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Chapter 1 

General Introduction 

Fig. 1. Sparisoma viride 

Initial phase female 

Terminal phase male 

This thesis reports the results of a field study carried out at the fringing coral reef of 
Bonaire (Netherlands Antilles) from April 1987 to December 1990. It is part of a larger 
project, set up to construct a detailed energy budget of the herbivorous stoplight parrotfish, 
Sparisoma viride (Fig. I ). Supply, selection, intake, and absorption of food were 
investigated by Bruggemann (1995). The energy allocation of this common grazer to 
different Iife performances is the main theme addressed here. 

The project was the logical continuation of previous studies undertaken by the 
Marine Biology department of the University of Groningen (van den Hoek 1969, van den 
Hoek et al. 1975 and 1978, Wanders 1978, Vooren 1981, de Ruyter van Steveninck 1987). 
These studies focused on the distribution, productivity and dynamics of major algal groups 
on Caribbean coral reefs and yieided three important outcomes. First of all, a high bottom 
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General Introduction 

coverage with encrusting coralline algae and scleractinian corals, both of which are major 
reef builders, as opposed to a very scarce vegetation of filamentous and frondose algae in 
the shallower reef zones. Secondly, a very high productivity of the scanty algal vegetation, 
which was hypothesized to be large enough to sustain the many herbivores inhabiting the 
reef. And third, an important role of herbivorous fish and sea urchins in maintaining the 
natural equilibrium between the major reef builders at one hand, and algal turfs and 
macroalgae, which may overgrow the reef, on the other hand. This led to the prime 
objective of our project: actual quantification of the role of one abundant herbivore in the 
trophodynamics of a coral reef. 

Besides the clear link to previous work, our project also marks an important turn, 
the focus being shifted from algae to one of their consumers. This called for a cooperation 
between botanists and zoologists, which inevitably brought a new dimension into the 
project: the behaviour of fish. As it tumed out, our study animal showed a bewildering 
variability in behavioural and energy allocation patterns. In a trophodynamic context, this 
variation can be considered a confounding facto~, hindering straightforward assessment of 
the species' role in the ecosystem. However, in a behavioural ecology and life history 
context, the high degree of intraspecific variability opens fascinating new lines for 
research. Rather than choosing between one or the other, 1 have tried to collect and 
analyze our data in such a way that they could be used in all three contexts. Each 
perspective has its own theoretical background and poses different questions, which are 
depicted below. But first some relevant information about the study animal and its habitat 
is presented. An outline of the thesis finally concludes this introduction. 

Sparisoma viride: prominent grazer of the coral reef 

Parrotfish (family Scaridae, order Perciformes) owe their name to their fused teeth, 
resembling a parrot's beak (Fig. 2), that they use to scrape epi- and endolithic algae from 
dead coral or rock substrata. Another specialization that is related to their feeding mode is 
the 'pharyngeal mi 11 , (Fig. 2), a set of flattened bones in the throat, covered with tight 
rows of small pharyngeal teeth, and used to grind the ingested material into a mass of fine 
particles (Gygi 1975, Bellwood & Choat 1990). The pharyngeal mill is essential for 
rupturing the cellulose cell walls of algae, since scarids do not produce cellulolytic 
enzymes, lack a stomach to lyse or triturate the algae, and do not possess a symbiotic gut 
flora of microorganisms that can digest plant cell walls (Horn 1989). Together with 
surgeonfish (Acanthuridae), rabbitfish (Siganidae), damselfish (Pomacentridae), and/or sea 
urchins (Echinoidea), parrotfish form the most conspicuous herbivores on coral reefs 
throughout the world (Hatcher 1983, Steneck 1988, Horn 1989, Choat 1991). The genus 
Sparisoma is restricted to Caribbean (6 spp.) and Eastern Atlantic (2 spp.) cora! reefs, 
unlike the Scarus genus with 6 Caribbean and more than 50 Indo-Pacific representatives 
(Choat 1991). Parrotfish are closely related to wrasses (Labridae), with whom they share 
the characteristic pectoral fin swimming mode and the even rows of large scales. 
However, labrids are generally much smaller and live on omnivorous or carnivorous diets 
(Humann 1989). 

