’s reefs have already been destroyed, and in many cases the live coral 
cover has been replaced by other species (e.g. Norström et al. 2009). Fur-
thermore, an additional 50% of the remaining reefs are under direct threat 
from anthropogenic disturbances (Wilkinson 2004). Human populations in 
tropical coastal areas are still increasing, and ~50% of the worlds population 
is expected to be living in coastal areas by the middle of the 21st century 
(Adger et al. 2005). Thus, pressure (in terms of resource extraction) is ex-
pected to increase on coral reef ecosystems (e.g. through fishing) as well as 
increased nutrient loading are to be expected. Hence, a better understanding 
of how these increasing pressures affect the reefs is urgently needed, if ways 
to mitigate consequences and continued loss of these ecosystems are to be 
found. 
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Phase shifts 

Under nutrient-poor conditions coral reefs are generally dominated by reef-
building corals (Lapointe 1997; Littler et al. 2006) However, algae (both 
micro- and macroalgae) are ubiquitous, even though usually quite incon-
spicuous, and constitute an integral part of the coral reef ecosystem by con-
tributing to primary production and nitrogen fixation (Hunter et al. 2000), 
and thus constituting the basis of the marine food web. 
There is a continuously ongoing competition between algae and corals for 
space and resources. This is, however, a delicate balance and disturbances 
may favor the faster growing macroalgae over slower growing corals, result-
ing in expanding algal cover and biomass (Valiela et al. 1997; Steneck et al. 
2004). Alterations of the relative macroalgal-coral dominance following 
disturbances have been observed in coral reef ecosystems worldwide, where 
the reefs often undergo a sudden shift (i.e. a “phase shift”) into an alternative 
state. A shift to an algal-dominated state is of great societal concern, as im-
portant ecosystem function and services may be lost in the transition 
(Nyström et al. 2000; McClanahan et al. 2002). Since these transitions be-
tween states constitute a potential threat to the health of the world’s reefs, 
these are receiving increasing attention (Szmant 2001). The term phase-shift 
in coral reef ecology (Done 1992) has historically mainly been used to de-
scribe transitions from coral- to macroalgal dominance (Hughes 1994). How-
ever, other alternative states have been suggested, including transitions to 
corallimorpharian, soft coral, sponges or sea urchins dominance (Norström et 
al. 2009).  
 

 

Coral reefs around 

the world are 

 undergoing transi-

tions from coral  

dominated states (as 

in Kisite Marine 

Park in the top  

picture)… 

 

…into states domi-

nated by other  

organisms, such as 

macroalgae. The 

bottom picture 

shows a reef in 

Mombasa Marine 

Park, dominated by 

Sargassum sp. 
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The underlying forces responsible for the observed transitions, and their 
relative importance, are still not fully understood, and there is an ongoing 
debate whether these shifts are driven by top-down or bottom-up regulating 
factors (Szmant 2002; Mora 2008; Hughes et al. 2010). Two of the most 
commonly discussed factors, facilitating such transitions, are over harvesting 
of algal consumers (McClanahan et al. 1996; Hughes et al. 1999), and in-
creased nutrient loading (Lapointe 1997, 1999). The relative importance, 
magnitude and impact of either one, or an interaction between, these two 
factors may vary depending on the status of the system (Mora 2008; Hughes 
et al. 2010) as well as with regional differences and ecological history of an 
area (Lüning 1990; Burkepile and Hay 2006) it is difficult to make generali-
zations. Paper I and II are conducted in Kenya and on Zanzibar respectively, 
in order to capture spatial and temporal (ecological/disturbance history).  
 
Reversing phase shifts can be problematic because feedback mechanisms 
tend to underpin and reinforce the alternative state (Mumby and Steneck 
2008; Nyström et al. 2008; Norström et al. 2009). Such mechanisms can 
involve, for example, algal inhibition of coral reestablishment (Szmant 2002) 
or algal competitive success as they are more effective colonizers, and grow 
faster (Hunter 2000). To promote reef recovery, we need to understand how 
to help local management to build capacity for coral reefs to cope with global 
threats (e.g. ocean warming and acidification) (Bellwood et al. 2004; Hughes 
et al. 2007; Jackson 2008). Thus the mechanisms that influence reef health 
and reef associated macroalgal communities need to be investigated, and a 
further understanding of the top-down and bottom-up regulation of macroal-
gae on the reefs is a key component in this thesis. 
 

Top-down regulation 

There is a great diversity of herbivores that control and structure macroalgal 
communities on coral reefs (e.g. Brock 1979; Borowitzka 1981). However, it 
seems that the most important herbivores are the larger grazers, such as fish 
(e.g. parrotfish and surgeonfish) and urchins (e.g. Lewis and Wainwright 
1985; McClanahan and Mutere 1994; Chabanet et al. 1997), where fish are 
usually abundant and considered the key-grazers on undisturbed reefs (Hay 
1984). However, herbivorous fish only seem to be able to control algal pro-
liferation when substrate available for colonization is limited. For example, it 
has been suggested that fish can only keep the substrate cropped when sub-
strate availability is lower than 40 - 60% (Williams and Polunin 2001). Thus, 
an initial increase of filamentous algal forms may be expected as substrate 
becomes increasingly available, e.g. after a disturbance event has occurred. 
In turn, unless herbivores are numerous enough, algal cover and biomass  
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may continue to increase beyond herbivore control (Williams et al. 2001). 
This continued increase may be characterized by a transition the filamentous, 
fast growing, forms to frondose, more slowly growing, macroalgae. How-
ever, this thesis mainly focuses on erect macroalgal forms (i.e. excluding 
filamentous forms). 
 
