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Chapter 10 

Energetics and territoriality of the reef herbivore 
Sparisoma viride 

Jules van Rooij, John VideIer 

Key words: Time expenditure, Energy budget, Ventilation frequency, Field metabolism, 
Swimming activity, Grazing rate, Reproductive effort, Growth efficiency, Intrapopulation 
variation, Scaridae 

Abstract 

Continuous records of behaviour, bite rate, fin beat- and ventilation- frequency of free
swimming stoplight parrotfish (Sparisoma viride, a common herbivore on Caribbean coral 
reefs) were obtained with an underwater eventrecorder. These provided detailed insight into 
grazing and swimrning activity and concurrent metabolic rate, which could be calculated 
from a previously reported experimentaI relationship between ventilation frequency and 
oxygen uptake rate. Fin beat frequency proved to be highly correlated with relative 
swimming speed (in body lengths S'l) and was therefore a good indicator of swimrning 
activity. We also estimated gamete production following different approaches (field 
collections of spawned eggs, stripping eggs from narcotized females, dissection of gonads). 
Combined with previous estimates of food intake, absorption, and growth, e.nergy budgets 
were constructed for male and femaIe territorial and (non-territorial) group adults. These 
budgets served two main goals. First, to test the reliability of the estimates of consumption 
and secondary production, which were deterrnined to assess the trophodynarnic role of S. 
viride. Secondly, to reveal merits and constraints of territoriality by comparing the 
energetics of territorial and group adults. The energy budgets proved to be highly 
imbalanced (absorption 1.2-6.2 x total expenditure, including a high estimate of 
nitrogenous loss) . Our estimates of oxygen uptake rates, growth, and gamete production 
compared weil with published data for other fish . Furtherrnore, a good correlation was 
found between metabolic rate and the level of grazing and swimming activity. Critical 
reexarnination of the food intake and absorption estimates indicated that energy yield per 
bite and absorption efficiency were the most likely sources of bias, whereas the estimates 
of the amount of material removed from grazing substrates appeared to be reliable. Besides 
the large grazing impact and high somatic production of S. viride, its role as secondary 
producer is further emphasized by our estimate of female egg product ion which can be up 
to 50% of the total daily energy expenditure (30 x their somatic production). Furthermore, 
our findings indicate another major role of S. viride, previously not recognized. We suggest 
it forms an important trophic link between grazing-resistent primary producers (especially 
endolithic and crustose coralline algae) and microherbivores andJor the detritus-based food 
web. This is due to its 'sloppy' feeding mode and low energy assimilation efficiency. 
Comparison of respiration rates showed that territorial males live at clearly elevated 
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metaboJic rates [daytime averages for 30 cm (= 547 g) fish: territorial male: 651-684 mW, 
group male: 612-620 mW, territorial female: 583-589 mW, group female: 620-643 mW]. 
This can be largely ascribed to increased swimming activity that appears to be related to 
'preventive' territory defense. The high co st of living, combined with a reduced foraging 
effort, explains the poor growth and condition of territorial maIes. Their increased access 
to high-yield food patches is proposed to be a prerequisite, without which territories are no 
longer economically defendable. The lower degree of territoriality, found at a nearby reef 
with higher population density, seems to confirrn this proposition. Territorial females also 
have access to the high-yield food patches but show lower metabolic rates than group fish 
and in vest no energy in territory defense. We conclude that the major bene fit of territorial 
life is different for the two sexes. Whereas the access to mates and mating sites, 
guaranteeing high spawning rates, is the major benefit to males, territorial life can be 
viewed as an energy saving feeding strategy for females. However, more data on growth 
and fecundity of females are needed to find out whether territorial females actually convert 
their energetic advantage into an increased egg production or growth. 
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Introduction 

A fundamental concept in behavioural ecology is that the behaviour of animaJs is 
optimized, i.e. such that it maximizes their fitness within certain constraints (Krebs and 
McCleery 1984). Energy budget analysis can be a valuable tooi to test predictions from 
optimaJity models and to reveal the most important constraints. Furthermore, quantification 
of energy intake and expenditure provides insight into the role of a species in the 
trophodynamics of the ecosystem. 

The ecological impact of coral reef herbivores has received considerable attention 
(e.g. Wanders 1977, Ogden and Lobel 1978, Hatcher and Larkum 1983, Littler et al. 1983, 
Hay 1984, Hay and Taylor 1985, Lewis and Wainwright 1985, Carpenter 1986, Lewis 
1986, Foster 1987, Steneck 1988, KJumpp and Polunin 1989). However, the main focus in 
most studies is on the (relative) effect of grazers on the algal community, coraJs, or other 
benthic invertebrates. Hardly any attempt has been undertaken to quantify the transfer of 
energy and nutrients to higher trophic levels (Hom 1989, Choat 1991). Herbivores are 
usually classified in broad taxonomic or functional groups, which are assumed to consist of 
ecologically uniform species (e.g. fish vs. sea urchins, sc rapers vs. croppers vs. suckers, 
micro- vs. macro-herbivores). Inherent in such generalized approaches are the methods 
used to quantify herbivore impact, which is invariably estimated from changes in algal 
biomass due to grazing. Given the spatial and structural complexity of grazing substrates, 
the microscopic size and great diversity of the epi- and endolithic algae consumed, the 
variability in algal biomass and primary productivity, and the large differences in 
behavioural, morphological and physiological feeding specializations of herbivores (to 
mention just a few), accurate quantification of herbivore food intake on coral reefs is 
extremely complicated. Energy budget studies, in which intake and expenditure are 
quantified independently, can serve as a powerful test of the reliability of both input and 
output estimates. 

When constructing field budgets for fish, the most difficult part tends to be the 
energy that is released in metabolism (Soofiani and Hawkins 1985), i.e. the costs of basal 
metabolism, activity, and food processing. Estimates are usuaJly obtained by measuring 
oxygen uptake rates of fish in the lab at different levels of activy and food supply, which 
are th en extrapolated to the field. Such an approach is prone to large error ho wever, as 
recognized by Brett and Groves (1979) who stated that "it remains a chaJlenge to biologists 
to devise some remote means of measuring the actual rates of energy expenditure under 
field conditions". Fifteen years later Jobling (1994) still finds that "estimates of the energy 
expenditure of fish in the wild have been made for a smaJl number of species" only. A 
likely cause for this apparent lack of progress is the inaccessibility of most fish habitats to 
man. Moreover, the doubly labelled water method, a powerful technique to measure field 
metabolic rates of terrestrial animals (e.g. Nagy 1980, Masman and Klaassen 1987, Marken 
Lichtenbelt 1991), cannot be applied to fish due to the high water tumover involved in 
their osmoregulation (Conte 1969). 

Van Rooij and Videier (1996b) recently showed that there is astrong correlation 
between giJl beat frequency and respiration rate in the stoplight parrotfish (Sparisoma 
viride). This large (up to 45 cm long) reef herbivore is abundant in the clear waters of 
Bonaire's fringing reef, where it can be observed at close range. Using SCUBA and an 
underwater eventrecorder we were able to obtain simultaneous records of ventilation 
frequency and behaviour. This allowed us to estimate the metabolic rate of free-swimming 
fish in their natural habitat. As part of a larger project, addressing the role of S. viride in 
the trophodynamics of a cora1 reef, we here present quantitative estimates of the energy 
expenditure of this species on metabolism and game te production. Combined with 
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previously published data on somatic growth (van Rooij et al. 1995a) and on food intake 
and absorption (Bruggemann et al. 1994a, c), we have been able to construct energy 
budgets for adult fish of different size, sex, and social status. To our knowiedge, this is the 
first attempt to quantify all major components of the energy budget for a natural coral reef 
fish population. 

Our goal was twofold. First of all, we wanted to know how much of the energy 
ingested by this herbivore is ultimately transferred to other trophic levels, i.e. channelled 
into growth and reproduction, and how much is 'lost' in metabolism. Secondly, we wanted 
to compare the energeties of territorial and non-territorial adults in our population, 
addressing the question to what extent the behaviour of these fish is optimized. The first 
question focusses on the ecological role of S. viride, and fits into the trophodynamic 
context addressed above. The second question was raised by previous studies on the social 
organization, growth and condition of our S. viride adults (van Rooij et al . 1995a, b, 
1996c), as outlined below. 

Up to 77% of the inhabited reef at our study site is controlled by 20% of the adult 
S. viride population, defending contiguous territories on the deeper reef (3-22 m) against 
adult conspecifics. Territories are occupied perrnanently by a single male plus 1-14 females 
with whom the male mates daily. Non-territorial adults (further referred to as group fish) 
reside in the shallower «3 m) reef parts where many males and females share common 
home ranges. Territories were argued to serve both a reproductive and a . feeding function . 
Territorial males attain much higher spawning rates than group males. They mate daily , 
within a 90 min spawning period between 7:00 and 9:30 h, with most of their 'harem' 
females as weil as with group females leaving their home range on brief spawning 
excursions to the deeper reef. The feeding function was inferred from the much lower 
density of adult S. viride and other grazers inside territories, both absolute and relative to 
available grazing substrates (van Rooij et al. 1996a), which points to reduced grazing 
pressure and a larger food supply. This was confirrned by Bruggemann et al. (l994a, c) 
who found that territorial fish, despite significantly lower bite rates than group fish, ingest 
and absorb more food due to their increased access to high-yield food patches. 

Territoriality is of ten explained by the concept of economie defendability (Brown 
1964), which states that the costs of defense should be outweighed by the benefits of more 
excJusive access to the defended resource(s). As evident from their high spawning rates, an 
obvious benefit to males is increased access to mates. For territorial females, which were 
found to spawn as frequently as equally sized group females, access to high-yield food 
patches appears to be the major advantage. Their territorial behaviour could perhaps be 
viewed as a specialized feeding strategy, as proposed by Gerking (1994), in whieh the 
energetic costs of food acquisition are minimized by shifting effort from food search to 
defense. The energy thus saved could be invested in a higher production of somatic, 
reproductive andJor storage tissues. However, van Rooij et al. (1995a, b) detected no 
differences in growth or condition between group and territorial females, whereas territorial 
males showed relatively low growth rates and poor condition. This raised the question 
where the extra energy goes that is absorbed by territorial fish. Both a larger product ion of 
gametes (implying that territorial females release more eggs per spawning than group 
females) and higher metabolic costs of territorial life (e.g. associated with defense) may 
explain the lack of a growth and condition advantage in territorial fish . Comparison of the 
energy budgets of group and territorial males and females should provide an answer to this 
question. We further wanted to know to what extent differences in metabolic rate can be 
ascribed to differences in feeding, swimming, reproductive and defensive activity. 

Our estimates of energy expenditure tumed out, to be considerably lower than 
previous estimates of energy absorption. We will compare our estimates with relevant 
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literature data, discuss probable causes of the imbalance, and suggest improvements for 
fulUre research. Furthermore, we will show that our estimates of field metabolism are 
realistic and provide valuable insight into the merits and constraints of territoriality in our 
s. viride population. 

Methods 

Study site and animals 

Sparisoma viride is a protogynous hermaphrodite, all males being derived from females 
through sex change (Reinboth 1968, Robertson and Wamer 1978). Two adult colour phases 
are distinguished, drably col ou red initial ·phase fish (mainly femaJes at our study site) and 
brightly coloured terminal phase males. We will simply refer to these two phases as 
females and males or we will use the abbreviations TIP and TIP for territorial, and GIP 
and GTP for group females and males respectively (see Appendix I for a list of all used 
abbreviations and definitions) . Adults are defined as fish >15 cm fork length (FL) , the 
estimated size of the smallest fish that were observed to spawn. Details on the complex life 
history of this grazer can be found in van Rooij et al. (1995a, 1996b, c) . S. viride forms a 
major constituent of the herbivore guild at our study site, representing about 22% of the 
biomass of all resident macro-herbivores (scarids, acanthurids, herbivorous pomacentrids 
and echinoids), which is estimated at 690 kg ha·t (Bruggemann et al. 1995b). lts diet 
mainly comprises epilithic algal IUrfs, crustose corallines, and endolithic algae, that it 
scrapes from dead coral substrates with its powerful, beaklike jaws (Bruggemann et al. 
1994a). Like all other herbivorous reef fish , S. viride shows a strictly diumal activity 
pattem, at night resting motionless on the bottom at relatively protected sleeping sites (van 
Rooij et al . 1996c). 

This study was carried out on the fringing reef off Karpata Ecological Center at 
Bonaire, Netherlands Antilles (12°13'N, 68°21 'W). Seawater temperatures varied between 
25.8 °C in February and 29.8 °C in September (monthly means at 1-10 m depth, van Rooij 
et al. 1995b). The entire reef of Bonaire is a marine park where spearfishing has been 
banned since 1971 . Adult parrotfish appear to ignore divers and can be observed at close 
range. Reef profile and dominant growth forms at our study site are described by van 
Rooij et al. (l996a). A 100 m section of this reef, extending from the coast to a depth of 
25 m (bel ow which adult density dropped to zero), was demarcated and will be referred to 
as the study area. 

All S. vi'ride territories inside the study area were mapped and a register was kept 
of all males residing inside these territories between May 1987 and October 1990. Males 
could be individually recognized by the pattern of yellow spots at the base of tail and 
opercula. Up to 17 contiguous territories (240 to 820 m2 in size) covered most of the reef 
below 3 m depth, although some (no more than 3 at the same time) were temporarily taken 
over by GTP after departure of the TIP. A total of 32 TIP were recorded in these 
territories where they resided up to 3Y2 years (mode 1 year, median 17 months). Females 
were tagged with anchor tags andlor sm all clips in the median fins for individual 
identification. Fourty females could be followed for periods of 1-16 months, representing 
tag endurance rather than actua! residence time. Nevertheless, except for a female that 
changed into a male, no TIP was ever observed to give up her original home range. 
Therefore, territoria! fish appear to form quite stab!e socia! units. A map of all territories 
and a detailed ana!ysis of the use of space and socia! dynamics of S. viride in our study 
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area is presented by van Rooij et al. (1996c). 
All fish for which records of ventilation frequency and behaviour were obtained had 

been caught in the study area and their identity and social status were known. As part of a 
simultaneous growth study, most females and GTP were captured and measured (FL in 
mm, wet body mass with empty guts, BM, in g) several times during the study period, so 
that their actual size was known. They were caught either at night, using handnets and 
quinaldine ('Aquavet Seaquin' water-base collection anaesthetic), or by day after 
encirclement with a seine net, and were always released within 24 h after capture. Initial 
trials showed that TIP may loose their territory following capture and release. Therefore, 
their length was measured in the field using stereo photography (accuracy ± I cm; van 
Rooij and VideIer 1996a). Where needed, length was converted to mass using the 
relationship: 

BM = 9.115 x 10-6 x FL3,140 [1] 
(r = 99.8%, n = 386, P < .001, BM in g, FL in mm, van Rooij et al 1995b). Fish that were 
required for laboratory experiments or dissection were caught from adjacent areas or at the 
end of the study period, thus minimizing the disturbance inside the study area. For details 
on capture, tagging, and measuring procedures we refer to van Rooij et al. (l995a). 