Sparisoma viride was selected as study animal for this study because exploring 
dives at the main study site, the fringing reef off Karpata Ecological Centre (Bonaire), 
indicated that it was one of the most common macro-herbivores, comprising a significant 
proportion of the total biomass of the herbivore guild. Furthermore, the fish appeared to be 
indifferent to the presence of an observer using snorkel or SCUBA ge ar, and male adults 
could be individually recognized by characteristic yellow scale patterns at the base of the 
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Chapter 1 

Fig. 2. Sparisoma sp. bones 
found in the stomach of a spotted 

moray eel (Gymnothorax 
moringa) caught by local 

fishermen. 

Fused teeth resembling a 
parrot's beak 

Pharyngeal mill 

tail. An important reason for choosing a reef at Bonaire as study site (Fig. 3) was the fact 
th at spearfishing has been banned there since 1971, while anchoring and collecting (except 
for fishing with handlines) were prohibited in 1979 when the entire reef was declared a 
protected marine park. The banning of spearfishing almost certainly explains the lack of 
shy behaviour of most fish, including the larger (target prone) specimens. The behaviour 
of fish towards divers on the Bonaire reef, compared to that on other Caribbean reefs 
where spearfishing is still common practice, is striking. 

The life history of S. viride and many other parrotfish and labrids is characterized 
by a pelagic larval stage, female to male sex change (protogynous sequential 
hermaphroditism) and the occurrence of two adult colour pattems (sexual dichromatism: a 
drab initial phase [lP] pattem that is typical for females, and strikingly coloured terminal 
phase [TP] males; See Fig. I) (Reinboth 1968, Robertson & Warner 1978). As aresuIt, 
scarid and labrid social and mating systems are highly complex (Thresher 1984). S. viride 
has attracted special attention in some early studies that addressed its role as bioeroder 
(Gygi 1975, Frydl & Stearn 1978, Frydl 1979). However, at the time that the present study 
started, relatively little was known about the social and mating behaviour of S. viride, as 
opposed to the vast literature on the behaviour and ecology of damselfish and labrids (Sale 
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Fig. 3 Overview of 
the reef at our main 
study site, Karpata. 

1978, 1980). This can probably be ascribed to the relatively large size (up to 50 cm) and 
mobility of S. viride, making it more difficult to follow in the field and less amenable to 
experimental manipulation. The picture emerging from scattered Iiterature data seemed to 
confirm the complexity th at had been reported for other scarids and labrids. It suggested a 
high degree of spatial variability in the degree of site-attachment and territoriality , mating 
pattems, sex- and IP:TP- ratios. 

Coral reefs are restricted to c1ear, warm (;;::20 0c), and saline water. Only under 
those conditions can reef-building corals (Sc1eractinia) construct the large calcareous 
colonies that form the major framework of reefs (Lowe-Mcconnell 1987). This appears to 
be related to the requirements of their endosymbiotic zooxanthellae (unicellular algae) that 
play an important role in the calcium deposition and carbon budget of hermatypic corals 
(Lewis 1977, Muscatine 1980, Muscatine et al. 1989). Given the relatively low seasonality 
in the tropics and the high age of 'modem' coral reefs (the oldest dating back to the late 
Cretaceous, 70-50 million years ago), coral reefs were traditionally viewed as highly stabIe 
systems. However, the important role of physical and biological disturbances on coral reef 
ecology is now widely recognized (Ebeling & Hixon 1991, Sale 1991). WeIl known 
examples are the El Nifio event, tropical storms and hurricanes, crown-of-thoms 
(Acanthaster planci) outbreaks, and the mass mortality of staghom coral (Acropora 
cervicomis) and the long spined urchin (Diadema antillarum). TypicaIly, the occurrence of 
such disturbances is highly unpredictable in space and time. Another important 
characteristic of coral reefs is their high degree of structural complexity and spatial 
heterogeneity at scales ranging from meters (e.g. vertical zonation) to tens of kilometres 
(e.g. between sites on a continuous fringing reef). 