 
 

 
 
 
 
 
 
McClanahan and colleagues (2001) showed such a pattern of increasing 
macroalgal abundances after the 1998 ENSO (El Niño Southern Oscillation) 
in Kenya, where >85% of the live coral cover was lost due to coral bleach-
ing. It is also interesting to note that algal cover in this study increased both 
in protected areas (where numbers of herbivorous fish are relatively high) 
and unprotected areas, suggesting that high fish grazing per se may not be 
enough to control algal growth. Sea urchins are often recognized as the pri-
mary herbivore on disturbed reefs worldwide (e.g. Hay 1984; Andrew 1993; 
McClanahan et al 1994; Edmunds and Carpenter 2001; Tuya et al. 2005), as 
release from competition as well as predation often results in an inverse rela-
tionship between fish and sea urchin herbivory (McClanahan et al. 1994). 
Sea urchins can thus compensate for lack of fish grazing to some extent 
(Hughes 1994; Hay 1997; Lokrantz et al. 2010) and even reverse macroalgal 
proliferation when sufficient population densities are reached (Edmunds and 
Carpenter 2001).  
  
 
 
 
 
 
 
 

Fish and sea urchins are important herbivores on a coral reef 
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The type of prevailing grazing can be crucial in structuring the macroalgal 
community as different types of herbivores have different feeding prefer-
ences, abilities and feeding behaviors, thus selecting for algae with different 
structural, chemical and morphological properties (e.g. Hay 1984; 1997; 
Lewis et al. 1987; van Alstyne et al. 2001). As an example, some types of 
algae seem to be mainly subjected to grazing by fish, while others seem to be 
primarily affected by sea urchins or other types of herbivores (Paper III; 
McClanahan 1997). Studies by Miller and Hay (1996), Duffy and Hay 
(2000), as well as Paper IV have shown that when herbivorous fish are abun-
dant, fleshy brown algae can dominate the macroalgal community. Brown 
macroalgal assemblages have also been observed to reach deeper waters 
during unfished conditions, possibly due to reduced sea urchin abundances in 
such areas (Tuya et al. 2005). McClanahan and colleagues (1996) showed 
that there was a negative relationship between sea urchins and brown algae 
(as also shown in Paper IV), and that the brown algae can have a subsequent 
negative influence on coral cover in the absence of other grazers. It is, how-
ever, important to recognize that fish do also graze on brown macroalgae, but 
this function can vary with fish body size (Mumby et al. 2006), while urchin 
grazing effectiveness may vary with sea urchin abundance and subsequent 
food availability (Ogden and Lobel 1978). 
 
In Jamaica, 1983, macroalgal abundance and biomass increased dramatically 
and approached the highest levels ever recorded in the tropics (Hughes at al. 
1987). This increase was attributed to a reduction of herbivory, following 
mass mortalities of the common sea urchin Diadema antillarum, which was 
caused by a disease outbreak (Lessios et al. 1984). As a result coral cover 
declined to unprecedented low levels due to competition with the increasing 
algae (Hughes et al. 1987).  
 
Herbivory can play an important role for the dispersal ability of macroalgae, 
since they influence reproductive effort as well as the ability of asexual re-
production. Many algal species have shown the ability to propagate and dis-
perse asexually through fragmentation when detached, live parts of the algal 
thallus, survive and continue to grow in a new location (Walters et al. 2002). 
Among macroalgae, fragmentation is often a result of grazing, as an herbi-
vore may reject bitten tissue (e.g. Walters and Smith 1994), or undigested 
tissue passes through the digestive tracts of herbivores (Santelices and Ugarte 
1987). Such herbivore facilitated fragmentation could thus result in higher 
asexual dispersal ability in areas where grazing pressure is high or species 
with high asexual reproductive capacity are abundant. Furthermore, as fe-
cundity can be related to size of the algae (Paper III), species that are not 
targeted by herbivores can become more fertile as they are allowed to grow 
large. 
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Herbivores are not all the same  

Clearly, herbivory is a key process on coral reef, with strong impact on the 
abundance and distribution of different benthic species. However, there are 
great variation in feeding preferences, grazing efficiency and even grazing 
function within the herbivore guild. As fish utilizes different feeding mecha-
nisms and strategies, herbivorous fish can function as grazers, scrapers or 
even bioeroders (Steneck 1988; Bellwood et al. 2003, 2004). Sea urchins on 
the other hand are often grazers and scrapers (Steneck 1988), but can also 
predate on corals (Bak and van Eys 1975) especially when their numbers 
increase. At even higher abundances sea urchin may even become bioeroders 
to such an extent that it can sometimes even exceed carbonate production on 
the reef (Bak 1994; Eakin 1996; Conand et al. 1997). Thus, sea urchin graz-
ing function may change with their abundance (as suggested by Nyström et 
al. 2006), and may thus cause reductions of coral cover and hamper coral 
recruitment success (Sammarco 1980; McClanahan and Mutere 1994; Paper 

IV). This implies that functional redundancy (i.e. when one species can fulfill 
a function, previously attributed to a species that has been lost) (Walker 
1992) can occur in some aspects, while other functions may be lost or added. 
As an example, the grazing and algal clearing function of a lost herbivorous 
fish species may be replaced by that of another, or by sea urchins, but may at 
the same time cause bioerosion and loss of live coral cover. 
 