Recording ventilation frequency and behaviour 

A custom-built underwater eventrecorder allowed direct registration of behaviour at the 
level of individual bites, gill- and fin-beats . Sixteen keys and any combination of keys 
could be used for recording with a resolution of 0.1 s. Due to ob server limitations 
however, simultaneous registration of gill and fin beats was not feasible. Therefore, two 
types of protocols were obtained, gill and fin protocols. The same behavioural components 
were distinguished in both types, 12 states and 5 events. We defined states as behaviours 
of measurable duration, events lasting too short to be timed. An event could occur during 
any state without effect on its duration. States were mutually exclusive, the beginning of 
one marking the end of the former. Each occurrence of a state during a protocol is defined 
as a bout. States fall into three categories: grazing states, swimming states, and resting 
states. 

During grazing states all bites (application of the jaws to a grazing substrate) were 
recorded in both types of protocols. In gill protocols all gill beats observed during grazing 
were recorded as weIl. Since the movements of the two opercula are synchronized, one 
recorded gill beat represented the opening and closing of both opercula. This could be 
observed from any side of the fish. 

In all swimming states propulsion was generated by rhythmic, synchronized beats of 
the pectoral fins. Only during incidental and brief vigorous chases, fin beat frequency 
could either become too high to be recorded or drop to zero due to a switch to a body/tail 
swimming mode. In fin protocols all fin beats observed during swimming were recorded. 
As for gill beats, a single recorded fin beat represented a complete phase of ab- and 
adduction of both pectorals. In gill protocols all gill (and no fin) beats observed during 
swimming were recorded. 

Resting states are characterized by the absence of feeding and swimming activity, 
so only begin- and end-time were recorded in fin protocols. In gill protocols however, we 
continued recording gill beats (fish obviously did not stop breathing). 

A description of all distinguished states and events is given belqw (see Appendix I 
for abbreviations). 
Grazing states: 
1) Grazing bout: a series of bites directed at the same area of substrate. A bout started at 
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the flrst bite and ended the moment the fish had moved more than 1 body length 
away. In fin protocols a distinction was made between bites on dead versus live 
coral substrates (other than white scars). However, given the rarity of the latter 
«0.3% time expenditure) and the dubious distinction when bites were directed at 
the dead base of living corals, they have been pooled in most analyses (unless 
stated otherwise). 

2) White spot visit: a white spot is a conspicuous white scar (>2 cm2
) on a living coral 

colony (usually Montastrea annularis) , resulting from repeated grazing by one or 
more stop light parrotfish on the same spot. A visit started when the fish had 
approached the spot to within 1 body length and rested stationary, its head directed 
towards the spot. Usually, but not necessarily, an approach was followed by a few 
bites at (the margins of) the scar. The visit ended when the fish had moved more 
than I body leng th away. 

Swimming states: 
1) Low swimming: the swimming mode used for normal displacements, in which the fish 

stays close to the substrate, following the bottom contours. 
2) High swimming: swimming high up in the watercolumn, i.e. weil above the highest 

coral formation within a 2 m radius around the fish. 
3) Soliciting: refers to fish signalling their readiness to mate, usually high up in the water 

column (>2 m above the bottom). Females typically hover horizontally and nearly 
motionless, tilting their caudal fin upwards. Males actively swim in circles, 
occasionally performing short and steep upward bursts. 

4) Courting: synchronized swimming of a pair, the male closely above the female, of ten 
with zig-zagging movements in the horizontal plane. It could (but did not 
necessarily) result in a spawning event, in which case the upward rush preceding 
the spawning was also recorded as courting. 

5-8) Interacting with male and female conspecifics, Pomacentrids, and other fish: all social 
interactions were defined as the (non-sexual) response of the focal animal to 
another fish, resulting in termination of the previous behaviour. 

Resting states: 
1) Hanging: fish remaining stationary, close to but not in contact with the substrate, 

usually with the head tilted up and paired fins spread. This behaviour of ten 
involved cleaning by small fish or evertebrates, which however could usually not be 
confirmed during a protocol. 

2) Laying: fish resting with their ventral side on the bottom. This is how fish were 
observed to sleep at night (unlike some Scarus spp., S. viride was never found to 
sleep in a mucous cocoon). 

Events: 
I) Defecation: the visible excretion of material , usually a powdery spray, from the anus. 

The first defecation at dawn, of ten produced before the first bites were taken, was 
always a large compact pellet ('moming bolus'), which was recorded as a special 
defecation. 

2) Pair spawning: the breaking apart of a male and female at the top of a fast upward rush 
following courtship. Of ten a visible whitish cloud was left behind in the 
watercolumn. 

3) Scrub: a brief 90° roll of the fish during low swimming, resulting in contact of its 
lateral side with the substrate (usually sand). 

4) Spit: the expelling of material from the mouth. Often involving small pieces of 
limestone (following bites in which entire fragments were broken of substrate 
edges) or slimy threads (following white spot bites). 
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5) Yawn: wide opening of the mouth and opercula. 
Record gaps: 

Out of sight: when a fish was lost out of sight, this was recorded as a separate state, the 
duration of which was subtracted from total duration to obtain effective protocol 
duration (TErr). 

Sampling of field records 

In our field design we divided a day into 4 periods: early moming (0-3 h after sunrise), 
moming (9:00-12:00 h), aftemoon (12:00-17:00 h), and late aftemoon (1 h before - 1 h 
af ter sunset). Time of sunrise and sunset (meteorological definition, calculated following 
Dring 1984) ranged from 5:36-6:18 hand 17:42-18:25 h (21 June - 21 December) 
respectively. 

After localization, a focal animal was allowed 5 min habituation before recording 
its behaviour for a period of 20-30 min. In order to fully cover the transition from 
complete rest (at night) to daytime activity and vice versa, the early moming and late 
aftemoon protocols were obtained in prolonged 1-3 h sessions. A late aftemoon protocol 
started about 1 h before sunset and lasted until the fish remained resting at the same site 
for ~5 min or until it became too dark to continue recording. The sleeping site was then 
marked. Early next moming, usually shortly af ter sunrise, we looked for the fish at this site 
and started recording its behaviour from the moment it (a) was spotted (gill protocols) or 
(b) displayed its first non-resting behaviour (fin protocols). No artificial light was used 
and, consequently, no protocols were obtained in complete darkness. 

For as many fish as possible we tried to obtain at least 3 gill protocols in all 4 
periods of day and ~3 fin protocols in all but the moming period. The latter period was not 
inc1uded consistently in fin protocols because preliminary data analysis showed no large 
deviations from aftemoon fin beat frequencies. Not all periods could be covered for all fish 
due to premature disappearance or tag loss of some. In tota! we obtained 282 fin protocols 
for 23 individuals between November 1989 and September 1990. For 17 of these plus 
another 17 fish, 312 gill protocols were recorded between February and October 1990. 
Further details on protocol distribution, fish size, phase, and residence depth are listed in 
Table 1. 

Processing eventrecorder protocols 

We wrote our own software for data transfer and processing, using Turbo Pascal (version 
5.0, Borland 1988). Here we will only explain the most relevant principles, copies of the 
original source code are available at request. All definitions and calculations described 
below are summarized in Appendix I. 

Early moming and late aftemoon sessions were divided into blocks of 20-30 min 
duration. Protocols with TEff < 15 min were discarded (and are not included in Table I). 
An exception was made for the twilight periods when fish displayed the lowest gill beat 
frequencies but were easily lost out of sight due to the low light levels. Because it was 
hard to obtain gill beat frequencies of fish at complete rest, 14 twilight protocols with TErr 
= 5-15 min were included in the analyses. 

Percentage time expenditure on a behavioural state (TEBch) was calculated from the 
summed duration of all corresponding bouts, divided by TErr• Average event and bite rates 
were calculated by divididing the total number of recorded events or bites by TEff. 
Spawning rates (Sp90) were calculated as averages, weighted for the observation time 
during the spawning period. They were converted to spawnings per 90 minutes (the 
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Table 1. Details of the 39 Sparisoma viride individuals for which fin or gill protocols were obtained. 
Depth ranges: I: 0-3 m, 11: 3-6 m, 111: 6-10 m, IV: 10-25 m; Periods of day: Early-Mom: 0-3 h after 
sunrise, Morning: 9:00-12:00 h, Afternoon: 12:00-17:00 h, Late-Aft: 1 h before - 1 h past sunset; #fp, 
#gp: number of fin, gill protocols of 20-30 min duration. Other abbreviations are explained in 
Appendix I. 

Fish FL BM Depth Early-rnorn Morning Afternoon Late-Aft 
(rnrn) (g) range #fp #gp #fp #gp #fp #gp #fp #gp 

TIPI 204 165 11 - - - - - 2 - -
TIP2 210 180 III - - - - - 2 - -
TIP3 233 243 III 5 4 1 7 3 4 3 3 
TIP4 246 310 11 - - - - - - 2 -
TIP5 260 350 11 - - - - - 1 - -
TIP6 269 390 III - - - - - 1 - -
TIP7 277 420 11 6 5 - 4 3 3 3 4 
TIP8 277 425 III - 4 - 3 - 3 - 2 
TIP9 278 445 11 5 5 - 4 3 3 3 4 
TIP10 288 485 III - 5 - 3 - 4 - 2 
TIPll 292 470 11 6 7 - 4 3 3 3 3 
TIP12 301 500 11 5 5 1 3 2 3 4 7 

TTP1 337 745 III 16 2 1 1 3 - 4 3 
TTP2 342 780 III - 3 3 1 2 1 1 -
TTP3 345 825 11 - 3 3 - 2 2 1 2 
TTP4 350 860 IV - 3 3 1 3 1 - -
TTP5 364 900 11 12 5 - 3 3 3 4 2 
TTP6 374 1050 III 17 - - - 3 - 5 -

GIP1 150 60 III 3 - 3 - 3 - 3 -
GIP2 185 123 11 4 4 - 3 3 4 3 2 
GIP3 199 153 11 5 5 - 3 3 3 3 2 
GIP4 221 215 11 5 5 - 3 3 3 3 3 
GIP5 237 260 11 - - - - - 1 - -
GIP6 240 278 1 - 1 - - - - - 1 
GIP7 259 325 11 5 4 - 3 3 3 3 4 
GIP8 260 350 I - - - - - 1 - 1 
GIP9 262 365 I - - - - - 1 - -
GIP10 272 410 III - 4 - 3 - 3 - 2 
GIPll 275 420 11 - - - - - 2 - -
GIP12 279 430 I - - - - - 1 - 1 
GIP13 281 450 I - - - - - 2 - -

GTP1 230 235 11 - 5 - 4 - 3 - 3 
GTP2 257 335 I 14 5 - 4 3 4 4 3 
GTP3 260 340 11 - 5 3 3 2 4 1 3 
GTP4 310 600 I - - - 2 - 2 - 2 
GTP5 320 670 III - - - - 3 - - -
GTP6 322 688 I 13 5 1 4 3 3 5 3 
GTP7 340 800 III 5 - - - - - - -
GTP8 342 850 11 - 5 - 3 - 3 - 3 
GTP9 367 1030 I 16 - - - 3 - 4 -

maximum duration of the daily spawning period), so that Sp90 yielded an estimate of the 
daily number of spawnings (which agreed weil with the average number of actually 
observed daily spawnings, see van Rooij et al. 1996c). 
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Fin and gill beat frequencies were ca1culated following a more elaborate procedure 
to account for potential bias due to practical recording limitations. Explanation of this 
procedure requires some extra definitions. Note that bouts are composed of keystrokes 
(recording either fin beats, bites, or gill beats). A distinction was made between total and 
valid bout duration. Total bout duration (TBD) was defined as the time between the first 
keystroke of the bout and the first keystroke of the next bout in a different state. Valid 
bout duration (VBD) was defined as TBD minus the summed duration of all non-valid 
keystroke intervals. We defined three types of non-valid intervals: (1) those between the 
last keystroke of a bout and the next keystroke (i.e. the begin of the next bout in a 
different state), (2) those between the keystroke preceding and following a recorded event, 
and (3) intervals exceeding a predefined minimum valid (fin or gill) beat interval 
(MaxVallnt). The first two intervals involve a switch to a different eventrecorder key, as a 
result of which fin or gill beats might be missed or recorded with a delay. The third 
definition allows for periods during which no beats could be recorded (e.g. when the fish 
was partially hidden behind some obstacle, swimming too quickly, or when the observer' s 
attention was distracted; the fish was not totally out of sight in these cases). Because we 
never observed ventilation frequencies below 25 beats min· l

, MaxVallnt was set at 3 s in 
all gill protocois. For fin beats it was set at 10 s, pauses of 5-8 s actually occurring (e.g. 
when coasting during a swimming bout). Each fin or gill beat directly following a non
valid interval was regarded as a non-valid beat. 

Average fin and gill beat frequency during a state were ca1culated as the summed 
number of valid beats divided by the summed valid duration of all bouts belonging to that 
state. Oill beat frequency, also referred to as ventilation frequency (VF), was expressed in 
beats min-I, whereas fin beat frequency (FbF) was converted to beats S-I. Average 
frequencies per behaviour (VFBeh and FbFBeh) were only included in analyses if they were 
based on at least 5 valid beats. Besides averages per behaviour, we also ca1culated overall 
average gill and fin beat frequencies for each protocol (VFovri and FbFOvrl)' To th at end, the 
total number of valid beats and the total valid duration of all states were simply summed, 
their ratio yielding the overall average, weighted for the (valid) duration of all states. 
Finally, we calculated an index of average swimming activity over an entire protocol 
(FbFprot) as the ratio of the total number of recorded fin beats (valid plus non-valid) and 
TEff• This index reflects the combined effect of time expenditure on- and FbF while
swimming. 

Calibration of gil! and fin beat frequency 

To convert average ventilation frequencies to respiration rates (R) we used the relationship 
established by van Rooij and Videier (I996b): 

R = 0.00035 X VFI.369 x BMI.I 18 [2] 
(r = 93.1 %, n = 380, P < .001; R in mg O2 h· l

, BM in g). This relationship was obtained 
in 20 experiments with 11 fish (14-1052 g BM). Rand VF were recorded simultaneously in 
small flow-through respiration chambers at naturally fluctuating seawater temperatures 
between 26.7 and 29.3 oe. No differences were found between ph as es and the relationship 
proved to be valid over the entire range of natural oxygen concentrations. lust as for VF, 
we made a distinction between overall average respiration (ROvrl , ca1culated from VFOvrl), 

and respiration associated with the different behaviours (RBeh' based on VFBeh). 
To determine whether fin beats provide useful information on distance moved and 

swimming speed, we counted and timed the number of fin beats that free-swimming fish 
needed to cover a measured path. An individual of known size was followed in its natural 
home range from about 3 m distance. We waited until the fish swam over some distinct 
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bottom feature, where a marker was dropped. At the same time we started timing and 
counting of finbeats until the fish made a clear turn or stopped swimming, at which site a 
second marker was dropped. Distance between the two markers was measured to the 
nearest cm with a waterproof measuring-tape. Notes were written on a PVC slate, 
including type of behaviour, water depth and a qualitative indication of current and wave 
action. At least 15 paths of 3 or more fin beats were measured for 10 fish (a 13.5 cm 
juvenile, 3 TIP of 23.2-29.2 cm, 2 GIP of 19.4-25.0 cm, 2 TIP of 34.5-36.0 cm, and 2 
GTP of 25.5-28.5 cm FL) . Every path yielded an estimate of the average di stance covered 
per fin beat (or stride length À,s' VideIer 1993) and of average fin beat frequency (FbF = 
number of fin beats / duration). 