The stochastic nature of the environment of coral reef fish is further enhanced by 
prerecruitment processes. Virtually all reef fish have a plankton ic larval stage that strongly 
affects the dispersal of offspring and the recruitment of juveniles to the reef-based 
population, usually in an unpredictable way (e.g. Victor 1986a and b, Shapiro et al. 1988). 
As a result, reef fish populations have been suggested to represent non-equilibrium 
systems, their density, structure, and dynamics being largely controlled by stochastic 
processes (Doherty & Williams 1988, Sale 1991, Sale et al. 1994). However, as stressed 
by Jones (1991), recruitment pattems can certainly be modified during the benthic phase 
of the Iife cyc1e. He argues that a full understanding of the pattems of distribution and 
abundance of reef fish populations requires insight into all demographic changes and 

16 

e 
c 
\ 

e 

1 

j 

a 
h 
I 

h 
f 
t, 

t: 
r 
1 

t 
v 
( 

t. 
I , 
t 
r 



;orals 
r ality 
e late 
stabie 
1I reef 

I
nown 
horns 
?pora 
ice of 
ortant 
patial 
retres 

~d by 
ongly 
pased 
,988). 
)fium 
aastic 
essed 
ph ase 
land 
i and 

Chapter 1 

ecological processes th at occur through the entire life history. An important point in this 
context is that populations of long-lived fish are relatively insensitive to stochastic 
variations in recruitment because they accumulate the effects of many past recruitment 
events (the "storage effect", see Warner & Chesson 1985, Warner & Hughes 1988). 

The trophodynamic context 

Fig. 4. Diver (Frederieke Kroon) with hoop net for 
field collection of spawned e99s. 

A striking feature of most coral reefs is the low biomass of fleshy and filamentous ben th ic 
algae in the shallower «20 m) reef partS' which has been ascribed to intense grazing by 
herbivores (e.g. Randall 1961, Bak:us 1966, van den Hoek 1969, Wanders 1977, van den 
Hoek et al. 1978, Sammarco 1982, Hatcher & Larkum 1983, Lewis 1986, de Ruyter van 
Steveninck & Bak: 1986). Furthermore, they typically harbour large stocks of rnacro
herbivores (Hatcher 1983, Steneck 1988, Choat 1991). The prominent role of herbivorous 
fish on tropical reefs contrasts sharply with their negligible effect on benthic algae in 
temperate ben th ic marine systems. Whereas trophic flow in the latter systems is primarily 
through detritus-based pathways, macro-herbivores are generally assumed to play a major 
role in the trophodynamics of co ral reefs (Ogden & Lobel 1978, Hatcher 1983, Hom 
1989). 

Coral reefs have often been depicted as productive oases in a desert. This refers to 
the exuberant life they support, despite the oligotrophic nature of the surrounding oceanic 
water. Some of the earliest quantitative studies on coral reefs (e.g. Sargent & Austin 1954, 
Odum & Odum 1955) revealed much higher primary production rates than expected from 
the low nutrient concentrations in the water. This high productivity has been confirrned by 
later studies (Lewis 1977, Wanders 1976, de Ruyter van Steveninck & Breeman 1981, 
Vooren 1981, Carpenter 1985, Klumpp & McKinnon 1989). To explain the paradox 
between high productivity and low nutrient concentrations, a high retention and efficient 
recycling of nutrients within the reef system have been suggested (Lewis 1977, Muscatine 
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& Porter 1977, Larkum 1983). Efficient uptake and transfer of nutrients by herbivores 
might contribute to this efficiency. 

Although herbivorous reef fish have been the subject of many studies, hardly any 
quantitative data on food intake, assimilation efficiency, or somatic and reproductive 
production are available (Hom 1989, Choat 1991). This is cJearly illustrated by an early 
attempt to construct a mathematical model for a coral reef that predicts the biomass and 
production of major species groups CECOPATH'; Polovina 1984, Atkinson & Grigg 1984, 
Grigg et al. 1984). In this model, annual consumption and production were assumed to be 
the same for alI herbivorous and omnivorous fish species (2 respectively 5% of their 
biomass). For lack of more representative data, consumption was based on literature data 
for fast growing salmonids (a family with no coral reef representatives), while production 
was inferred from mortality estimates for 6 omnivorous reef species. More recently, Russ 
& StJohn (1988) reviewed growth and production of herbivorous coral reef fish and 
reported growth parameters for 22 species. Most of these were based on unpublished data 
(9 species) or on the pioneering work of Randali (1962), which involved no more than 32 
recaptures of 5 scarid species and 50 recaptures of 3 acanthurids. Evidently, more 
quantitative data are badly needed for an accurate assessment of the trophodynamic role of 
herbivorous reef fish. 