Consequently, different species may fulfill a similar function, but the effi-
ciency in conducting the function may still differ between them. For exam-
ple, fish and sea urchins are both important grazers on coral reefs, but feed-
ing strategies, mechanisms and efficiency can differ between them (Bell-
wood et al. 2004). The grazing function also seems to be size-dependent as 
removal capability as well as feeding preference may change as fish grow 
larger (e.g. Lokrantz et al. 2010). Sea urchins seem to have a higher capacity 
for macroalgal clearance (e.g. Carpenter 1986; Morrison 1988; Hereu 2006; 
Mumby et al. 2006). Through this relatively high grazing efficiency, sea 
urchins could perhaps be able to keep the reef cropped even at relatively low 
abundances. These aspects of relative clearance capacity and grazing effi-
ciency between fish and sea urchins are further investigated in Papers IV and 

V in this thesis.  
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Bottom-up regulation  

Coral reefs exposed to elevated nutrient levels have been shown to dis-
play lower coral growth rates (Hoegh-Guldberg 1999; Littler et al. 
2006), decreased calcification rates (Simkis 1964; Brown 1997; Hoegh-
Guldberg 1999) and increased coral mortality (Hoegh-Guldberg 1999), 
resulting in extensive reef degradation (Cuet and Naim 1992). Macroal-
gae on the other hand usually exhibit enhanced growth rates (Thacker et 
al. 2001), increased biomass (Larned 1998; Schaffelke 1999; Thacker et 
al. 2001), and increased photosynthetic rates (Littler et al. 1988; Shaf-
felke and Klumpp 1998), when nutrient levels are enhanced. Interspeci-
fic competition within the macroalgal community can also be altered as 
enhanced nutrient availability may favor fast growing species (e.g. Pa-

per II; Worm et al. 2000; Worm and Sommer 2000). Furthermore, the 
onset of reproduction in macroalgae is often triggered by environmental 
factors such as temperature and light (Lüning and tom Dieck 1989; Lün-
ing 1990). However, it has also been suggested that nutrient levels can 
be an important factor controlling the timing of reproduction for some 
algal species (Clifton and Clifton 1999). Nutrient levels may even influ-
ence gametes, zygotes and spores after they have been released, e.g. 
through enhanced growth and survival during early life-stages (Schaf-
felke and Klumpp 1997).  
 
Hence, altered nutrient availability on a reef may change the competitive 
relationship between corals and algae in favor of the algae (Jompa and 
McCook 2002). Increases of available nutrients, resulting in macroalgal 
blooms, may further result in secondary adverse affects for the coral 
community. Such effects may include reduced spatial heterogeneity 
through algal overgrowth (Pastorok and Bilyard 1985; Szmant 1997), 
reduced herbivory during nighttime anoxic conditions (Lapointe and 
Matzie 1996), reduced coral reproductive capacity (Tanner 1995) as well 
as reduced coral larva recruitment and survival (e.g. Lewis 1986). How-
ever, the role of nutrients in the dynamics between corals and macroal-
gae has been highly debated, as results are contradictive. Studies have 
also shown that algal growth (Shaffelke and Klumpp 1998b) and bio-
mass of reproductive tissues (Diaz-Pulido and McCook 2005) can de-
crease when nutrients reach too high concentrations. In a study by 
McCook (2001), corals appeared to be competitively successful in com-
parison to turf algae, gaining space even under relatively eutrophic con-
ditions. Such results imply that if nutrient supply was in fact inhibiting 
coral success, inhibition would be relatively minor in comparison to 
other unrecognized factors supporting coral growth. This in turn indi-
cates that the relative competitive success of coral and algae can vary 
significantly, depending on environmental conditions and the fact that 
different groups of organisms (both inter- and intra-guild differences) 
respond differently to the same stressors (Mumby et al. 2006). Further-
more, such results indicate that the relative importance of nutrient avail-
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ability in relation to grazing by herbivores may be depending on the 
environmental conditions at the site. Thus the importance of these fac-
tors for macroalgal regulation needs to be evaluated for different geo-
graphical areas, e.g. Papers II and III in the East African region. 
 
Nutrient loading and herbivore grazing have also been shown to interact 
in controlling the composition and distribution of both coral and algal 
communities on the coral reefs. Macroalgae are known to accumulate 
and store nutrients (Schaffelke 1999), that can be utilized during low 
nutrient conditions (Pueschel and Korb 2001). In turn, herbivores have 
shown an ability to concentrate their grazing on algae with high tissue 
nutrient concentrations (Boyer et al. 2004). Such selection of grazing of 
nutrient rich, and possibly fast growing, individuals could be important 
in herbivore control of algal biomass in areas exposed to high nutrient 
loading. This feeding preference has also resulted in that many observed 
bottom-up and top-down interactions in experimental studies have been 
towards reduced algal cover and biomass within enhanced nutrient 
treatments (see Sotka and Hay 2009 for discussion). In the natural envi-
ronment, the correlation between grazing and nutrient content can be 
less pronounced in areas with high herbivore abundance as grazers have 
less opportunity to be selective in their food choice (Boyer et al. 2004).  
 
With these complex interactions in mind, it seems reasonable to believe that 
both these factors may either on their own or in unison affect the stability in 
the observed phase shifts on coral reefs (McCook 1999; Scheffer et al. 2001; 
McClanahan 2002). 



9 

 



 10

Scope and Aim of the 
thesis  

The scope of my research is the improved understanding of the top-down and 
bottom-up interactions on the dynamics, composition and distribution of 
macroalgal communities, with focus on East African coral reefs. The main 
objective of this thesis is to increase the understanding of how anthropogenic 
disturbance, i.e. fishing and eutrophication, will affect coral reefs, the associ-
ated macroalgal communities and the balance between macroalgae and cor-
als. Furthermore, the thesis aims to investigate intra-guild differences within 
herbivore communities and their relative importance in controlling macroal-
gal growth and how this may influence the potential of coral reef to recover.   
 