Estimation of gamete production 

We followed 3 different approaches to obtain quantitative measures of investment in 
gamete production: collection of spawned eggs in the field, stripping eggs or sperm from 
anaesthetized fish, and dissection of gonads. 

To collect eggs in the field, we tried two methods. First we used a commercially 
available 4 L 'slorp-gun' to suck up the whitish gamete cloud that is usually left behind 
following a pair spawning. Because the volume was thought to be far too small to collect 
all eggs, we also constructed a 'hoop-net' . To that end, two 75 cm diameter hoops were 
connected with nylon cloth to form alm long cylinder (volume ca. 450 L). The lower 
hoop ended in a nylon funnel, which in turn debouched into a PVC pipe with dismountable 
filter cap (0.25 mm mesh size). As soon as a focal male Was observed to spawn we 
quickly swam (with the hoop-net folded) to just below the spot of gamete release. The 
eggs were collected from below by releasing the lower hoop while slowly swimming 
upwards, thu!, enclosing the water containing the gamete cloud. 

Eggs were transferred to the lab within 1 h after collection. Egg diameter of a 
sample of 25-50 eggs (or all if less were obtained) was measured (in seawater) under a 
dissecting microscope with micrometer at a magnification of 25 x. In smaller samples 
«2000) all eggs were counted by sucking them up one by one with a pipette. For larger 
samples the volume of all eggs was measured in a 10 mL cylinder with 0.1 mL scale, after 
removing adherent water using a filter. Division by the volume per egg (calculated as 
4/31t~, r being the average radius of the measured eggs) yielded an estimate of egg 
number. The eggs were dried at 60 oe until their mass remained constant and then weighed 
to the nearest mg. Because the dried eggs contained visibly large salt fractions, some later 
samples were briefly flushed with distilled water before drying to remove seawater saIts 
(eggs remained intact after this treatment, as checked under the microscope). Dry eggs 
were stored in sealed tubes at -20 oe for later calorimetric determination. 

Fish that were caught at night and measured next morning around the spawning 
period (in order to be tagged or as part of a growth study) were examined for the presence 
of gametes. By exerting mild pressure on their ventral side, eggs or sperm could be 
released ('stripped') and were collected in an empty pet ri dish. Determination of egg 
volume, number, diameter, and dry mass were as described above, except that eggs were 
never flushed with distilIed water before drying. Because there was no adherent water in 
these samples, the wet mass of stripped eggs could be measured with reasonable precision, 
unlike that of eggs collected in the field. 

The number of fish that were sacrificed in our study was kept to a strict minimum. 
The gonads of those th at were killed (for various purposes) were dissected out, and wet 
and dry mass were determined as before. A gonadosomatic index (GSl) was calculated as: 
gonad wet mass x 100% / BM. In one case hydrated eggs were present in the oviduct, 
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which were counted and weighed separately and treated as stripped eggs. 
The energy content of eggs and gonads was measured using bomb calorimetry. 

Triplicate subsamples (1 g dry mass) of larger samples were combusted in an adiabatic 
bomb calorimeter (Gallenkamp Autobomb). For smaller samples triplicate measurements 
were carried out using a non-adiabatic Phillipson microbomb (Centry Instruments Inc., 
described by Prus 1975). Samples were weighed again after combustion to determine the 
ash fraction. Energy content was expressed in kJ g-I ash free dry mass (AFDM). 

Statistical design and tests 

Three factors were considered important in our statistical analyses: category (TIP, GIP, 
TIP, and GTP), part of day (or briefly day part), and fish size. Social status and life phase 
were treated as a single factor (category) because a significant interaction between the two 
was expected a priori (based on known differences in growth, condition, and spawning 
rates). 

To reveal daily pattems in time expenditure and ventilation frequency, we grouped 
all protocols in 14 day parts (five V2 h intervals in the early moming and three in the late 
aftemoon, six l-IV2 h intervals between 9:00 and 17:30 h; too few data were obtained in 
the first V2 h after sunrise to be analyzed separately, so these were pooled with the next 
interval). Because less fin protocols were obtained, these were grouped in 12 day parts 
(same five in the early moming, five I V2-3 h intervals between 9:00 and 17:00 h, 0-V2 and 
V2-1 haf ter sunset). The intervals were chosen su eh that each category was represented by 
at least 2 different fish in each interval, with generally no more than I protocol per 
individual. In the presentation of our data, we have converted all intervals to a single time 
scale, chosen such that the time of sunrise and sunset are at 6:00 and 18:00 h respectively. 

If fish size affects the variabie to be compared, it will confound any comparison 
between categories, given the large size differences (e.g. TP > lP, TIP > GIP, see Table I). 
Therefore, when a significant size effect was found for one or more categories, we used 
analysis of covarianee (ANCOVA, size as independent variabie) to compare the size
adjusted averages. If required, the variables were transformed to obtain the best fitting 
linear relationship (i.e. with highest r2 values) and to normalize the data. Because size 
cannot be measured error-free, it is not a strict independent variabie as required in classical 
('Model I' cf. Sokal and Rohlf 1981) regression, and geometrie mean regression should be 
preferred (Ricker 1984). However, ANCOV A is based on ordinary regression, yielding 
slopes that are dependent on the range of the independent variabie in case of mutually 
variabie datasets. Ricker (1973) showed that for fish populations the most reliable size 
exponent is obtained by including the largest possible size range in the analysis. Therefore, 
category was included as a factor in all analyses, rather than analyzing the effect of other 
factors for each category separately. Considering the different size ranges of the categories, 
inequal slopes were expected a priori (reflecting statistical bias) and were therefore 
ignored. 

Besides the three factors discussed above, we also wanted to investigate the effect 
of sexual activity. Therefore, protocols recorded between 7:00 and 9:30 h (the daily 
spawning period) were further subdivided in a group with and without sexual activity of 
the focal animal. A fish was considered to be sexually active if at least I valid fin or gill 
beat was recorded during courting behaviour. 

Percentages time expenditure were normalized by angular transfo,rmation (Sokal and 
Rohlf 1981). Because they showed no correlation with size, means were compared using 
analysis of varianee (ANOV A). Summed for all states, time expenditure always equals 
100%, so not all behaviours can be tested independently. We therefore only tested 
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differences in the time spent on grazing, high swimming, and interactions with conspecifics 
(mal es and females summed). Bite and defecation rates proved to be negatively correlated 
with fish size, linear regression of untransformed rates on FL yielding the best fits. 
Furthermore, visual data inspection showed no strong deviations from anormal 
distribution, therefore bite and defecation rates were compared using ANCOV A with FL as 
covariate. However, bites on live coral and white spots, spawnings, scrubs, spits, and 
yawns were quite rare and showed highly positively skewed distributions that could not be 
normalized by square root or other transformations. In addition, the variances were highly 
heterogeneous. Therefore, we will only present average frequencies of the rare bites and 
events, without tests of significance. 

Parametric tests were only carried out after visual inspection of data distributions. 
In case of strong deviations from normality, Kruskal-Wallis tests were used. All ANOVA's 
and ANCOVA's were designed as full factorial modeIs. Relevant means were compared 
using Tukey HSD or contrast analyses. Significant interaction terms were analyzed by 
testing all corresponding single degree of freedom deviations from the grand mean. The 
software package SPSSIPC+ (version 4.01, Norusis 1990) was used for all tests. 

Results 

Time expenditure 

All fish spent by far the largest proportion (up to 90%) of their active period on two 
behaviours related to their feeding mode: grazing (TEBt: 25-50%) and moving between 
grazing sites (i.e. low swimming, TELs: 40-50%, Fig. 1). This nearly continuous foraging 
activity was maintained until light intensity clearly dropped some time af ter sunset, when 
most fish left their daytime home range to look for a sleeping site between 6 and 16 m 
depth. Grazing intensity and time spent swimming then rapidly decreased, while hanging 
and laying increased. The reverse pattern was observed in the early morning. In the first '12 
h after sunrise fish were mainly found laying, which was gradually replaced by hanging in 
the next '12 h. Typically, the first bites were only observed some 45-60 min after sunrise, 
shortly before or after they returned to their home range. The close relation between 
grazing and low swimming is ilJustrated by their temporal organization. Relatively short 
(mean duration 3.9-4.4 s) and frequent (mean between bout intervals 6.3-9.0 s) grazing 
bouts were interspersed with equally brief (4.3-5.3 s) and frequent (at 4.7-5.4 sintervals) 
bouts of low swimming. 

Although males swam slightly more than females, the differences between the 
categories were relatively small throughout most of the day (between 8:30 and sunset). 
Territorial males spent significantly less time on grazing (25-33%) than the other 
categories (33-50%, Table 2; contrasts TIP vs. TIP, GIP, and GTP: al1 P < .001). They 
further displayed more high swimming (Fig. 1) and interactions with conspecifics (Fig. 2, 
Table 2; all pairwise comparisons: P < .001). Fig. 1 further ilJustrates that males (TIP 
more pronounced than GTP) invested somewhat more time in white spot visits and less 
time in hanging than females. Interestingly, TIP tended to start grazing earlier in the 
morning, while TIP stopped grazing later at dusk than the other categories. As aresuIt, 
their time expenditure on grazing is relatively high in the first hour after sunrise and sunset 
respectively, causing (the only) significant [category x day part] deviations from the grand 
mean. 

Soliciting and courting were mainly observed between 7:00 and 9:00 h (Fig. 2), 
when grazing was significantly depressed and high swimming elevated in sexual1y active 
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Fig. 1. Daily pattern of time expenditure of the 4 adult Sparisoma viride categories on low 
swimming, grazing, high swimming, hanging, laying, and white spot visits. Shown are the 
(detransformed) mean percentages (± 1 SE). Time scale on the x-axis represents the midpoint of 14 
('12 -1 '12 h) day parts in which behaviour was recorded, relative to sunrise and sunset that were 
arbitrarily set at 6:00 and 18:00 h. Means based on all fin and gill protocols (see Table 1 for sample 
sizes) . Note the different scales on the y-axes. See Appendix I for abbreviations. 
~ 

fish (especially in TIP mal es) compared to inactive fish (Tabie 2). Only males showed 
deviating time investments in interactions with conspecifics during sexual activity, TIP a 
decrease and GTP an increase, which explains the significant [category x day part] 
interaction. 

Overall, white spot visits, reproductive behaviour and the 4 interaction states 
formed a minor part of the time budget of S. viride. Together they comprised 1-3% of the 
budget of females and GTP and 4-8% of that of TIP, the higher values occurring during 
the spawning period only (Figs. 1 and 2). 

Table 2. Outcome 2-way ANOVA's testing the effect of Category and I) Day part, or 11) Sexual 
activity, on time expenditure (angular transformed percentages) of Sparisoma viride adults on 
grazing, high sWimming, and interactions with conspecifics (males and females summed). See Figs. 
1 and 2 for means. 

Source of Grazing High swim Iconsp 
variation df MS F MS F MS F 

I) Comparison categories at 14 different day parts 

Category 3 0.21 10.35"" 1.25 86.07" 0.22 54.59" 
Day part 13 1.11 55.22"" 0.08 5.75" 0.01 1.84" 
Interaction 39 0.04 1.79" 0.04 2.41" 0.00 1.07 
Error 538 0.02 0.01 0.00 

II) Comparison categories with and without sexual activity (7:00-9:30 h) 

Category 3 0.04 1.71 1.08 71.32" 0.14 35.56" 
Sex. Act. 1 0.24 10.94" 1.38 91.64" 0.00 0.43 
Interaction 3 0.00 0.04 0.04 2.95' 0.02 4.83" 
Error 190 0.02 0.02 0.00 

" P < .05, .. P < .001 

Bite and defecation rates 

Analysis of bite rates (Fig. 3A, Table 3) yields largely the same daily pattern as time 

~ 

Fig. 2. Daily pattern of time expenditure (mean percentages ± 1 SE) of the 4 adult Sparisoma viride 
categories on reproductive behaviours (soliciting and courting) and social interactions with female or 
male conspecifics, damselfish, and other fish . Time scale, sample sizes, and abbreviations as in Fig. 
1. 
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Fig. 3. Effects (± 95% CL) of Category and Day part on bite rate (A) and defecation rate (B) of adult 
Sparisoma viride (based on all fin + gill protocols). Shown are the deviations from the grand mean, 
obtained by ANCOVA with FL (in cm) as covariate. Model: Rate (n° 30 min·') = a + b x FL + 
c[Category) + olDay part) + e{Category x Day part). Bite rate: a = 450.9 and b = -7.66; Defecation 
rate a = 6.92 and b = -0.086. See Table 3 for overall significanee of the factors. Note that 95% 
confidence intervals crossing the dotled line (y = 0) denote significant effects. Time scale, sample 
sizes, and abbreviations as in Fig. 1. 

Table 3. Outcome 2-way ANCOVA's (FL as covariate) and ANOVA testing the effect of Category 
and I) Day part, or 11) Sexual activity, on the bite and defecation rates (n° 30 min-\ untransformed) of 
Sparisoma viride adults. Parameter estimates for Category and Day part shown in Fig. 3. 

Souree of 
variation df 

Bites 30 min-' 
MS F 

Defecations 30 min-' 
MS F 

1) ANCOVA comparison categories at 14 different day parts 

Category 
Day part 
Interaction 
Regression 
Error 

3 
13 
39 
1 

537 

45,312 
371,877 
15,563 

368,945 
6,562 

6.91" 
56.67" 
2.37" 

56.23" 

8.84 
410.66 
14.96 
46.46 
8.40 

1.05 
48.91" 
1.78' 
5.53' 

11) Comparison categories with and without sexual activity (7:00-9:30 h ) 

Category 
Sex 
Interaction 
Regression 
Error 

, p < .05, " P < .001 
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expenditure on grazing: a sharp increase in the second haf ter sunrise, a steep decline after 
sunset, plus higher rates in the aftemoon than in the moming. All significant [category x 
day part] deviatons from the grand mean could be ascribed to relatively high bite rates of 
territorial fish at dawn and dusk [bites 30 min·I , TIP vs. GIP: 6:30-7 h: +103.0 vs. -70.5; 7-7:30 h: +6\.4 
vs. -50.2; P < .02 in all cases; TIP and TIP vs. GIP: 18:30-19 h: +40.8 and +61.5 vs. -87.7, P = .056, .077, and < 
.001 respectively]. Furthermore, the bite rate of the 4 categories between 7:00 and 9:30 h 
proved to be significantly depressed in case of sexual activity, especially for territorial fish 
(Tabie 3) [deviations from grand mean: sex vs. no-sex: -15.2 vs . +15.2 bites 30 min·I

, P = .035; TIP, GIP, TIP, 

and GTP respectively: -19.2, +10.2, -13.5, and +22.6 bites 30 min·I
, P = .093, .579, .374, and .080]. 