A major question raised by Hom (1989) is how herbivorous fish cope with strictly 
aigal diets that are known to be of low nutritional quality. Can the large herbivore stocks 
on coral reefs be sustained by the production of epi!ithic algae, which are usually assumed 
to be their major food source, or do they need additional resources Iike small invertebrates 
or the faeces of planktivorous fish (Choat 1991)? Furthermore, as stressed by both Hom 
(1989) and Choat (1991), herbivorous fish constitute a diverse group of species, using 
different behavioral, morphological, and physiological specializations to harvest and 
process their (equalIy diverse) algal food . They wam against the tendency to divide 
herbivores into a limited number of ecologically uniform groups exploiting a common 
food source. 

From the foregoing it will be cJear that detailed studies of food intake and 
utilization by individual herbivore species may contribute significantly to a better 
understanding of reef trophodynamics. Construction of energy budgets can be a powerful 
tooI in such studies. Following the laws of thermodynamics, the amount of energy 
ingested with the food (1) must equal the energy that is lost in faeces and other excretions 
(E), released in metabolism (M), or invested in somatic and reproductive growth (G) (cf. 
Brett & Groves 1979). This yields a balanced equation that can be written in its simplest 
form as: I = M + G + E. Metabolism, growth, and excretion are usually divided in 
subcomponents that are estimated separately. Quantification of each component entaiJs its 
own specific difficulties and sources of error, which may be particularly large in field 
studies (Soofiani & Hawkins 1985). Therefore, one of the aims of our project was to 
obtain independent estimates for the major components, so that their reliability could be 
verified by drawing up the balance-sheet. 

In this trophodynamic context, the main goal of the present study was to determine 
how much of the energy and nutrients assimiJated by S. viride (I - E, as determined by 
Bruggemann 1995), is invested in somatic growth (Gs) and the production of gametes 
(GG)' and how much is 'lost' in metabolism (M). Our results should provide an answer to 
the folIowing questions: 
1 a) Are the energy and nutrients, derived from the ingested algae, sufficient to cover the 

metabolic demands of S. viride? In other words: can S. viride live on a strictly 
algal diet ? 

1 b) How efficiently does S. viride convert its food into growth and gamete production ? 
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Chapter 1 

This pro vides insight into the efficiency of the transfer of energy and nutrients to 
higher trophic levels, which in turn will shed some light on the importanee of 
grazer-based pathways in coral reefs. 

The behavioural ecology context 

Fig. 5. Diver (Manfred van Veghel) recording 
the behaviour of a terminal phase Sparisoma 

viride male, using the underwater 
eventrecorder. 

During the first year of fieldwork, it became c1ear that there were obvious differences in 
social and reproductive behaviour between adult S. viride residing in different parts of the 
reef. Between 3 and 22 m depth, the reef was largely occupied by territoria! males, 
defending their daytime home range against conspecific ma!es but not against females with 
whom they mated daily. No sexua! activity was observed in the shallower reef that was 
inhabited by large groups of males and fema\es sharing comrnon home ranges. 
Furthermore, at a larger spatial scale, striking differences were observed in socia! 
organization, all adults living in territories at some sites whereas group fish dominated the 
largest part of the reef at other sites. These observations raised the question what factors 
determine the development of territorial behaviour in S. viride. 

A weil known theory explaining the adaptive significanee of territoriality is known 
as the concept of economic defendability, first proposed by Brown (1964). It predicts the 
development of territorial behaviour if the benefits of increased access to the defended 
resource(s) outweigh the costs of defence. Factors that will enhance the economic 
defendability of a resource are: high resource quality, moderate resource density, 
predictabie resource distribution in space and time th at is neither too c1umped nor too 
uniform, moderate competitor density, . and good competitive ability of the individual 
(Wam er 1980, Davies & Houston 1984). 