Paper I and II aims at investigating the effects and relative importance of 
further reduction of herbivory and increased nutrient loading on macroalgal 
community composition, species diversity and biomass accumulation. Paper 

I studies the effects during the growth season, while Paper II investigates 
the same effects during a season with a general macroalgal die-off. Further-
more, Paper II also studies how the influence of these structuring factors is 
altered depending on exposure to hydrodynamic forces.   
 
Paper III investigates how changing grazing pressure affects algal sexual 
and asexual reproductive strategy and capacity on the coral reef. This is vital 
information as reproduction is a key factor governing the distribution and 
abundance of macroalgae.  
 

Paper IV and V investigate intra-guild differences in the herbivore commu-
nity, comparing areas where fish are the dominant herbivores to areas domi-
nated by sea urchins. Paper IV explores seasonal variation of macroalgal 
biomass and distribution, in a small geographic scale but with relatively high 
temporal resolution. Paper V aims to investigate these same effects but fo-
cuses on geographic variation in a large part of the East African region, as 
well as between year temporal variations in Kenya. 
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Study region and methods  

Study region  

The field studies were conducted in Kenya (Paper I, III and IV) and on 
Zanzibar (Paper II) (Fig 1). The monsoon winds have a dominant climatic 
impact on the coasts in the East African region, with differing dominant wind 
directions blowing from the southeast (May – October) or from the northeast 
(December – March). In between these periods are relatively calm transition 
periods characterized by lower winds (Obura 2001). Seawater temperatures 
normally range between 25-31 ºC over the year, salinity remains stable at 
around 34-35 ppt (Obura 2001). In 2004, 22 million people were living in 
coastal areas within the study region, with an annual population increase of 
approx 6% (Obura et al. 2004). Nutrient levels are generally moderate 
(Obura 2001), but local points sources with relatively high nutrient loading 
are the major cities (e.g. Lilliesköld Sjöö & Mörk 2009) and larger river-
mouths. The reefs investigated in the thesis are shallow (<2 m at spring low 
tide) patch reefs. A more detailed description of the individual reefs is found 
in each paper. 
 
 

Kenya

Tanzania

0 200 400 km

Dar es Salaam

Mombasa

Dodoma

Nairobi

Paper I, III, IV

Paper II

Paper III

 
 

Fig. 1. Map depicting the study sites for paper I-IV. 
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Overfishing of herbivorous fish is considered a major threat to coral reefs in 
the region (Obura et al. 2004). Fisheries are primarily artisanal, i.e. small-
scale using low tech gears (e.g. basket traps, gill nets and hand lines), and is 
a key livelihood component for the local population (McClanahan & Mangi 
2004). Coral reefs located within marine protected areas generally have 
higher fish densities than unprotected areas, resulting in more intense fish 
grazing than in fished sites (McClanahan & Arthur 2001). On the other hand, 
sea urchins are typically more numerous in fished reefs (McClanahan et al. 
1994) due to lower predation pressures and competition from fish 
(McClanahan et al. 1999). Thus, sea urchin herbivory is generally higher in 
these fished reefs (Carreiro-Silva & McClanahan 2001).  
 
 

Methods used in the studies 

Paper I-II 

The study in Paper I was conducted during a six week period in 2006 on a 
coral reef in Kenya. Paper II also spanned over a six-week period, but in 
2008, on a coral reef in Chwaka bay on the east coast of Zanzibar (Unguja 
island). Both experimental studies were conducted in situ using herbivore 
exclusion cages, nutrient- addition plots, cages with nutrient addition and 
untreated control plots (n=10). Cages were constructed of plastic mesh 
excluding only large bodied herbivores (mesh size approx. 2*2 cm), and 
covering an area of approx 0.2 m2. Paper II was conducted on two sites 
simultaneously, with their respective hydrodynamic properties as their main 
environmental difference. Macroalgal communities were studied with respect 
to alternations in species numbers, algal functional groups, species diversity 
(H’), community composition, biomass (g wet weight) and cover (%).  
 
Paper III-IV 

Investigation methods for Paper III, IV and V all included standard field 
methods including 10 m2 circular plots for quantifying sea urchin abundance, 
and 500m2 belt transects for fish biomass estimates. Paper IV and V also 
used line-intercept transect for benthic cover, including macroalgal cover, 
live coral cover and availability of hard substrate. In addition to line tran-
sects, Paper IV utilized sampling plots (50*50 cm) placed along transects. 
Transects were reallocated at each sampling occasion, in order to avoid tem-
poral autocorrelation within the investigated plots. 
 
In Paper III we used two species of brown macroalgae, Padina boergesenii  

(Allender et Kraft) and Turbinaria ornata (Turner) and two species of green 
algae, Halimeda macroloba (Decasine) and Halimeda renschii (Hauck), that 
differ in reproductive strategies. Each species was sampled at three different 
locations (n=30), including both protected and unprotected areas in Kenya. 
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Since the two Halimeda species have a holocarpic reproduction, individual 
size was assumed to positively correlate with reproductive potential of these 
species. Hence, the total algal size (estimated and volumetrically measured) 
was used as a measurement of fecundity for these species. Turbinaria pro-
duce receptacles (reproductive tissue) that were counted and volumetrically 
measured. Lastly, Padina produce sporophytes in concentric rows on the top 
of their sheet like, ear shaped thallus. The total length (cm) and number of 
tetrasporangia cm-1 of these rows were measured and used to calculate total 
number of tetrasporangia/individual and tetrasporangia/area of thallus. 
 