Between-category comparison of bite rates (Fig. 3A) yields a pattem different from 
the one emerging from time expenditure on grazing. The low bite rate of TIP is as 
expected, but the relatively low rate of TIP and the high rate of GTP are not. As aresuit, 
the contrast TIP vs. TIP is no longer significant (P = .261), whereas that between group 
and territorial fish (sexes pooled) is (P = .001). 

Differences in defecation rate between the categories were relatively small (Fig. 3B, 
Table 3) and the daily pattem deviates considerably from that of bite rate. The first 
defecations (other than the moming bolus) were only produced some 2Y2 h after sunrise, 
and from then on defecation rate steeply increased until a peek was reached between 10:30 
and 12:00 h. In the course of the aftemoon the rate gradually declined, although it stayed 
above average up to darkness (~1 h after sunset). Significant deviations from the overall 
pattem were found for all categories except GTP [deviations from grand mean in defecations 30 min' 
I: TIP: 15-16:30 h: +\.7, 18:30-19 h: -2.6, P = .012, .001; GIP: 8-8:30 h: -\.6, 9-10:30 h: +3.6, and 13:30-15 h: 
+2.0, P = .041, < .001 , and .003; TIP: 10:30-12 h: -\.5, 13:30-15 h: -2.0, and 18:30-19 h: +4.3, P = .027, .021, 

and .001]. Sexual activity appeared to affect the defecation rates of TIP only, which 
defecated significantly more during sexual activity [only significant deviation from grand mean: TIP: 

sex: +0.8, vs . no-sex: -0.8 defecations 30 min·I
, P = .004]. 

Spawning rates and rare events 

Observations on sexual activity were not only obtained while recording behaviour, but also 
during general surveys as part of another study (van Rooij et al. 1996c). Table 4 
summarizes the weighted average spawning rates for different size classes of the 4 
categories, based on our entire data set. Territorial males clearly attained the highest Sp90, 
group males only spawning incidentally, whereas most females >20 cm spawned once or 
twice a day. In all categories an increase in spawning rate with size is apparent. For a 

Table 4. Average spawning rates (Sp90: spawnings 90 min" ) of Sparisoma viride adults, subdivided 
according to Category and Length class. Also shown are the number of individuals (NINO) and the 
total observation time during spawning periods (min) on which the frequencies are based. Modified 
from van Rooij et al. (1996c). 

FL- TIP GIP TTP GTP 
class Sp90 N1ND min Sp90 N1ND min Sp90 N1ND min Sp90 N1ND min 

15-20em 0.13 3 701 
20-25em 0.78 3 698 0.78 4 576 
25-30em 1.41 10 2226 1.29 9 1263 0.11 5 807 
30-34em 1.50 3 1141 4.57 13 1693 0.23 10 798 
34-38em 6.74 19 9972 1.32 8 817 

Average 1.33 16 4065 0.85 16 2540 6.42 32 11665 0.56 23 2422 
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Fig, 4. Average frequencies (± 1 SE) of bites on live co ral substrates, on white spots, yawns, 
scrubs, and spits for the 4 adult Sparisoma viride categories plotted against time of day. Means 
based on all fin and gill protocols, except for live coral bites, which were only recorded in fin 
protocols. Time scale, sample sizes, and abbreviations as in Fig. 1. 

more detailed discussion of spawning activity we refer to van Rooij et al. (1996c). 
AJthough the rare bites and events occurred at low and highly variabie rates, Fig. 4 

c1early reveals some interesting differences between the categories. Overall , territorial 
maJes appeared to take bites from live coraJ and white spots most often, and they were 
also observed to spit more frequently than the other categories. Furthermore, group fi sh 
(both males and females) scrubbed their body more of ten than territorial fish. Yawning was 
mainly observed at dawn and dusk wihout obvious differences between the categories. 

Calibration fin beat frequency 

On average all fish covered about one body length per fin beat (stride length As = I FL) , as 
inferred from the relationship between swimming distance (dx in FL) and number of fin 
beats (NrFb), which did not deviate significantly from the relationship y = x (Fig. 5A; t
test: slope = 1: t l74 = 1.075, P = .254; intercept = 0: t l74 =; 1.487, P = .139). On c10ser 
inspection however, a curvilinear decrease in stride length at higher fin beat frequencies 
was apparent. For all categories pooled, the best fit was obtained by linear regression of As 
(in FL) on the natural logarithm (Ln) of FbF, which yielded predicted stride lengths of 
0.84-1.55 fork lengths at 3-0.5 fin beats S· I (Fig. 5B). Although striçe length is variabie 
(ca. 61 % unexplained variation), swimming distance can be estimated quite accurately 
from the number of fin beats. The simple linear regression equation shown in Fig. 5A 
already explained 90.7% of the variation. This proportion was significantly increased by 
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Fig. 5. A) Swimming distance (in FL) plotted against the number of fin beats, and S) stride 
length [distance (in FL) covered per fin beat] as a function of fin beat frequency. Data 
obtained from measured paths of 10 free-swimming Sparisoma viride individuals (13.5-36.0 
cm FL) . The lines and equations shown are obtained by linear regression of yon x, 
respectively y on Ln(x). 

including Ln(FbF) as second independent variabIe (adjusted ~ = 92.80%, P < .001). 
Additional inclusion of FL yielded no further improvement (adjusted ~ = 92.81 %, P = 
.352). The best fit, obtained with stepwise regression, yielded the equation: 

dx (in.FL) = 1.71 + 1.074 x NrFb - 3.824 x Ln(FbF) [3) 
(P < .001 for all coefficients). 

The 2 TIP that we used in our measurements proved to swim at relatively low fin 
beat frequencies. Since this could result in biased estimates of À, for TIP, we used 
ANCOV A with Ln(FbF) as covariate to compare stride lengths of the categories (including 
juveniles as fifth category). No significant differences were found (F4.170 = 2.02, P = .094) 
although, even after adjustment for FbF, TIP still showed relatively large stride lengths 
[only significant deviation from grand mean: +0.094 FL, P = .024]. Because low swimming was the 
main behaviour displayed when paths were measured, we could not test for possible 
differences between swimming states. Comparison of À, at different depths revealed no 
significant differences (l-way ANCOV A: F2,172 = 2.45, P = .089), although there was a 
decreasing trend with depth [deviations from grand mean for the 1-3, 3-5, and 5-8 m depth ranges 

respectively: +0.045, -0.001, and -0.044 FL; P = .041, .937 and .050] . 

Fin beat frequencies recorded with the eventrecorder 

Average fin beat frequencies recorded during low swimming ranged from 0.5-1.7 beats S·I, 

smaller fish swimming at the highest frequencies . In most day parts and for most 
categories the effect of size was best described by a linear relationship between frequency 
(both FbFBeh and FbFOvrl ) and Ln(FL). Therefore, we used ANCOVA with Ln(FL) as 
covariate to compare mean frequencies (provided the size effect was significant). 
Interactions with damselfish and with other non-conspecifics were pooled because the latter 
were too rare to be analyzed separately. For the remaining 3 interaction states no 
significant differences in FbFBeh could be detected (2-way ANOV A, day parts pooled: 
State: F2.230 = 0.56, P = .572; Category: F3.230 = 4.73, P = .003; Interaction: F6.230 = 1.98, P 
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Fig. 6. Parameter estimates 
(deviations from grand mean ± 
95% CL) for the effect of Category 
and Behaviour on fin beat 
frequency (FbFeeti) of swimming 
Sparisoma viride adults. A) FbFeeti 
recorded during low swimming, 
high swimming, courting, and 
social interactions; all categories, 
day parts pooled. ANCOVA 
model: FbFeeti = 3.35 - [0.563 x 
Ln(FL)] + c[Category] + 
o{Behaviour] + e[Category x 
Behaviour]. B) FbFeeti recorded 
during the same swimming states 
plus soliciting; sexually active 
males only, 7:00-9:30 h. ANOVA 
model: FbFeeti = 1.31 + 
c[Category] + o{Behaviour] + 
e[Category x Behaviour]. FbFeeti in 
beats S'l, FL in cm. See Table 5 
for overall significanee of the 
factors and Appendix I for 
abbreviations. 

1 

c[ Category] d[Behavior] 
A) All categories, dayparts pooled 
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= .070). We therefore treated the 4 social interactions as a single state in all further 
analyses of FbFBeh• 

The highest fin beat frequencies were recorded for interacting fish , in order of 
decreasing FbFBeh followed by courting, high swimming and low swimming fish (Fig. 6, 
Table 5). With these 4 swimming states given equal weight, territorial fish appeared to 
swim at higher FbFBeh than group fish. However, only the high average for TIP deviated 
significantly from the grand mean (P = .045). The high FbFBeh for TIP is somewhat 
misleading because they only swam at high frequency when courting (deviation from grand 
mean: +0.61 beats S-I, P = .003) and showed much lower va lues during low and high 
swimming and interactions (deviations: -0.16, -0.07, and -0.38 beats S-I; P = .052, .515, and 

Table 5. Outcome 2-way analyses testing the effect of Category and Behaviour on fin beat 
frequency (FbFeeti). A) ANCOVA (Ln[FL] as covariate) comparison of the 4 Sparisoma viride 
categories during low swimming, high swimming, courting, and soeial interactions; all dav parts 
pooled. B) ANOVA comparison of sexually active territorial and group males during the same 4 
swimming states plus soliciting; protocols obtained between 7:00 and 9:30 h. See Fig. 6 for 
parameter estimates. 

A) ANCOVA, 4 Categories, 4 States 
Souree of All day parts pooled 
variation df MS F 

Category 3 0.53 2.94' 
State 3 41.30 227.22" 
Interaction 9 0.90 4.94" 
Regression 1 3.09 17.03" 
Error 696 0.18 

• p < .05, •• P < .001 
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B) ANOVA,. TIP + GTP, 5 States 
7:00-9:30 h 

df MS F 

1 0.31 1.86 
4 2.01 11.91" 
4 0.31 1.85 
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Fig. 7. Parameter estimates (deviations from grand mean ± 95% CL) for the effect of Category and 
Day part on fin beat frequency (FbF) of Sparisoma viride adults. ANCOVA model: FbF = a - [b x 
Ln(FL)] + cfCategory] + aIDay part] + e(Category x Day part]; FbF in beats s"l, FL in cm. A) Overall 
ave rage frequency for all swimming states (FbFOvrl); a = 2.35, b = -0.420. B) Total swimming activity, 
averaged over the entire protocol (FbFprot , including non-swimming states); a = 0.94, b = -0.145. 
Time scale represents the midpoint of 12 (%-3 h) day parts in which fin protocols were obtained, 
relative to sunrise and sunset that were arbitrarily set at 6:00 and 18:00 h. See Table 6 for overall 
significanee of the factors and Appendix I for abbreviations. 

< .001 respectively). The significant [category x state] interaction is further caused by a 
relatively high FbFBch of interacting GIP (+0.35, P = .001), and low FbFBch of courting GIP 
(-0.54, P = .034) and high swimming TIP (-0.22, P < .001). Only for sexually active 
males enough valid fin beats were recorded during soliciting to allow caJculation of FbFso. 
The resulting frequencies appeared to be intermediate between those recorded during high 
swimming and courting (Fig. 6B). 

Fig. 7 A shows the daily pattern of overall average fin beat frequency (FbF Ovrl' i.e. 
all swimming states pooled), which is virtually the same as that for FbFLs (not shown). 
Fish appeared to swim at about the same FbFo vri throughout most of the daV. Only 
between 8:00 and 9:00 h significantly reduced frequencies were recorded, while FbFOvrl 

was relatively high in the 15:00-17:00 and 18:30-19:00 h intervals. The decrease in the 
morning cannot be ascribed to sexual activity, FbFOvrl of sexually active fish being only 
slightly lower than that of non-active fish in the same period (TabIe 6; deviation from 
grand mean for active fi sh: -0.02 beats S .. I, P = .463). As indicated by the significant 
[category x daV part] interaction (Tabie 6), the daily pattern was somewhat different for 
the 4 categories [significani deviations from the grand mean, in beats S"I: GIP: 6:30-7 h: .. 0.19; 8-9:30 h: -
0.12; 9-12 h: +0.34; 15-17 h: +0.13; 18:30-19 h: -0.25; TfP: 7-7:30 h: +0.09, 15-17 h: -0.13, 18:30-19 h: +0.25 ; 
GTP: 6:30-7 h: +0.12; P < .05 in all cases]. More important are the overall differences between the 
categories. TIP cJearly swam at much higher and TIP at significantly lower than average 
fin beat frequencies . 

When comparing FbFprol (i.e. FbF averaged over the entire protocol, incJuding non
swimming states), the same overall differences between the categories were still apparent 
(Fig. 7B, Table 6) . However, the daily pattern was quite different now, FbFpro, being below 
average in the first haf ter sunrise and sunset and above average at 7-8 and 9-12 h. Again, 
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Fig. 8. Example of overall ave rage gill beat frequencies per protocol (VFOvr" lines) and ave rages per 
behaviour (VFSeh ' symbols), as recorded in April 1990 lor a territorial and group male. Closed 
symbols represent social interactions (with conspecilic males, lemales, and damsellish) and 
reproductive behaviours (courting and soliciting). Open symbols represent Low swimming, High 
swimming, grazing, White spot visits, Hanging, and Laying. The territorial male (36.4 cm FL, 900 9 
BM) resided inside a territory at 3-6 m depth from s; October 1987 to May 1990 (coded 11-4 in van 
Rooij et al. 1996c). The group male (26.8 cm FL, 375 9 BM) resided in a shallow (0-3 m) group area 
adjacent to territory 11-4 Irom s; October 1989 to ~ November 1990. ~ 

there were some differences in this pattem between the categories [signi ficant deviations from 
grand mean, in beats S·I: GIP: 9-12 h: +0.25; TI'P: 7-8 h: +0.10, 9-12 h: -0.11 , 18-18:30 h: -0.14). No ef fect of 
sexual activity on total swimming activity could be detected (Table 6). 