Although the economic defendability concept was originally proposed to explain 
the defence of an exc1usive area by a solitary individual, it has been extended to explain 
group territoriality as weil. Most studies addressing this topic deal with socially 
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cooperative groups of birds or mammaIs, in which territory sharing has been related to 
extreme costs to the dispersal of offspring from a territory, cooperative care of young 
within the territory, or kin selection among group members (see Clifton 1990 for 
references). However, given the pelagic spawning mode of parrotfish (direct release of 
gametes in the water column) without subsequent parental care, none of these factors can 
explain group territoriality in parrotfish (Clifton 1990). By careful analysis of the 
behaviour of fish in their natural habitat and elegant field manipulations Clifton (1989, 
1990, 1991) has shown that territory sharing in the striped parrotfish (Scarus iserti) can be 
explained by a cost-benefit argument. Dominant fish benefit from the presence of 
subordinate group members because they act as food-finders, allowing faster detection and 
exploitation of high quality food patches, and because larger subordinates contribute to 
territory defence. 

If we assume that coral reef fish populations represent open systems, producing 
highly dispersive planktonic larvae, genetic differentiation between local populations is not 
likely to occur at small spatial scales. Considc::ring further the large spatial heterogeneity 
and the unpredictability of the environment, it follows that the observed spatial differences 
in behaviour and sociaI organization are not necessarily adaptive. For example, if the 
development of territorial behaviour would be genetically determined, a territorial 
individual might end up (by chance settlement) in a reef where the vital resources cannot 
be defended economically. This would result in sub-optimal behaviour. However, if the 
local variability does appear to be adaptive, this would point to phenotypic plasticity, 
allowing fish to respond flexibly to unpredictable (spatialor temporaI) changes in the 
environment (Thresher 1984, Shapiro 1991, Warner 1991). 

The main questions that have been addressed in the behavioural ecology context 
are: 
2a) What resource(s) is/are actually defended by territorial S. viride and against whom ? 

This should provide insight into the benefits of territorial behaviour. 
2b) To what extent can the observed between-site differences in the degree of territoriality 

be viewed as local adaptations? Can they be related to environmental parameters 
conform theoretical predictions ? 

2c) How large are the costs of territory defence, how are they shared between the male 
and females, and are they outweighed by the benefits ? 

The life history context 

A general model explaining the occurrence of sex change was proposed by Ghiselin 
(1969) and has come to be known as the size-advantage hypothesis. The basic idea is 
simpie: if the expected number of offspring changes more rapidly with size in one sex 
than in the other, natural selection will favour a genotype whose individuals are bom into 
the sex that suffers less from being small and then change to the sex that gains most from 
being large (Wamer 1988). In fish with a polygynous mating system, where large males 
control the access to mates or mating sites, small males attain no reproductive success at 
all, whereas small females are usually readily accepted as mates by the dominant males . In 
such a situation, it is of obvious advantage to reproduce as a female while small and to 
change sex once the minimum size of a dominant male is reached. 

Warner et al. (1975) successfully applied (a refined version of) the size-advantage 
model to explain the mode and timing of sex reversal in the bluehead wrasse (Thalassoma 
bifasciatum). They also showed that, when intense sexual selection leads to highly skewed 
sex ratios, alternative male mating tactics will be favoured. In large populations, the (few) 
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Chapter 1 

dominant males may be no longer able to con trol the access to all females, so that small 
mal es can attain some reproductive success. This would explain the occurrence of small lP 
males that employ a group or interference spawning tactic, as found in many labrid and 
scarid species (Robertson & Warner 1978, Warner & Robertson 1978). 

Two intriguing observations with respect to the timing of sex change in S. viride 
raised our special interest. First of all, while the minimum size of successful territorial 
mal es was found to be 31 cm, many fish proved to change sex and colour at much smaller 
sizes, resulting in an extended period as group male with little or no reproductive success. 
Secondly, comparison of population structure at different sites along the coast of Bonaire 
revealed large differences in IP:TP ratios. This suggested that the timing of sex change 
differed between local populations. Factors that may promote early sex change are: faster 
growth or reduced mortality of sm all males, a high reward for attaining dominant male 
status, reduced duration of the non-reproductive period, and increased opportunities to 
attain some reproductive success as a smal I male (Hoffmann et al. 1985, Aldenhoven 
1986a, Iwasa 1991, Warner 1991). 