Paper IV was conducted during two seasons from August 2006 April 2007, 
in two sites along the Kenyan coast. The first site is situated within Mombasa 
Marine Park, has a high coral cover, relatively high abundance of herbivo-
rous fish and low abundance of sea urchins. The second site is situated just 
outside park boundaries and has a low cover of living coral, low abundance 
of fish, but a high abundance of sea urchins. The study focused on erect algal 
types (excluding turf and calcareous coralline algae), as these are more con-
spicuous and constitute the major part of algal biomass in the area.  
 
The final study (Paper V) is based on two sets of data. The first utilizes data 
from 44 sites (both closed and open to fishing) along a large part of the east 
African coast (including Kenya, Tanzania, Zanzibar, Madagascar and Mauri-
tius), sampled once during the period between 2005 and 2008. All sites were 
sampled during the first months of the year, prior to the strong cool monsoon 
period in may, and well into the algal growth season that starts in September. 
Most of the sites are characterized by low cover of live coral, and large areas 
available for algal colonization. The second data set provides time series data 
from six different sites in Kenya. These data were collected from three un-
protected areas, two protected and one transition park area, once a year be-
tween 1992 and 2008.  
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Summary of the thesis’ 
research papers and 
major findings 

Paper I 

Top down and bottom up interactions governing 
macroalgal community structure on Kenyan reefs. 

 
Mörk E, Lilliesköld Sjöö G, Kautsky N and McClanahan TR (2009) 
Estuarine, Coastal and Shelf Science 84(3):331-336. 
 
 
Herbivore grazing and nutrient availability are commonly referred to as “top-
down” and “bottom-up” regulators, and have traditionally been used to de-
scribe the major mechanisms that govern the biotic structure of coral reefs. 
Interactions of both factors have also repeatedly been reported as important 
in governing macroalgal communities within these ecosystems.  
 
This study aimed to evaluate the relative importance of these factors in gen-
eral, but also in the studied region in particular, as such studies have not 
previously been performed in Kenya.  
 
The results show that macroalgal cover and biomass are inversely related to 
overall herbivore pressure, and macroalgal community composition was 
affected by grazing pressure. This was especially evident among corticated 
algae that experienced a more than 1000% biomass increase when herbivory 
was reduced. Nutrient additions did not result in enhanced biomass accumu-
lation, but resulted in increased macroalgal diversity. Overall it seemed that 
grazing pressure was the more important factor controlling macroalgal com-
munity biomass, even at this eutrophicated and heavily fished site. Changing 
macroalgal biomass and community composition will most likely affect 
many other components within the coral reef ecosystem. Regulation of her-
bivore abundances, and thus top-down control by grazers, is therefore an 
important tool in the management and preservation of the system and its 
goods and services.  
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Paper II 

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

Lilliesköld Sjöö G, Mörk E, Andersson S and Melander I (Accepted for  

publication in Estuarine, Coastal and Shelf Science). 
 

 
Numerous studies world wide have shown that top-down regulation through 
herbivore grazing seems to be the most important factor controlling macroal-
gal biomass and cover on coral reefs (e.g. Paper I in the studied region). 
Bottom-up regulating forces on the other hand may not have as large influ-
ence on abundance, but rather affecting algal community composition. Fur-
thermore, wave action and water motion may alter the influence of these 
regulating factors, thus possibly making effects site specific. Most previous 
studies have been conducted during macroalgal growth periods, where bio-
mass generally increases, but what are the effects of alterations of these regu-
lating factors in seasons when algal abundance is decreasing?  
 

The study aimed to investigate how the initial response to changes in top-
down and bottom-up regulation on the macroalgal community differs with 
exposure to hydrodynamic forces, during a period of general macroalgal 
biomass decline. This period was chosen as most similar studies have been 
conducted during growth season, often overlooking the studied period. 
 
The results in this study showed that both reduced herbivore abundance and 
nutrient availability affected the macroalgal community composition. How-
ever, only herbivore exclosures reduced the decline in macroalgal biomass 
and cover. Previous studies have shown a biomass increase where herbivore 
numbers are reduced, while the present study shows that it can also reduce 
biomass decline during the seasonal die-off by approx 50%.  
The influence from the altered top-down and bottom-up forces on the macro-
algal community composition was strongest at the sheltered back reef-site, 
and all effects on algal biomass, cover, species diversity or algal species 
number was completely lacking at the exposed crest-site. Thus our results 
propose that exposure to wave action and water motion can in itself be an 
important regulating factor, affecting macroalgal communities by influencing 
both top-down and bottom-up regulation. In turn, these results suggest that 
anthropogenic disturbances may have a greater impact on more sheltered 
coral reef habitats. 
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Paper III 

Effects of estimated herbivory on the reproductive po-
tential of four East African algal species - a mechanism 
behind ecosystem shifts on coral reefs? 

Nordemar I, Lilliesköld Sjöö G, Mörk E and McClanahan TR (2007) 
Hydrobiologia 575(1):57-68. 
 

 
Grazing by herbivores has been shown to constitute a key factor governing 
macroalgal community composition and biomass (e.g. Papers I and II). The 
reproductive capacity of the algae governs their distribution on the reef as 
well as their potential to colonize substrate. Thus, algal fecundity is poten-
tially an important factor for the induction and persistence of the observed 
phase shifts. The mode of reproduction and susceptibility to herbivore graz-
ing differ between algal species, and the reproductive capacity of different 
species is therefore likely to vary with both herbivore types and their abun-
dance. 
 