Table 6. Outcome 2-way analyses testing the effect ol Category and I) Day part (12 periods, 
ANCOVA with Ln[FL] as covariate), or 11) Sexual activity (ANOVA), on lin beat frequency (FbF) of 
Sparisoma viride adults. A) Overall ave rages (FbFOvrl , all swimming states pooled). B) FbF averaged 
over entire protocol (FbFprol, including non-swimming states). See Fig. 7 lor parameter estimates. 

Source of A) FbFovrJ B) FbFprot 

variation df MS F MS F 

I) ANCOVA comparison categories at 14 different day parts 

Category 3 0.37 15.42" 0.36 16.97" 
Daypart 11 0.09 3.98" 0.07 3.11" 
Interaction 33 0.07 2.85" 0.04 1.78" 
Regression 1 0.69 29.06" 0.08 3.91" 
Error 233 0.18 8.40 

11) ANOVA comparison categories with and without sexual activity (7:00-9:30 h) 

Category 3 0.16 5.56" 0.45 20.54" 
Sex 1 0.01 0.25 0.00 0.02 
Interaction 3 0.00 0.09 0.01 0.61 
Error 104 0.03 0.02 

" P < .05, •• P < .001 

Field metabolic rates 

Fig. 8 shows two examples of actually recorded gill beat frequencies, one for a terr itorial 

~ 

Fig. 9. Parameter estimates (deviations lrom grand mean ± 95% CL) lor the elleet ol Category and 
A) Day part, or B) Behaviour, on respiration rate ol Sparisoma viride adults. Estimates obtained by 
ANCOVA ol Ln(R) with Ln(BM) as covariate; R in mg O2 h·l , BM in g. A) ROvrl , calculated Irom 
overall average ventilation Irequencies (VFOvr, ) . Model: Ln(R) = -1.45 + [1 .022 x Ln(BM)] + 
c[Category] + atDay part] + e[Category x Day Part]. Time scale as in Fig. 1. B) RBeh, calculated Irom 
ave rage ventilation Irequencies per state (VFBeh ; interactions with damselfish and with other 
heterospecilics pooled); all day parts pooled. Model: Ln(R) = -0.87 + [0.948 x Ln(BM)] + c[Category] 
+ atBehaviour] + e[Category x Behaviour]. See Table 7 for overall significanee of the factors and 
Appendix I for abbreviations. 
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male and the other for a group male. The drawn Iines represent the daily pattem in overall 
average frequency (VFovrl ), showing a sharp increase early in the moming and a steep 
decline at dusk. The symbols represent averages per behaviour (VFOeh)' which could vary 
more than twofold in the same protocol. Because we are interested in energy expenditure 
rather than in' gill beat frequency, we will further only present estimates of respiration rates 
(R in mg O2 h-I), caJculated from VF and BM using equation [3]. As expected from the 
theoretical relationship R = a x BAf', good fits were obtained for all categories and in most 
day parts by Iinear regression of Ln(R) on Ln(BM). In most cases, Ln(BM) as independent 
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variabie yielded slightly higher r2 values than Ln(FL). Therefore, we used ANCOV A with 
Ln(R) as dependent variabIe and Ln(BM) as covariate to compare respiration rates, adjusted 
for size. 

One clear trend emerges when comparing the metabolic rate of the 4 categories, no 
matter whether the daily pattern of Rovrl is analyzed (Fig. 9A) or the differences in RSeh 

between behaviours (all day parts pooled, Fig. 9B). Territorial males showed significantly 
higher and territorial females lower than average respiration rates, group fish taking in an 
interrnediate position (see Table 7 for significances). 

Table 7. Outcome 2-way ANCOVA's (Ln[FL] as covariate) testing the effect of Category and A) Day 
part, S) Sehaviour, and C) Sexual activity on respiration rates (R, Ln transformed) of Sparisoma 
viride adults. A) ROvri (calculated from overall ave rage ventilation frequencies) for 14 day parts. S) 
RBeh (calculated from ave rage ventilation frequencies per state) for 11 behaviours (interactions with 
damselfish and with other heterospecifics pooled) , all day parts pooled. C) ROvrl between 7:00 and 
9:30 h, comparison of sexually active and inactive fish. See Fig. 9 for parameter estimates. 

Source of 
variation 

Category 
Day partJBehaviour 
Interaction 
Regression 
Error 

Category 
Sex. Act. 
Interaction 
Regression 
Error 

• p < .05, •• P < .001 

Rovrl 
df MS F 

A) Daypart 

3 0.19 4.90' 
13 1.10 28.37" 
39 0.05 1.31 
1 44.25 1143" 

255 0.04 

C) Sexual activity 

3 0.09 1.29 
1 0.02 0.35 
3 0.10 1.45 
1 44.25 156" 

77 0.03 

RBeh 

df MS F 

B) Behaviour 

3 0.68 11.87" 
10 7.95 140" 
30 0.14 2.38" 

1 159 2794" 
1324 0.06 

In the first hour after sunrise, fish consumed relatively little oxygen, after which 
ROvrl quickly rised, reaching the average daytime level before 8:00 h (Fig. 9A). Between 
12:00 hand sunset, a quite stabie metabolic rate was maintained, somewhat above the 
8:00-12:00 h level. At dusk, respiration rapidly decreased, dropping just below the early 
morning level in the second Y2 haf ter sunset. Sexual activity in the morning did not cause 
a significant elevation of respiration rates (Tabie 7). Although TIP showed relatively high 
rates in the second and third Y2 h after sunrise [deviations from grand mean: +0.43 and +0.1 8, P = 
.004 and .049] , the [category X day part] interaction was overall not significant (Tabie 7), i.e. 
all 4 categories showed about the same daily pattern in metabolic rate. Furtherrnore, 
virtually the same daily pattern was observed within each of the behaviours that were 
displayed throughout the day [as shown by separate 2-way ANCOVA's for each behaviour (factors: 
category and day part); Effect day part for: LoSwm: F13.m = 22.8, Bite: FII •2] 1 = 11.9: HiSwm: F,.90 = 6.21 , Hang: 

F I2•2 .. = 26.6; P < .001 in all cases; Itph:F •.•• = 3.43, P = .005, Iiph: F,.54 = 1.47, P = . 198] . 

Comparison of RB eh during the different behaviours (all day parts pooled, Fig. 9B) 
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Table 8, Estimates of total (Joules) and average (milliwatts) energy release in metabolism during the 
active period (Le. between 6:30 and 19:00 h) and at night lor Sparisoma viride adults (2 FL classes 
per category). For the active period, estimates based on overall ave rage respiration rates (ROv~) are 
compared with those based on rates and time expenditure per behaviour (RB"" and TEB",,). For the 
night, a minimum (RNIo = 0.199 X aM'S) and maximum (RNhl = 0.195 X aM'sS

) estimate are given. 
The bottom rows give territorial:group and male:lemale ratios of the power used by fish of equal 
size. 

DAY 

Rovrl 
FISH 
Size 
Category J (mW) 

20 cm FL, 153 g BM 
TIP 7213 ( 160) 
GIP 7883 ( 175) 
30 cm FL, 547 g BM 
TIP 26487 ( 589) 
GIP 28944 ( 643) 
TTP 29299 ( 651) 
GTP 27541 ( 612) 
40 cm FL, 1350 g BM 
TTP 73731 (1638) 
GTP 69307 (1540) 
Ratios for fish of equa} FL 

~ d' 

Ter:Grp 0.915 1.064 
Ter Grp 

d':~ 1.106 0.952 

RSeh 
J (mW) 

7946 ( 177) 
8442 ( 188) 

26240 ( 583) 
27882 ( 620) 
30772 ( 684) 
27909 ( 620) 

72124 (1603) 
65444 (1454) 

~ d' 

0.941 1.102 
Ter Grp 

1.173 1.001 

NIGHT 
RNl. 

J (mW) 

1743 ( 42) 
( ,,) 

4825 (117) 
( ,,) 
( ,,) 
( ,,) 

9940 (240) 
( ,,) 

RNhi 
J (mW) 

2586 

7950 

17639 

" 

( 62) 
( ,,) 

(192) 
( ,,) 
( ,,) 
( ,,) 

(426) 
( ,,) 

shows by far the lowest rate for laying, in order of increasing rate followed by hanging, 
low swimming, white spot visits, grazing, soliciting, high swimming, courting, interactions 
with female S. viride, with heterospecifics, and with male conspecifics. Interactions with 
damsel- and other fish were pooled because the latter were too rare to be analyzed 
separately. As indicated by the significant [category x behaviour] interaction (Tab Ie 7), 
there were some differences between the categories in the relative costs of the different 
behaviours. TIP strikingly showed an elevated metabolic rate during laying [significant 

deviations from the grand mean: TIP vs. TIP and GIP: +0.27 vs. -0.09 and -0.11 , P < .001 , .041 and .030]. Also 
significant was the relatively low respiration of grazing TIP [TIP vs. TIP and GIP: -0.12 vs. 

+0.05 and +0.09, P = .001, .049 and .005], the only category in which grazing appeared to be less 
costly than low swimming. The other significant deviations were a relatively high rate for 
TIP interacting with males [+0.10, P = .027], and low rates for hanging GIP [-0.07, P = .034] and 
for high swimming TTP [-0.08, P = .038] . 

Daily energy release in metabolism 

Estimates of the energy release in metabolism between 6:30 and 19:00 h were obtained in 
two ways: from ROvrl and from a combination of RBeh and TEBeh• 

In the first approach we caJculated Ln(ROvrl) for (two size classes of) each category 
in each of the 14 day parts using the parameter estimates presented in Fig. 9A plus the 
[category x day part] deviations from the grand mean (which are not presented) , Next, 
Ln(Rovrl) was detransformed to ROvrl ' multiplied by the duration of each day part, and 
summed over all day parts, yielding total oxygen consumption (mg 02) over the 12.5 h 
light period. To convert these estimates to energy equivalents, they were multiplied by 13.6 
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Fig. 10. Comparison of Ihe energy 
allocation to different behaviours by 

Sparisoma viride females (20-30 cm FL) 
and males (30-40 cm FL). Values 

expressed as percentage ot total energy 
release in melabolism between 6:30 (Y2 

h after sunrise) and 19:00 h (1 h atter 
sunset), as calculated trom the 

respiration rates per behaviour (Reol1) . 

The upper tigure also shows the 
estimates calculated trom the overall 

ave rage respiration rates (ROvri , narrow 
black bars). Sea Table 8 tor absolute 

values and Appendix I tor abbreviations. 
Note the different scales on the y-axes. 

J mg-I °2, the oxycaloric coefficient usually suggested for fish (Wootton 1990, Jobling 
1994). The results are listed in Table 8 and shown as narrow black bars in the upper figure 
of Fig. 10. 

Because these estimates yield no insight in the energy allocation to different 
behaviours, we also followed a different approach. We now calculated Roeh for each 
category and day part from the parameter estimates, obtained with 2-way ANCOV A's for 
each behaviour separately (factors: category and day part, parameters not presented) . These 
values were multiplied by the corresponding time expenditures, the duration of each 
period, and by the oxycaloric coefficient. Summed over all day parts, we thus obtained 
total daytime energy allocation to each behaviour, represented by the wide bars in Fig. 10. 

As the upper figure shows, the estimates that are obtained with the two approaches 
compare quite weIl. Rov'l yielded 1.3-9.2% lower estimates for the smaller size classes and 
1.3-5.9% higher estimates for the largest fish . 

The most striking difference between the four categories in their allocation to 
different behaviours is the low expenditure of territorial males on grazing, hanging, and 
laying, and their high expenditure on high swimming, white spot visits, soliciting, courting, 
and interactions with conspecifics (Fig. 10). ' 

Table 8 gives the absolute values for the estimates of the total energy release in 
metabolism, in Joules (J) and also converted to ave rage power in milliwatts (mW). During 
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the active period (Le from Y2 h after sunrise to I h after sunset) the average power of S. 
viride adults ranges from 160-190 mW for 20 cm females (153 g) to 1450-1640 mW for 
40 cm males (1350 g). Between-category comparison of equally sized fish shows that the 
cost of living for territorial males is 6-10% higher than that for GTP and 11-17% above 
the TIP cost. Territorial females on the contrary, release on average 6-9% less energy in 
metabolism than GIP. Among group fish the difference between the sexes is relatively 
smalI, as apparent from the 5% lower to 0.1 % higher metabolic rate of males. Note that 
the range in these estimates reflects the differences between RO.rl and RBch (and not a size 
effect). 

No actual gill beat records were obtained at night. Initial trials showed that 
'sleeping' fish immediately responded to light (also to red light) with rapidly increasing 
giJl beat frequencies. However, at dawn and dusk the natural light intensity was just 
enough to ob serve the opercular movements of undisturbed fish. Exploratory data analysis 
showed that the weight specific respiration rates of all fish varied between 51 and 753 mg 
O2 h-I kg·o.8, values below 100 mg O2 h-I kg·o.8 mainly occurring when fish were hanging or 
laying in the early moming or late aftemoon. Knowing this, we could calculate a high and 
a low estimate of night metabolic rate. 

Our high estimate of night metabolic rate (RNh;) was obtained by analyzing all rates 
below 100 mg O2 h-I kg-O.8. ANCOVA revealed no differences between the four categories 
(F3•89 = 0.07, P = .974), so one general relationship was obtained: 

RNhi = 0.195 X BIvf·88 [4] 
(r = 87.2%, n = 94, P < .001; R in mg O2 h· l

, BM in g). 
The low estimate of night metabolic rate (RNlo) was calculated from the relationship: 
RNlo = 50 x (BM / 1000)°·8, [5] 

based on the assumption that oxygen consumption never drops below a rate of 50 mg O2 h
I kg·o.8. This rate is just bel ow the lowest value that we actually recorded (at dawn, for a 
laying 235· g GTP, based on 106 valid gill beats). Furthermore, a size exponent of 0.8 
seemed rather low, probably resulting in too low estimates for fish > 235 g. Both estimates 
are presented in Table 8, which shows that the metabolic rate of sleeping S. viride adults is 
estimated to range from 40-60 mW in 20 cm fish (153 g BM) to 240-430 mW in 40 cm 
fish (1350 g), independent of sex or social status. 

Gamete production 

Up to 1910 eggs were collected in a single spawning with the slorp gun, while the 
maximum yield of the hoop net was nearly five times higher (Tab Ie 9). However, bath 
methods yielded <50 eggs in more than 55% of the trials (Fig. l1A) and therefore resulted 
in highly variabIe estimates. Furthermore, only in 20 out of 63 field collections the social 
status of the spawning females was known (TIP spawn bath with TIP and with GIP). 
Consequently, the differences between group and territorial fish, although quite large, were 
not statistically significant (Kruskal-Wallis tests, see Table 9). Likewise, female length was 
estimated in 39 cases only, and no effect of size on the number of spawned eggs could be 
detected. 