In this context the following questions were addressed: 
3a) Is there an adaptive explanation for the presence of relatively small terminal ph ase 

males in our S. viride population ? 
3b) To what extent can the observed between-site differences in IP:TP ratios be viewed as 

local adaptations? Can they be related to environmental factors that are predicted 
to promote early sex change? 

Outline of the thesis 

The first th ree chapters following this introduction deal with the social organization of S. 
viride. Chapter 2 gives a description of the structure and the social and mating system of 
the population 'at our main study site. The two major social categories that were 
distinguished, group and territorial fish, are compared quantitatively with respect to their 
use of space (size and exclusivity of home range, vertical distribution, residence times), 
size composition, behaviour towards conspecifics, and reproductive activity. Although 
largely descriptive, it provides basic information that is used in allother chapters and it 
has generated the major hypotheses conceming the behavioral ecology and life history of 
S. viride. Chapter 3 addresses the question why the territorial behaviour of adults is only 
directed against conspecifics. It compares the vertical distribution of the major grazers at 
our main study site, grazing pressure inside and outside territories, and the substrate 
preferences of all adult scarids residing inside a single S. viride territory. In chapter 4 we 
compare the population structure and social organization at our main study site with that at 
two other locations. Differences are related to the density of S. viride and other macro
herbivores, the availability of food , shelter and mating sites, general reef structure, and 
wave and current regime. The relative importance of stochastic processes versus factors 
promoting territoriality or early sex change are discussed. Tt is the only chapter that deals 
with data from other locations than the main study site. 

The next three chapters all relate to the growth of S. viride. Because territorial 
males proved to loose their territory easily following capture and release, a stereo
photographic method to measure the length of free-swimming fish was developed. The 
merits and constraints of this method are described in chapter 5. The condition (i.e. the 
weight relative to length) of group and territorial fi sh in different seasons and from 
different parts of the reef is compared in chapter 6. The analysis indicates differences in 
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the balance of energy intake and expenditure, which are discussed in both the 
trophodynamic and the behavioural ecology context. Length- and weight-growth of 
juveniles and of group and territorial adults are described in chapter 7. Besides life and 
colour phase, the effects of tagging, reproductive activity, season, and residence depth on 
growth rate are investigated. Gross growth efficiencies are calculated from growth rates, 
body composition and from the estimates of food intake and absorption provided by 
Bruggemann et al. (l994a and b). The results provide insight into the trophodynamic role 
of S. viride and suggest a likely explanation for the occurrence of early sex change. 

Chapter 8 provides estimates of natural mortality, sex change, and territory 
acquisition rates, which are vital for an understanding of the adaptive significance of early 
sex change. The estimates are based on an analysis of repeated visual censuses of different 
phases and size classes, combined with the growth rates from the previous chapter. The 
reliability of the estimates is assessed by comparing them with field observations presented 
in chapter 2. A tentative comparison of the expected future reproductive output of early 
and late sex changers c1early demonstrates toe dramatic life history implications of 
different size-specific mortality schedules. 

Chapter 9 provides the major tooi for actual quantification of field metabolic rates. 
Using smaJl continuous-flow respirometers, the empirical relationship between ventilation 
frequency and oxygen consumption is determined. This relationship is used in chapter 10 
to estimate the metabolic rates of free-swimming group and territorial fish . Using an 
underwater eventrecorder to record the behaviour, including fin beats, bites, and giJl beats 
of focal animals, metabolic rate is directly related to swimming and grazing activity and to 
different behavioural states. Furthermore, estimates are presented of gamete production. 
Combined with the data on growth and food absorption, energy budgets are constructed 
for group and territorial males and females of varying size. The energy released in 
metabolism and allocated to gamete production is compared with reported values for other 
fish. The results provide detailed insight into the costs of territorial life. 

In chapter 11 finally, the general discussion, all quantitative estimates are 
converted to the population level for a final assessment of the trophodynamic role of S. 
viride on the reef of Bonaire. Furthermore, the main questions that have been raised in this 
introduction wiJl be explicitly addressed, and an attempt is undertaken to show their close 
interdependency. 
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