The overall aim of this study was to investigate effects of herbivore grazing 
on the reproductive potential of four species of erect coral reef macroalgae. 
With several marine parks supporting high fish herbivore abundances as well 
as unprotected areas with low fish and high sea urchin abundances, the Ken-
yan coast provided a suitable location for this kind of study.  
 
The reproductive capacity of both species of brown algae showed to be posi-
tively correlated to their overall size. Both species were also significantly 
larger and had a higher number of receptacles or tetrasporangia in areas ex-
periencing low fish grazing. The highly calcified Halimeda species on the 
other hand proved to grow larger in areas where fish abundance was high, 
but urchin abundances low. The overall results suggest that herbivory is an 
important factor influencing macroalgal growth and subsequent reproduction. 
However, algal response to herbivory is species specific and the composition 
of the herbivore community is influencing which species that can grow and 
become abundant in a certain area.  
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Paper IV 

Differences between fish and sea urchin herbivory – 
effects on macroalgal abundance and their influence 
on coral reef status  

 

Mörk E, Lilliesköld Sjöö G, and McClanahan TR (Under review). 
 
 

Macroalgal removal and substrate availability are key mechanism influenc-
ing recovery potential on coral reefs after disturbance. Fish and sea urchins 
are usually considered the most important herbivores on the reef but grazing 
efficiency and mechanisms differ between them. Thus the composition of the 
herbivore community, even if abundant, may well affect macroalgal abun-
dance and coral recruitment. 
 
The aim of this study was to investigate the intra-guild variations in macroal-
gal clearance capacity within the herbivore community. We investigate dif-
ferences between fish- and sea urchin-dominated herbivore communities, 
concerning their consumption and clearance capacity. In turn, we continue to 
evaluate subsequent effects on coral cover and coral reestablishment. 
 
Macroalgal biomass was 10 times higher within the fish dominated park than 
in the urchin dominated unprotected site, even though the estimated con-
sumption was 4 times higher within the park. These results suggests that sea 
urchins may not have as large biomass consumption per individual, but algal 
clearance capacity seem to be higher in comparison to herbivorous fish. In 
turn, such disparity between consumption and actual algal biomass removal 
suggests that the herbivore communities at the two sites may differ in grazing 
mechanisms as well as grazing behavior. Even though the fish dominated 
park has a higher algal biomass, it has still experienced a higher coral recov-
ery over time than the unprotected site. Thus also suggesting that the fish 
dominated herbivore community may not ensure a low algal biomass, but 
may still uphold a relatively higher potential for coral recovery. 
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Paper V 

Regulation of macroalgal abundance on Western In-
dian Ocean coral reefs – Fishery closure induced phase 

shifts an indication of successful management? 

 
Mörk E, McClanahan T (Manuscript in preparation) 
 

Both fish and sea urchins are important controllers of algal biomass on a 
coral reef, even if studies have shown that sea urchins seem more efficient 
(e.g. Paper IV). They are however seldom abundant in the same place at the 
same time as predatory fish reduce sea urchin numbers. Thus, a change in the 
herbivore community can be expected to result in alterations in macroalgal 
community composition (e.g. Paper III), as well as abundance. The estab-
lishment of a marine protected area often results in increasing abundance of 
fish, while reducing sea urchin populations. These alterations may in turn 
induce a transition from coral to macroalgal dominance. 
 

This study aimed to investigate the relationship between fish, sea urchin and 
algal abundance over multiple geographic scales, the East African region, 
within Kenya and within Mombasa Marine Park. 
 
Herbivorous fish showed positive (if any) relationships with algal cover, and 
only weak (if any) influence on algal community structure. This pattern ap-
plied on all investigated scales (whole region, within Kenya and within 
Mombasa Marine Park) and time (decades). With the majority of investigate 
reefs characterized by a high substrate availability, these results imply that 
sea urchin are able to influence macroalgal distribution where herbivorous 
fish cannot. Our results also indicate that increasing macroalgal abundance 
may be a natural occurrence following a transition from sea urchin to fish 
dominated herbivore guilds. Thus, an increasing algal cover may in fact indi-
cate a successful management with recovering fish communities and coral 
cover. 
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Discussion 

Top-down or bottom-up? 

To maintain the capacity of coral reefs to cope with stress from anthropo-
genic activities and facilitate coral resettlement and reef recovery after natu-
ral disturbance, the underlying causes of harmful macroalgal blooms needs to 
be understood. Over the last decades, numerous studies (reviewed by Szmant 
2002; Burkepile & Hay 2006) have been conducted to investigate the relative 
importance of top-down and bottom-up regulation of macroalgal community 
dynamics on reefs worldwide. In accordance with most of these previous 
studies, this thesis suggests that grazing by herbivores is the main factor 
controlling algal biomass accumulation and cover. Paper I and Paper II 
showed alterations in biomass change after exclusion of large bodied herbi-
vores. In Paper I this change manifest in biomass increases, especially 
among corticated algae where biomass accumulation exceeded 1000%, dur-
ing the algal growth season. During the seasonal die-off period, just prior to 
the monsoon, environmental factors changes, such as increasing cloud cover 
accompanied by reduced sunlight irradiance, increased precipitation and 
higher winds (Tobisson et al. 1998). Such alterations of environmental condi-
tions can result in general decreases of macroalgal biomass and cover (e.g. 
Stimson & Conklin 2008). In Paper II, reduced herbivore abundances 
through exclosure did not increase net biomass accumulation, but rather de-
creased macroalgal biomass decline by approximately 50%. In contrast to 
herbivore exclusion, we were not been able to detect any influence of nutri-
ent availability on neither macroalgal biomass nor cover. However, nutrient 
addition was shown to influence the macroalgal community through an in-
crease in species diversity in Paper I as well as species composition in Pa-

per II. 
 