We examined 23 TIP and 19 GIP for the presence of ripe eggs, which were 
obtained in 65% and 58% of the cases. All 8 examined TIP released sperm, compared to 
75% of 134 GTP. From 16 females we stripped and counted all eggs, yielding ave rages of 
41600-50900 eggs per female with na significant effect of social status (TIP, GIP, and 
females of unknown status) or size (Tabie 9, Fig. IIB). The lowest number, stripped from 
a 24.6 cm female, was still as high as 9690 (0.55% of fish BM), while the maximum 
amounted to 77400 eggs (3.01 % of BM). All stripped eggs were identical in appearance to 
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Fig. 11. Comparison of A) egg 
numbers collected with the slorp 
gun and hoop net, B) relative egg 
mass ot stripped temales, and C) 
gonadosomatic index ot juvenile 
(Juv), territorial, and group 
Sparisoma viride (?IP denotes 
temales ot unknown social status, 
see Appendix I tor other 
abbreviations). The lines plotted in 
C) are the predictions obtained 
with least squares regression; lor 
Juv and lemales: GSI = 3.178 x 
10.6 x BM·999 (f = 87.1%, n = 21, 
P < .001), lor males: GSI = 8.458 
x 10.3 x BAf·303 (f = 13.6%, n = 
10, P> .20). 
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eggs collected in the field: spherical , transparent and contammg a small yellowish oil 
drop Iet. Because of the small volumes and high water content, the sperm stripped from 
males could not be quantified reliably. 

Average egg diameter of the samples showed no correlation with fish size (field 
eggs: r = 5.6%, n = 8, P = .570; stripped eggs: r = 0.1 %, n = 22, P = .899). The modal 
diameter of stripped eggs was 0.65-0.675 mm (Fig. 12A), one size c1ass below th at of eggs 
collected in the field (0.675-0.7 mm, no difference between slorpgun and hoop net eggs: 
F I,29 = 2.60, P = .118). On average, stripped eggs were significanctly smaller than eggs 
collected in the field (0.678 vs. 0.695 mm diameter; F,,39 = 4.35, P = .044) with no 
significant differences between GIP and TIP eggs (Figs. 12B and C; field eggs of TIP, 
GIP, and ?IP: 0.682, 0.697, and 0.694 mm respectively, F2,3o = 1.79, P = .185). 

The wet mass of dissected ovaries {Mo.> varied from 0.1-7.6 g (0.04-1.54% of BM) 
and was correlated with female size. Least squares regression yielded the equation: 

Mov = 3.178 X 10.8 x B~·999 [6] 
(r = 87.6%, n = 21, P < .001), from which it follows that GSI is proportional to BM 
squared (as plotted in Fig. liC). ANCOVA revealed no differences between TIP and GIP 
ovaries (F

"
,8 = 1.08, P = .313). Testes mass (MTS!) ranged from 0.i -1.1 g (0.01-0.16% of 

BM) and showed a much we aker relationship with male size: 
MTS! = 8.500 x 10.5 X BMI.303 [7] 
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Table 9. Comparison of egg numbers collected in the field (using slorpgun or hoop net) with those 
obtained by stripping narcotized Sparisoma viride females (territorial, group, and a rest category of 
fish of unknown status). 

Egg number SLORP GUN HOOP NET STRIPPED 
TIP GIP ?lP TIP GIP ?lP TIP GIP ?lP 

Range 
min. 12 1 0 1 0 0 32290 24900 9690 
(cm FL)l) (31) (28.5) (30) (27.3) (29) (26.3) (24.5) (31.2) (24.6) 
max. 1748 725 1910 5366 500 9180 67710 77400 67861 
(cm FL)l) (31) (26) (25) (27.7) (26) (27) (26.9) (28.5) (31.4) 

Mean 880 191 224 1510 116 893 50871 43212 41599 
SE 868 178 92 768 79 491 5903 17109 8461 
n 2 4 24 8 6 19 6 3 7 

Effect size (all lP pooled; model: EggNo = a x BAr): 
r2 (n) P 0.3% (12) .878 7.6% (24) .193 3.6% (16) .480 

Effect status (Kruskal-Wallis): 
H (n) P 0.728 (30) .695 0.764 (33) .682 0.434 (16) .805 

1) Lengths rounded to the cm were estimated visually, values with 1 decimal were actually 
measured 

(r = 25 .7%, n = 10, P = .130). Again no difference between the two social categories 
could be detected (ANOVA: Fl,s = 1.07, P = .331). 

Dûe to the large salt fraction in those field eggs that were not flushed with distilled 
water, we could not reliably measure their dry mass. Furthermore, combustion of salt 
might affect the bomb calorimetrie measurements. Therefore, no energy contents were 
determined for these samples. The average energy content of flushed field eggs was 
significantly higher than that of stripped eggs (F1.9 = 19.5, P = .002), whereas their ash 
content was lower (F 1•9 = 23.5, P < .001) (Tabie 10). However, flushed eggs appeared to 
swell slightly, indicating that they were not impermeable to water. Therefore, their higher 
energy content (per mg AFDM) might be an artefact. The dry mass of stripped eggs 
(DMEgg in mg) proved to be correlated with egg diameter (d in mm), regression yielding 

Table 10. Comparison of wetdry mass ratios, ash-, and energy content (per mg AFDM) of eggs 
(field collections vs. stripped) and gonads of Sparisoma viride adults. 

Wet:Dry mass Ash (% Dry mass) Energy (J mg·l 

AFDM) 
Mean (SE) n Mean (SE) n Mean (SE) n 

Eggs 
Field l ) n.d. 9.26 (0.67) 3 26.92 (1.18) 3 
Stripped 22.51 (1.20) 9 14.20 (0.56) 8 24.88 (0.30) 8 
Gonads 
Ovaries 4.55 (0.19) 12 8.92 (0.38) 7 23.19 (0.52) 7 
Testes 6.63 (0.07) 7 10.86 (1.35) 5 23.60 (0.48) 5 

1) Flushed with aqua dest before drying 
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Fig. 12. Frequency distributions ol 
Sparisoma viride egg diameter. A) 
Comparison different collection 
methods (all lemales pooled). 
Comparison between territorial, 
group, and other lemales (?IP, 
status unknown, see Appendix I 
lor other abbreviations): S) eggs 
collected in the field (slorp gun 
and hoop net pooled), and C) 
stripped eggs (no data for GIP). 
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DMEgg = 0.02835 X cf!.685 [8] 
(r = 76.3%, n = 11, P < .001). Compared to ovaries, stripped eggs contained five times 
more water (as reflected in their wet dry mass ratio, Table 10), confirrning their hydrated 
state. Per mg AFDM, their energy content was significantly higher than that of ovaries, 
testes taking in an interrnediate position (F2.17 = 4.67, P = .024; Tukey HSD: P < .005 for 
eggs vs. ovaries). 

Considering the large variability in egg numbers collected in the field, no reliable 
estimate of daily egg production can be given. Therefore, we calculated a minimum and a 
maximum estimate. 

For our minimum estimate we assumed that all females release an equal number of 
eggs of the same diameter in each spawning: 901 eggs, 0.6945 mm in diameter [i .e. the 
average number of eggs collected with the hoop net (SE = 340, n = 33), and the mean 
diameter of all field eggs (SE = 0.0036, n = 33)]. Average dry mass per egg was estimated 
at 7.40 Ilg (from equation [8]), which converts to 6.35 Ilg AFDM (7.4 x [I - 0.142, the 
average ash fraction of stripped eggs]). Using the energy content of stripped eggs (24.88 J 
mg,l AFDM) as the most accurate estimate, a calorie value of 0.158 J egg,l was obtained. 
Multiplication by 901 eggs spawning" and by the female spawning rates for the smallest 
and largest size classes (Iisted in Table 4), yielded the minimum estimates presented in 
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Table 11. Minimum and maximum estimates of the daily energy invested in gamete production by 
Sparisoma viride adults [TIP and GIP: 20-30 cm FL (153-547 9 BM). TIP and GTP: 30-40 cm FL 
(547-1350 9 BM)). The minimum estimates tor temales are based on 901 eggs released per 
spawning, and tor males on a sperm production equivalent to 0.1 x the energy content of their 
testes per spawning. The maximum estimates tor males and temales assume a production 
equivalent to 1 x the energy content of the gonads per spawning. 

Gamete production 
Min-max (J day·l) 

Territoria! 

Group 

Females 
20 cm 30 cm 

111-522 214-36187 

19-87 184-31121 

Males 
30 cm 40 cm 

454-4997 2173-23907 

11-120 426-4682 

Table 11. These correspond with 120-700 eggs dar l for 20 cm (GIP respectively TIP) 
females and 1160-1350 eggs day·l for 30 cm fish. 

Dur maximum estimates are based on the assumption that females release the total 
energy equivalent of their ovaries per spawning, i.e. : predicted ovary wet mass (from 
equation [6]) divided by the average wetdry mass ratio (4.55) and multiplied by [1 -
0.0892, ash fraction] and by the average energy content of ovaries (23.19 J mg' l AFDM). 
The resulting values in Table 11 correspond with a daily production of 430-2600 eggs for 
20 cm females and 195810-227680 eggs for 30 cm females , th~ lower values representing 
the estimates for GIP. 

Note that the 1.2-6 times higher (maximum respectively minimum) estimates for 
TIP compared to GIP mainly reflect a size effect, the smallest and largest TIP being one 
size class 'Iarger (with correspondingly higher Sp90) than the smallest and largest GIP in 
Table 4 . 

The only information available to estimate daily sperm production by males were 
their spawning rates and testes mass and energy content. As for females, we assumed that 
males maximally release the total energy equivalent of their testes per spawning. The 
minimum estimate arbitrarily assumed a ten-fold lower sperm release. The 5-40 times 
higher estimated sperm production of TIP compared to GTP (Tabie 11) reflects their 
higher Sp90 and is little affected by size differences (Tabie 4). 

Daily energy budgets 

Dur estimates of metabolism and gamete production, combined with our previous estimates 
of investment in growth (van Rooij et al. 1995a) and with the estimates of energy intake 
and absorption (Bruggemann et al. 1994a), allowed the construction of nearly complete 
energy budgets. To avoid confusion we defined the components of the daily (i.e. on a 24 h 
basis) energy budget as follows: 

DEI = DEAb - DEFaeces 

DEAs = DEAb - DEN 
DEE = DEM + DEGrowlh + DEGamele 

where DEI is the daily energy intake, DEAb the daily energy absorbed, DEFaeces the energy 
lost in faeces , DEAs the assimilated energy, DEN the loss in (exo- and endogenous) 
nitrogenous excretions, and where DEE represents the daily energy expenditure on 
metabolism (DEM, i.e. the respiratory loss), growth (DEGroWlh), and gamete production 
(DEGameIe)' DEN is the only component that was not actually quantified. In a balanced 
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budget DEAs should equal DEE. Note the distinction between absorption and assimilation, 
which is based on the terminology as proposed in most recent standard texts (e.g. 
Weatherley & Oill 1987, Wootton 1990, Jobling 1994). UnIe ss stated otherwise, DEM 
refers to the sum of our estimate of daytime metabolism, based on ROvrl' and the maximum 
estimate of night metabolism. Likewise, DEE refers to the sum of (maximum) DEM plus 
growth plus our maximum estimate of gamete production. 

We constructed budgets for the same two size classes per category as before (Fig. 
13). The wide bars in the figure denote the estimated output. They c1early reveal the 
relatively high investment in growth by 20 cm females (TIP 22.7%, OIP 22.3% of DEE) 
and by 30 cm OTP (8.3%), compared to the larger fish and to TIP (0.1-1.9%). Note that 
these percentages would be somewhat higher if the minimum estimates for gamete 
product ion and night metabolism had been used instead of the maxima. If our maximum 
estimates of gamete production are correct, 30 cm females would invest about half their 
daily energy requirements (TIP 51.0%, OIP 45.5% of DEE) in gamete production, 
compared to 11.6-20.7% for (30-40 cm) TIP, 0.3-5.0% for OTP, and 0.6-3.9% for 20 cm 
(OIP-TIP) females. 

The narrow bars plotted in Fig. l3 represent the estimates of DEAb, measured for 
the same S. viride population over largely the same period by Bruggemann et al. (1994a) . 
Because DEN was not measured, we estimated it to be between 4 and 15% of the total 
energy ingestion, the maximum range found for most fish (Jobling 1994). As discussed 
further on, the 15% estimate must be too high. Nevertheless, even assuming this high DEN' 
the discrepancy between in- and output is quite high: DEAb minus maximum DEN is still 
1.2-6.2 times higher than our maximum estimates of DEE. Strikingly, the imbalance is 
larger for the smaller si ze classes and more pronounced in territorial than in group fish. 

Discussion 

Actual quantification of field metabolic rates offers exciting prospects for future research. 
A prerequisite is of course that the method must be reliable. Our field estimates are based 
on an empirical relationship between gill beat frequency and respiration rate that was 
established in the lab. A potential risk of this approach is that some relevant physiological 
parameters are not strictly comparabIe under experimental and field conditions. Oiven the 
large discrepancy between in- and output of energy, we will first discuss some 
methodological aspects that will give an indication of the reliability of our approach. Next, 
we will compare our quantitative estimates with relevant data reported in the literature, 
which will indicate how realistic our estimates are and where improvements of the 
methods are needed. At the same time this comparison will give an impression of the 
trophodynamic role of S. viride at our reef. In the last part of this discussion we will 
compare the energetics of territorial and group fish and address the merits and constraints 
of territoriality. 

Reliability of extrapolation to the field 

The point to be discussed here is the potential error in our estimates of oxygen 
consumption by extrapolating the R-VF relation from the lab to thf: field situation. For a 
discussion of the lab measurements and for a justification of the use of one general 
relationship we refer to van Rooij and VideIer (l996b). 
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Fig. 13. Comparison of the energy budgets ol Sparisoma viride lemales (20-30 cm FL) and males 
(30-40 cm FL) . Values expressed as percentage ol the maximum estimates lor total daily energy 
expenditure (DEEMax). Wide bars represent expenditure, with the absolute value ol DEEMax (in kJ) 
shown on top. The narrow bars show the estimates ol Bruggemann et al. (1994a) lor absorption 
plus a minimum and maximum estimate ol nitrogen excretion (4-15% ol daily energy ingestion). See 
Appendix I for abbreviations. 

Lab vs. field ventilation rates 

An indication of the comparability between lab and field conditions can be obtained from 
the range of ventilation frequencies in both situations. Ideally, the field values should fall 
within the lab range, given the relatively poor accuracy of regression predictions at or 
beyond the borders of this range (Sokal & Rohlf 1981). Due to the logarithmic 
transformation, the absolute error in predicted R (af ter detransformation) increases at higher 
VF [see Fig. 5 in van Rooij and Videier 1996b, which shows predicted scores ± 95% CL 
(in mg O2 h·1 kg·1. 11 8) ranging from 82.6 ± 4.9 at 30 beats min-I to 817 ± 54.8 at 160 beats 
min-I]. Therefore, the largest bias may occur at the highest frequencies . 