Herbivory not only regulates the overall biomass of macroalgae on the reef, 
but it also seems to influence the species composition, as shown in Paper II, 
as well as species specific size and subsequent reproductive success in Paper 

III. These results are in accordance with other studies where the type of pre-
vailing grazing has been shown to structure the macroalgal community as 
different types of herbivores have different feeding preferences and abilities, 
thus selecting for algae with different structural, chemical and morphological 
properties (e.g. Hay 1984; 1997; Lewis et al. 1987). For example, some types 
of algae seem to be mainly subjected to grazing by fish, while others seem to 
be primarily affected by sea urchins or other types of herbivores 
(McClanahan 1997). In Paper III, the overall size of brown macroalgae was 
shown to correlate with reproductive capacity, and these species were 
smaller in areas where grazing by fish was high. On the other hand, the calci-
fied green algae were small, with a subsequently lower reproductive capacity 
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in areas where the herbivore community was dominated by sea urchins. Thus 
the reproductive capacity of different macroalgal species is likely to vary 
with both herbivore type and their abundance. As the fecundity of the algae 
governs their potential to colonize substrate, and in turn the distribution on 
the reef, it is also a vitally important factor influencing the induction and 
persistence of a phase-shift to macroalgal dominance.  
 
 
Spatial differences in regulation efficiency 

However, the importance of top-down and bottom-up regulation in an area is 
also dependent on the prevailing environmental conditions on the reef. For 
example, even an abundant fish community can not suppress algal prolifera-
tion when substrate availability for colonization is too high (e.g. William & 
Polunin 2001; Mumby et al. 2006b). Other important environmental factors 
include tidal currents and wave action, as these may alter nutrient availability 
(Hurd 2000), restrict the movement (especially on the reef crest) (Ogden 
1976; van den Hoek et al. 1978; Morrison 1988; Vanderklift et al. 2009) and 
alter feeding ability of herbivores (Morrison 1988; Vanderklift et al. 2009). 
These factors can thus be a key determinant of macroalgal production and 
community structure (Hurd 2000). Such interactions between regulating 
forces is also evident in Chwaka bay, on Zanzibar, where effects of enhanced 
nutrient availability and herbivore exclusion in Paper II were only observed 
on a sheltered back reef-site, while lacking on a more exposed reef crest. 
Thus, environmental conditions affecting the occurrence of herbivores can in 
turn alter the algal species composition. As different algal species have dif-
ferent asexual and sexual reproductive capacity this may affect ecosystem 
recovery after disturbance. Furthermore, such results also imply that effects 
of anthropogenic disturbance, in terms of over harvesting of herbivores and 
eutrophication, may vary between or even within coral reef habitats.  
 
 
Differences between herbivores 

Clearly, the function of macroalgal removal on the reef is influenced by the 
presence of herbivores and their abundance, as well as the environmental 
conditions affecting these herbivores. However, this relationship is more 
complicated than that, as the composition of the herbivore community 
(Ferreira et al. 1998) and the dominant type of herbivore (e.g., fish or sea 
urchins) (e.g., Hay 1984; Carpenter 1986) is also of great importance. Differ-
ent herbivores have different feeding preferences, efficiency and mecha-
nisms, resulting in selection for certain types of algae (Paper V; Hay 1991, 
1997; Amsler 2001; Hereu 2006). Fish and sea urchins are both important 
herbivores on the coral reef, but efficiency differs between them, as sea ur-
chins seem have a higher capacity for algal clearance (e.g. Morrison 1988; 
Hereu 2006; Mumby et al. 2006). With their higher feeding efficiency sea 
urchins also seem to be able to keep the reef cropped, even when coral cover 
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is low and availability of colonizable substrate is high, as on the reefs in both 
Papers IV and V. With different herbivore type and feeding mechanism, 
come different feeding functions (e.g., scrapers, bioeroders etc.). For exam-
ple, as sea urchins can be bioeroders (Steneck 1988), and may through their 
feeding loss of coral cover and reduce coral recruitment (Sammarco 1980; 
McClanahan and Mutere 1994). Thereby, sea urchins may effectively control 
algal abundance and distribution on coral reefs, but still hamper coral recov-
ery. In contrast as in Papers IV and V, an area dominated by fish and with 
relatively high macroalgal abundance, may still see an increase in coral 
cover, in turn suggesting that a high algal abundance must not per se be an 
indication of coral reef degradation. Such intra-guild differences are impor-
tant to recognize when considering the herbivore community and estimating 
herbivore consumption, algal clearing capacity, as well as status of a coral 
reef. 
 
 
Implications for management, a case study 

The results emerging from this thesis (Papers IV and V) suggests that the 
establishment of a marine protected area in a degraded reef site, dominated 
by sea urchins, could result in increased macroalgal abundance, as the herbi-
vore community changes from urchin to fish domination. This very pattern 
seems to have been, and is currently still progressing, in Mombasa Marine 
Park, after its establishment in 1991 (Fig 2).  
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Fig. 2. Development of macroalgal- and coral-cover along with estimated con-

sumption of fish and sea urchins in Mombasa Marine Park, after its establish-

ment in 1991. 
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However, the future of this marine protected area is uncertain as the resultant 
macroalgal dominance may “lock” the park in a stable state where feedback 
mechanisms from the presence of the algae prevent further coral recovery 
(see e.g. Suding et al. 2004; Mumby and Steneck 2008). On the other hand, 
as mentioned above a macroalgal “bloom” may not necessarily indicate a 
stable state with macroalgal dominance. The park, like Mombasa Marine 
Park in Papers IV and V (Fig 2), may still experience increasing coral cover, 
which would reduce substrate available for algal colonization, and in turn 
concentrate herbivore grazing, possibly leading to reef recovery (as discussed 
by e.g. Mumby et al. 2006b).   
 
 
Corals, algae and the “relative dominance 
model”  

The “relative dominance model” (Littler and Littler 1984; Fig. 3) has often 
been used as a framework for explaining algal community composition and 
distribution on coral reefs. The model predicts that the relative abundances of 
corals, crustose coralline algae, macroalgal turfs and frondose macroalgae 
are determined by the competitive properties of these groups under variations 
of top-down and bottom-up control. In this model, a healthy coral reef with 
high grazing pressures and low nutrient loading would result in an ecosystem 
dominated by corals, whereas if grazing is reduced (e.g. through fishing pres-
sure), turf algae would instead become more dominant. On a reef supporting 
high herbivore abundances, but also subjected to high nutrient loading, crus-
tose coralline algae are expected to dominate. Finally, when nutrient levels 
are enhanced and grazing is reduced, frondose macroalgae is likely to be the 
most prominent. However, during recent years the model has been under 
debate (see e.g. Sotka and Hay 2009, and references therein). Critique on the 
model generally concerns the influence of nutrient loading, as even though 
possibly influential on macroalgal community composition (as suggested by 
e.g. Papers I and II), this factor does not seem to be important in governing 
algal biomass and potential dominance (Papers I and II; Burkepile and Hay 
2006; Sotka and Hay 2009).  
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Fig. 3. The relative dominance model (adopted from Littler and Littler 1984) 

predicts that the relative abundances of corals, crustose coralline algae, macro-

algal turfs and frondose macroalgae are determined by the competitive proper-

ties of these groups under variations of grazing activity and nutrient levels. 

 
 
Within the “relative dominance-model” discourse, based on my own findings 
I would emphasize the importance of substrate availability over the impor-
tance of nutrient loading on our studied reefs, and maybe in the whole re-
gion. Instead I would focus on grazing by herbivores as the more important 
factor contributing to the ecosystem transitions into algal dominance. As 
mentioned above, grazing by herbivores seems to be a potentially effective 
controlling mechanism depending on the status of the reef (i.e. amount of 
substrate available for algal colonization and composition of the herbivore 
community). Instead, I propose an alternative model (Fig. 4) focusing on the 
importance of intra-guild differences within the herbivore community, and its 
interactive effects with substrate availability. In this model, a “healthy” coral 
reef with a rich community of herbivorous fish and high cover of live coral 
would remain dominated by corals (as also found in Kenya, see Lilliesköld 
Sjöö et al. in manuscript). When fish are removed and sea urchins become 
the dominant herbivore in an area where live coral cover is still high, urchins 
are likely to keep the accessible substrate cropped and turf algae may occur 
amongst the corals (substrate accessible to them, as urchin may be restricted 
in their movement by the topographic complexity of living corals). However, 
considering the bioerosive effects of sea urchins when occurring in high 
abundances, they may eventually become a destructive force, predating on 
and destroying the live coral. In turn, high sea urchin numbers may result in a 
state with low live coral cover and virtually no algae (Fig. 4), a so called “sea 
urchin barren” (McClanahan & Shafir 1990; Norström et al. 2009). This 
describes a situation where bioerosion rate exceeds net accretion (e.g. Eakin 
1996; somewhat also represented in Paper IV, even though urchin abun-
dances are not as high and there are still a low algal biomass at the site). 
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Even if the fish community is relatively intact, herbivorous fish may be 
overwhelmed by algal growth and not able to maintain a low algal abundance 
if substrate becomes available, e.g. after a disturbance event, such as a hurri-
cane or coral bleaching (e.g. Hughes et al. 2007; Paper IV). This state with a 
relatively high fish abundance, but low live coral cover may thus be domi-
nated by frondose macroalgae (as seen in Mombasa Marine Park; Fig 2). 
However, as also argued above, this state may still experience coral recovery, 
and as substrate availability diminishes can perhaps recover into coral domi-
nance? (Fig. 4). Or will feedback mechanisms keep this state stable?  
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Fig. 4. An alternative relative dominance model predicting the relative abun-

dances of corals and macroalgae determined by the composition of the herbivore 

community and amount of substrate available for algal colonization.  
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Overall conclusions 

The results generated from this thesis suggest that macroalgal abundance and 
fecundity in a coral reef system are largely governed by top-down regulation 
through grazing herbivores. Bottom-up regulation through enhanced nutrient 
availability did not show any influence on algal biomass or cover, but rather 
on species composition. However, these regulating effects were not visible in 
the more exposed area, with relatively strong water motion, suggesting that 
impacts of anthropogenic disturbance may be site-specific.  
 
When looking at intra-guild differences in the herbivore community, it is 
evident that efficiency in removing macroalgal biomass is dependent on the 
type of dominant herbivore. Sea urchins seem to be more effective than fish, 
but may also, through their feeding preference and mechanisms, cause bio-
erosion and subsequently lowered live coral cover and recruitment when 
occurring in too high abundances. Through these differences, fish may not be 
able to prevent a macroalgal bloom in a degraded system, but may still facili-
tate coral recovery. Thus, a large algal biomass may not necessarily indicate 
a reef beyond the possibility of recovery. In turn, this implies that coral reef 
management strategies targeting increasing fish abundances while reducing 
sea urchin numbers may, in the short term cause increasing macroalgal bio-
mass and cover, but in the long term also result in coral recovery. 
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