VF ranged in the lab from 21 -171 gill beats min-I, with the highest values for a 14 
g juvenile. For the smaller (152-608 g) adults maximum values ranged from 111-132 beats 
min-I . VFSeh recorded in the field was in the range 27-150 beats min-I (n = 1359), except 
for 2 cases (VFIi of 210 and 220 beats min· l

, based on 22 and 10 valid gill beats). 
However, the highest field values only occurred during interactions with conspecifics. 
During low swimming VF ranged from 38-129 and during grazing from 51-141 beats min
I, with the highest values for small (120-243 g) fish. In total, only 0.8% of all VF Oeh scores 
exceeded 132 beats min-I (2 Bite-, 5 Iiph-, and 4 Itph- scores), involving no more than 
0.2% of all (481182) recorded valid gill beats. We therefore conclude that the range of 
ventilation frequencies , over which the R - VF relationship was obtained, covers the field 
range quite weil. 
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Correlation with activity 

An important indication that our field records of ventilation rate yielded reliable estimates 
of (at least relative) metabolic rate, is the close correlation of R with both swimrning and 
feeding activity. 

Comparison of Fig. 3A with Fig. 9A shows that the daily pattern in ROvr' is virtually 
identical to that in bite rate. This indicates that grazing activity has a major effect on 
metabolic rate. Except for TIP, grazing proved to be more expensive than low swimming. 
This is not surprising, considering that each bite is accompanied by a stroke with the 
pectoral fins , and more powerful bites even by tail fin beats, in order to exert the force 
needed to 'excavate' algae from the substraturn. The exception for TIP is mainly caused 
by the relatively high costs of swimrning, rather than pointing to reduced grazing costs. S. 
viride has been categorized as an excavator, based on the clearly visible grazing scars that 
it leaves, as opposed to members of the Scarus genus that use a more superficial scraping 
feeding mode (Bruggemann et al. 1994b, van Rooij et al. 1996a). Scraping scarids show 
much higher bite rates with a lower yield per bite, mainly harvesting the epilithic and 
much less the endolithic and crustose algae. Quantification of the energetic consequences 
of these different feeding modes, involving an apparent trade-off between yield per bite 
and bite rate, seems a rewarding topic for further investigation. 

If Fig. 9B is compared with Fig. 6, we also see a good correspondence between 
RBeh and FbFBeh• Higher respiration rates were obtained for the swimrning behaviours 
involving higher fin beat frequencies . Considering that FbF is a good indicator of 
swimrning speed and that the co st of swimrning is proportional to the cu be of speed 
(VideIer 1993), the trend in RBeh comes up to expectations. Our method seems to offer the 
challenging possibility to quantify the costs of swimming for free-swimming fish. 
However, our current data set is not suitable for such an attempt, because fin and gill beats 
were not recorded simultaneously. Using video, simultaneous records are certainly feasible, 
and are recommended for further research. 

Initially, we did not expect to find astrong correlation between Rand grazing or 
swimming activity, because of the short duration and the rapid aIternation of different 
behavioural bouts. For instance, during low swim bouts th at directly followed a vigorous 
TIP interaction (e.g. chasing), VF was initially clearly elevated and then gradually 
decreased to norrnal levels. Likewise, the persistence of the daily pattern in R within each 
behaviour largely reflects the pattern in grazing activity. Irregular gill movements and the 
expelling of substrate fragments from the gills indicate th at breathing is hindered during 
grazing. Possibly, this results in an oxygen debt that is paid back in between successive 
grazing bouts. Furthermore, the steep clines at dawn and dusk will partly reflect the 
elevation of metabolism associated with the physiological costs of food processing (i .e. the 
apparent Specific Dynamic Action, cf. Jobling 1994). 

In conclusion, the good correspondence of R with activity levels suggests that our 
field estimates of metabolic rate are reliable. However, the absolute costs of specific 
behaviours, including swimming, cannot be simply inferred from RBeh, since instantaneous 
rates are affected by preceding activities and by simultaneous physiological processes. 

Weight exponents 

Comparison of our estimates of the weight exponent (b in the relati0tlship R = aBM') with 
reported values mayalso indicate the reliability of our approach. Although an exponent of 
0.86 seems appropriate for many fish, the actual range of most reported values is 0.65-0.9 
(Jobling 1994). Brett and Groves (1979) also mention an average exponent of 0.86, but 
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suggest that this value can only be applied to standard metabolic rates. They review some 
findings indicating that the weight exponent increases at higher activity levels (e.g. from 
0.78 to 0.97 for sockeye salmon at 15°C, Brett 1965). 

Our 2-way ANCOVA models yielded a common weight exponent close to I, both 
for ROvrl (factors category and day part; b ± 95% CL = 1.022 ± 0.060) and for RBch (factors 
category and behaviour, all day parts pooled; b = 0.948 ± 0.035). The exponents obtained 
from the separate 2-way analyses for each of the non-reproductive behaviours (factors 
category and day part, parameters not presented) were all in the range 0,8-1.1. The 
relatively high exponents may be related to the high level of activity (continuous grazing 
and swimrning) of S. viride. However, there is also an alternative explanation, inherent in 
our statistical analyses. 

The common slope in ANCOV A is obtained by calculating one linear relationship 
for all data, without adjustment for possible effects of the factors to be tested (Sokal and 
Rohlf 1981, Norusis 1990). Since TIP show relatively high respiration rates and represent 
the larger fish, the common slope will be higher than expected from a size effect alone. 
This is confirmed by the fact that the lowest exponents are found for those behaviours in 
which TIP showed relatively low respiration rates (Bite: 0.883 ± 0.040, HiSwm: 0.869 ± 
0.083, WSpot: 0.785 ± 0.042; [Rw. of TIP mal es was relatively low, allhough not resulLing in a significanI 

inleraction: -0.09, P = .066]). Likewise, the highest exponent was found for laying (1.103 ± 
0.083), where the elevated respiration of TIP was most pronounced. For interactions with 
male conspecifics we also found a relatively steep slope (1.056 ± 0.138), despite the lack 
of a significant [category x day part] deviation. However, TIP displayed this behaviour 
much more frequently than females, resulting in a stronger male bias than in the other 
states. Soliciting and courting were only displayed during the spawning period and mainly 
by larger fish, resulting in small sample sizes and highly deviating weight exponents 
(soliciting: 1.97 ± 1.32, courting: 0.45 ± 0.61). Still, the direction of these deviations also 
fits the pattem expected from a category effect. Whereas soliciting involved active circling 
of males, females were typically much less active, mainly hovering in the watercolumn. A 
reverse trend was observed during courting, when TIP swam at much more elevated fin 
beat frequencies than mal es. 

In summary, we suggest that the relatively high weight exponents in our oxygen 
uptake estimates for free-swimming S. viride can be ascribed to the high proportion of 
territorial males among larger fish . The relatively high metabolic rate of TIP offsets the 
decrease in mass specific respiration that is normally expected, explaining the nearly linear 
relation between Rand BM, 

Overall R versus R per behaviour 

Our estimates of metabolism based on ROvr' deviated from those based on ROeh (Fig. 10), 
which requires an explanation. One important difference is that the estimate calculated 
from Rovrl is based on a single weight exponent (1 .022), whereas that calculated from RBeh 
is based on different exponents for each behaviour, most of which are <1.022 (except for 
Lay and Itph) . This explains why ROvrl yields higher estimates for the larger (and lower for 
the smaller) size classes. 

Considering that the exponents for the different behaviours are not all equally 
reliable, and given the extra step involved in the latter approach (multiplication by TEBeh) , 

it can be argued that the estimates based on ROvr' are more accurate. However, this is only 
true if the proportion of valid to total bout duration (VBD/TBD) is similar for all 
behaviours (remember that Rovrl is weighted for valid instead of total bout duration). Some 
bias is actually expected due to differences in average TBD between states. Most 
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Fig. 14. Frequency distributions of 
valid bout duration as a proportion 
of total bout duration tor all states. 
All gilt protocols pooled. See 
Appendix I tor abbreviations. 
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interaction bouts for example, especiaIly those with damsel fish , were of short duration. 
Since the first gill beat in each bout was defined as non-valid, a larger proportion of rBD 
will be non-valid in shorter bouts . This is confirmed by the frequency distribution of VBD 
(as % of rBD) , shown in Fig. 14. For most behaviours, VBD > 70% of rBD in ~ 80% of 
the cases. During interactions and laying however, VBD was frequently <50% of rBD. The 
large proportion of non-valid time during laying can be ascribed to the lower light intensity 
at dawn and dusk, when this behaviour mainly occurred and opercular movements were 
harder to ob serve. Because social interactions and laying comprise only a small part of the 
time budget (in the active period), we think that this bias will only have a minor effect on 
our estimates of ROvrl' This is confirmed by the relatively small differences between the 
two estimates. 

Seasonality 

Our field registrations of ventilation frequency were not designed to detect seasonal 
variability. However, analysis of longer time series that were obtained for some fi sh does 
indicate a seasonal effect on VF Ovrl and on the bite rate of territorial fish (higher in August 
and September than in the cooler November and December months; VFOvrl : TIP: FI. 12 = 
4.77, P = .050; TIP: FI.37 = 4.41, P = .043; Bite rate: TIP: FI.42 = 4.30, P = .045; TIP: F I •S7 
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= 4.63, P = .036). No effect of season on fin beat frequency or time expenditure could be 
detected. 

Increased metabolism and bite rates in the warmest months can be expected and are 
also concordant with the seasonal pattem in condition and growth of S. viride (van Rooij et 
al. 1995a, b). The condition of all categories was poorest between May and July, whereas 
that of territorial fish was highest between August and October. The lower condition in late 
spring was ascribed to the combined effect of lower food availability (reduced primary 
productivity at lower water temperatures) and shorter day length (resuiting in a lower 
DNB). Likewise, the higher bite rates of territorial fish in August and September will 
increase their DNB, which could explain the better condition and higher growth rates in 
these months. Both increased grazing activity and higher growth rates will contribute to an 
increased metabolic rate, and can be added to the direct effect of temperature on R, 
explaining the elevated metabolic rates in the warmest months. 

Although no seasonal variation in spawning rates was detected (van Rooij et al. 
1996c), seasonal variation in gonad size cannot be excluded. Koltes (1993) found the 
greatest proportion of ripe S. viride females between February and April, when GSI also 
reached a peak. Despite the higher latitude of this study site (Grand Turk, 21 °90' N), the 
year1y range in seawater temperature (25-28.5 0c) compares weil to that at Bonaire (25.8-
29.8). Therefore, comparable variation mayalso occur in our population, which would also 
implicate seasonal fluctations in gamete production. 

Although the effect of season on food availability was not actually studied, it is 
assumed to be of relatively minor importance. The seasonal variation in algal biomass or 
cover was too small to be detected with the naked eye. Moreover, Bruggemann et al . 
(1995b) found no significant differences in net hourly photosynthetic rates on our reef in 
March - April compared to November - December. They further showed that the total daily 
primary production on the shallow reef equalled the total daily consumption by all macro 
herbivores: throughout the year. The seasonal variation in daily production (due to 
fluctuations in day length) appeared to be matched by seasonal variation in total herbivore 
biomass (largely due to roving groups of acanthurids invading the shallow reef in the 
summer months). Therefore, the potential bias in the estimates of food and energy intake 
due to seasonality is assumed to be relatively small. 

Considering that most estimates of energy intake and expenditure are averages, 
based on records and measurements obtained over periods of ~ 9 months (including the 
coolest and warmest months) , we think it higly unlikely that seasonal bias contributes 
much to the discrepancy between in- and output. However, the effect of season on the 
energetics of S. viride certainly deserves further investigation and may improve the energy 
balance. 

Comparison with published data 

Metabolic rates 

The only way to get an indication of how realistic our oxygen consumption estimates are, 
is to compare them with published data for other fish. In Table 12 we present the range of 
minimum, maximum, and ' routine ' respiration rates found for all S. viride categories, as 
weil as some examples taken from the Iiterature. Comparison is somewhat complicated by 
size and temperature effects. To account for size, we calculated weight specific rates in mg 
O2 h· 1 kg·O.

86 (0.86 suggested to be appropriate for most fish species; Brett & Groves 1979, 
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Table 12. Comparison of respiration rates (R) and total daily energy release in metabolism (DEM) of 
adult Sparisoma viride categories with literature data for other fish. The three respiration rates 
represent minimum, maximum, and routine rates. The routine rate of S. viride was estimated as ROvrl 
between 9:00 and 12:00. lts DEM estimates were calculated from ROvrl and the maximum estimates 
for night rates. T: acclimation temperature. ~ 

Jobling 1994). Most studies on fish metabolism involve temperate species, which are often 
acclimatized to a range of temperatures. To facilitate comparison, we mainly selected data 
obtained at higher acclimation temperatures. 

Standard rates. The lowest respiration rates that we recorded for S. viride (at dawn 
and dusk) range from 56-101 mg O2 h·l kg·o.86

, which compares weil with the minima 
reported for other species Cstandard' rates; see Table 12). Brett and Groves (1979) report 
an average standard rate of 89 (± 34 SD, range 26-229) mg O2 hol kg- l (based on 57 
'adequate' values for ~34 mainly temperate fish species), which again is close to our 
minimum rates (per kg: 66-88 mg O2 hol). However, they also suggest that the standard 
rate of tropical fish is on average 70% above that of temperate species. Furthermore, S. 
viride continues grazing and defecating until near darkness. Therefore, its metabolic rate at 
dusk is expected to be above its real standard rate, which is by definition the rate in a 
post-absorptive state (Brett and Groves 1979, Jobling 1994). This indicates that our 
observed minima are suspiciously low. Possibly, they are biased due to deviating rates that 
were based on a small number of valid gill beats only. It is therefore better to compare our 
average estimates of night rates (RNlo and RNhi), which are less prone to chance deviations, 
with the literature data. 

RNhi yields values of 83-87 and RNlo of 56-49 mg O2 hol kg-O•
86 (for 20 respectively 

40 cm fish). Considering: a) that S. viride adults begin the night with filled guts and start 
the day with empty guts (af ter excretion of the 'morning bolus'), b) that our lowest 
estimate, on which RNlo was based, was obtained at dawn from a fish that probably was in 
a post-absorptive state, c) that standard rates around 50 mg O2 hol kg-O·

86 are not exceptional 
in temperate species, and d) that fish in respirometers will be more stressed than under 
field conditions, we conclude: a) that our field estimates for S. viride based on RNhi do not 
appear to be unrealistic estimates of night metabolism, and b) that the RNlo estimates may 
be close to its actual standard rate but probably underestimate the average night rate. 
However, only actual registration of VF at night can confirm these conclusions. It would 
be of particular interest to find out whether our present finding that there are no 
differences between the categories is realistic. 

Routine rates. As an estimate of the 'routine' respiration rate of S. viride (i.e. 
during normal, spontaneous activity), we used ROvrl as recorded between 9:00 and 12:00 h, 
when its activity was close to the daily average (Fig. 9A). The range of actually recorded 
rates (140-343 mg O2 hol kg-O.

86
) is above the routine rate reported for most temperate 

species but below that of 6 teleosts tested at higher (~25 0c) temperatures (Tabie 12). 
Average routine rates, calculated from the parameter estimates in Fig. 9A, range from 217-
316 mg O2 hol kg-O

.
86 (for a 20 cm TIP and a 40 cm TIP respectively). Divided by RNhi , 

this yields routine rates that are 2.6-3.6 times the estimated standard rate, while ratios of 
3.9-6.4 are obtained if we divide by RNlo' The latter ratios are within the range usually 
found for maximum sustained activity (see below), indicating that RNlo underestimates 
standard metabolic rate. Further inferences from a comparison of routine rates are not very 
useful due to the highly variabie levels of activity and feeding at which these rates have 
been obtained (but see also the DEM estimates below). 
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Sparisoma viride, this study: 
TIP 243-500 
GIP 120-430 
TTP 780-870 
GTP 225-850 
Other fish, literature data: 
Atlantic salmon 1) 2045 
(Salmo salar) 

Sockeye salmon21 

(Oncorhynchus nerka) 
id.31 

Atlantic COd21 

(Gadus morhua) 
id.41 

Brown trout 
(Salmo trutta )41 

Pike 
(Esox lucius)51 

Grass carp61 

Goldfish71 

(Carassius auratus) 
id.81 

6 teleost species lOl 

100 

2000 

500-1000 

150 

500 

800-900 

9-17 

100 

11 

5 

5 

5 

0.9-2 .1 

Spotted grunterlll 50-2390 
(Pomadasys commersoni) 

T 
(Oe ) 

26-30 
26-30 
26-30 
26-30 

10 

15 

15 

15 

15 

15 

16-22 

22 

20 

20 

20 

25 

30 

25 

25 

58-86 
60-73 
85-96 

56-101 

82 

54 

53 

80 

101 

366-523 140-284 
390-494 213-302 
398-711 266-343 
331-665 197-313 

469 185 

572 87 

793 

75-399 

302 

70 300 163 

49-52 120-126 78-84 

25 390 

50 

60 93 

92 179 

120 197 

75-132 530-832 

142-195 190-413 160-266 
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52-57 
51-60 
66-67 
53-63 

53 

25-26 

20-105 

165-272 

53-86 

1) Lucas (1994); 2) reviewed in Brett and Groves (1979); 3) Brett and Glass (1973); 4) Priede 
(1985); 5) based on heart rates, Lucas et al. (1991); 6) ranges for 16 experiments of 28-33 
days, Carter and Brafield (1991); 7) Beamish (1964); 8) van Waversveld et al. (1989); 9) Fry 
(1957); JO) Calculated as difference: Ingestion - Faeces· Excretion . Growth, for (1 g fish of) 
Cyprinus carpio, Carassius auratus, Pseudorasbora parva, Pseudobagrus fulvidraco, 
Oreochromis mossambicus, and Macropodis chinensis, Cui and Liu (1990); JI) Du Preez et 
al. (1986). 
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Active rates. The highest respiration rates that we found for S. viride (331-711 mg 
O2 h- ' kg-O·

86
) are weil within the range of maxima reported in literature (usually 'active' 

rates, measured during maximum sustained swimming; Table 12). It should be mentioned 
ho wever, that some of our peak values were recorded over relatively brief intervals «25 
gill beats, i.e. <15 s). To get estimates that are less pro ne to bias, we calculated a low and 
high maximum rate, analogous to our estimates of night metabolism. The low estimate 
(RMaxLo) was based on all values exceeding 300 mg O2 h- ' kg-o.8• ANCOVA showed no 
significant difference between the categories (F3•62 = 1.12, P = .349), so one relationship 
was obtained: 

RMaxLo = 0.728 X BIIfl·937 [9] 
(r = 87.4%, n = 67, P < .001; R in mg O2 h-' , BM in g). 
The high estimate was calculated as: 

RMaxHi = 600 x BM / 1000 [10] 
It is based on the assumption that R never exceeds 600 mg O2 h-I kg-o.8• This rate is just 
below the highest rate that was based on more than 100 valid gill beats (604.4 mg O2 h- ' 
kt l

, based on 158 gill beats recorded for a 700 g GTP interacting with a male 
conspecific). Furthermore, a size exponent of 1.0 seems to be reasonable for active fish, as 
discussed above. These equations yield minimum ratios of active:standard rate (RMaxLo / 

RNhi) ranging from 4.9-5.5 and maximum ratios (RMaxHi / RNLo) from 8.2-12.7 (for 20 and 40 
cm fish respectively). If RNlo is rejected as too low, the maximum ratios (RMaxHi / RNH) are 
in the range 5.6-7.2. Peak oxygen consumption rates during short swimming bursts in 
tunnel respirometers can be 10-15 times the standard rate, but for sustained swimming this 
ratio is usually within the range 3-7 (VideIer 1993, Jobling 1994). This suggests that our 
peak values (600-725 mg O2 h- ' kg-lor 575-711 mg O2 h- l kg-086) are weil below the 
expected maximum aerobic capacity (10 x 85 = 850 mg O2 h-l kg-o.86

). RMaxLo appears to 
approach the active rate expected for sustained swimming. 

DEM. Our estimates of the total daily energy release in metabolism (DEM) compare 
weil with most reported values, except for two studies (TabIe 12). The 6 teleosts with 
much higher routine rates (small juveniles tested at 25°C) appeared to require 2.5-5.3 
times more energy for their metabolism than S. viride. However, the small size of these 
fish, their confinement to small tanks, and the indirect method of estimating R (from the 
difference between the other components of the energy budget, Cui and Liu 1990), all 
hinder straightforward comparison with our own data. This is much less so for the data on 
pike, representing the only other estimates that were obtained for free-ranging fish in their 
natural habitat (based on heart rate telemetry, Lucas et al. 1991). Two individuals, studied 
in Scottish Lochs, appeared to be living at about half the metabolic rate of S. viride. The 
pike (Esox lucius) is known as an inactive fish (Diana et al. 1977, Lucas et al. 1991) with 
relatively small gill area (de Jager et al. 1977, Palzenberger and Pohla 1992). Taking 
further into account the lower temperatures (16-22 0c), its low metabolism compared to S. 
viride is not unexpected. 

In conclusion, we can find no serious grounds for questioning our field estimates of 
respiration rate. Extrapolation of the R - VF relationship to the field situation therefore 
seems justified. 

Gamete production 

Stripped eggs and GSI. The number of eggs th at we obtained from stripped 
females, compares weil with the 5543-68606 eggs counted by Koltes (1993) in the ovaries 
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of 8 ripe S. viride females (570-964 g BM) from a Grand Turk reef. As in our study, egg 
number was not correlated with size, whereas GSI was. Koltes weighed ovaries including 
hydrated eggs (if present) and found GSI to range from 0.03-3.07% (n = 145), close to our 
own estimates (ovaries 0.04-1.54% + eggs 0.55-3.01% of BM). Ovaries of comparabIe size 
are also reported by Cardwell (1989) for a Belize S. viride population (mean GSI ± 1 SD: 
0.88 ± 0.78%, n = 144). Although the lowest indices may represent immature ovaries, 
many of the larger ovaries were obtained from sexually active females in all three studies. 
Compared to some temperate species, attaining a GSI of 20-30% (Wootton 1990), S. viride 
ovaries are smal I. However, large ovaries are mainly found in seasonal spawners. For 
many tropical fish that spawn daily throughout a large part of the year, a GSI of <5% is 
common. Weil documented examples are the striped parrotfish (Scarus iserti: mean GSI 
1.15-1.98%, as obtained from 188 adult femaJes from two reefs in the wet and dry season, 
Clifton 1995) and the bluehead wrasse (Thalassoma bifasciatum: mean GSI of 6 adult size 
classes ranging from 1.94-3.37%, n = 162, Wamer et al. 1975). 

Egg diameter and energy content. Koltes (1993) found the diameter of hydrated 
eggs to range from 0.65-1.2 mm, which is larger than what we found in our S. viride 
population. This may be related to the larger maximum size of females at Grand Turk (~37 
cm SL '" 39.5 cm FL, compared to ~32 cm FL at our reef). Furthermore, the smallest 
sexually active females were also much larger in the population studied by Koltes (> ca. 
27.5 cm vs. >15-17 cm FL). These female size differences may weIl explain the 
differences in egg diameter. Thresher (1984) reports a range of 0.6-1.1 mm for ripe 
sparisomatine eggs, so our values are within the expected range. 

Wootton (1985) reports an average energy content of 23.48 kj g' l dry mass for 
newly spawned eggs and ripe ovaries of 50 teleost species, with ranges of 22.6-23.6 kj g'l 
for eggs and 22.6-24.7 kj g' l for ovaries. Our values (per g dry mass: eggs 21.1, ovaries 
21.3 kj) are somewhat lower, which could mean that our estimates of egg production (in 
kj) may have been underestimated by 11 %. 

Egg numbers released in the field. To our knowledge there are no other reports of 
field collections of S. viride eggs. However, we can compare our estimates of spawned egg 
numbers with those reported for a smaller labrid, T. bifasciatum. Shapiro et al. (1994), 
using 50 L plastic collection bags, obtained an average (± 1 SE) of 1822 (± 169) eggs 
spawning·1 from 47 small «6 cm TL) females and 3719 (± 174) eggs spawning·1 from 67 
medium sized (6-6.8 cm) females (mean diameter 0.54 mm). These numbers hardly 
deviated from those stripped from females of equal size, indicating that they actually 
collected all spawned eggs. The lower mean number and mass of the eggs obtained in our 
field collections, despite the much larger size of S. viride females, suggests that we often 
missed a significant fraction. This was already apparent from the highly skewed 
distribution of egg numbers, suggesting that colJection success was largely a random 
(Poisson) process. The low efficiency of our hoop net is not surprising if one considers the 
much lower ratio of net volume:fish BM (0.8-2.9 L g' l for 30-20 cm females) compared to 
that in the T. bifasciatum study (16-27 L g'I) . We expect that the size of the gamete cloud 
and the force with which eggs are dispersed, are proportional to fish size. Anyhow, the 
conclusion must be that our present minimum estimates of egg production must be too 
low, especially for larger females. 

Estimates of daily egg production. Combining the data of Shapiro et al. (1994) with 
those of several other studies, the daily egg production by T. bifasciatum females can be 
estimated to equal 5.5-6.7% of their BM or ca. twice the mass of their ovaries, which is 
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equivalent to 48-58% of the energy content of their ovaries. [Calculated from: a) average egg 

diameter reported by Shapiro et al. = 0.54 mm, so volume'" 4/3ml = 0.082 mml , times seawater density yields a 
wet mass of 85 lig egg-I

; b) average spawning rate of 2/3 day-' (Schulz and Warner 1991); c) average TL of 55 
and 65 mm for smal! and large females, '" 46 and 55 mm SL (TUSL = 1.20, Roede 1972), = 1.87 and 3.13 g BM 
(Ln{BM) = 2.88 x Ln{SL} - 10.4, Schulz and Warner 1991); d) average GSI of 2.5 and 3.3% for females of 55 
and 65 mm SL (Warner et al. 1975); e) energy content (per mg dry mass) and ratio wet:dry mass of eggs and 

ovaries same as found here for S. viride (TabIe 10)]. In our maximum estimates for the larger S. 
viride females, we assumed a daily egg production of 1.5 x the energy content of the 
ovaries (1.5 spawnings d· I). The equivalent number of eggs (227680) is 2.9 times higher 
than the largest number stripped from any female. Although tentative, this suggests that the 
actual egg production of S. viride is quite comparabie to that of T. bifasciatum: around 
50% of the energy content (or dry mass) of the ovaries. 

We initially assumed that the eggs, stripped from our S. viride females, represented 
several batches that would be released in the course of at least a few days. However, the 
diameter and hydrated state of these eggs indicate that they may actually represent the 
clutch for a single day or even a single spawn. In the Hawaiian saddleback wrasse, 
Thalassoma duperrey, Hoffman and Grau (1989) mainly found hydrated eggs within 2 h of 
the high tide, when spawning takes place, indicating that the daily timing of egg hydration 
is quite precise. They further showed that the recruitment of a new clutch starts directly 
after spawning and concluded that vitellogenesis occurs throughout the day. Therefore, a 
daily egg production as high as half the ovary energy equivalent is less unrealistic than it 
may seem. 

Sperm production. Much less data are available on sperm production. Shapiro et al. 
(1994) successfully collected all sperm released by T. bifasciatum males and counted 
numbers ranging from 0.29-21.38 x \06 cells. Unfortunately, they do not provide data on 
the mass or energy content of the sperm. Interestingly, they found that sperm number was 
highly correlated with the number of eggs released by and with the size of the female, but 
not with the size of the males themselves. Furthermore, males spawning in groups released 
6 times more sperm than pair spawners, and there were highly significant differences 
among individual (pair spawning) males. These findings suggest that any attempt to 
quantify sperm product ion will yield highly variabie estimates. At present we can do no 
better than assuming that actual sperm production is within our minimum and maximum 
estimates. 

With respect to testes size, our GSI range (0.01-0.16%) compares well with values 
reported for TP males in other S. viride populations (Robertson and Warner 1978: mean ± 
95% CL for 33 males: 0.06 ± 0.01 %; Koltes 1993: range for 43 males: 0.005-0.16%; 
Cardwell 1989: mean ± lSD: for 73 group males of 30 cm mean FL: 0.05 ± 0.11 %, and 
for 98 territorial males of 34 cm mean FL: O. \0 ± 0.12%). Testes this small appear to be 
common in scarids, GSI values >0.8% only being reported for initial phase males 
employing a streaking or group spawning mating tactic (mean ± I SD for 6 lP S. viride 
males from a Belize population: 0.75 ± 0.40%, Cardwell 1989; range of mean GSI for \0 
Caribbean species: lP males: 0.16-3.35%, TP males: 0.05-0.67%, Robertson and Warner 
1978). Wootton (1985) gives only a single value for the energy content of testes (24.7 kj 
g-I dry mass, reported for the pike Esox lucius), which is 18% higher than our own 
estimate (21.0 kj g-I dry mass). 

Reproductive effort. Another indication of how realistic our estimates of gamete 
production are, can be obtained from a comparison with data on the ' reproductive effort of 
other species (RE, defined as: egg production in kj x 100% / food ingestion in kJ), 
reviewed by Wootton (1985). 
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The RE of femaIe threespine stickIebacks (Gasterosteus aculeatus) during the 
breeding season has been estimated at 15-34%, which is equivalent to ca. 18-41 % of their 
average DEE [assuming an absorption efficiency of 90%, Wootton 1990, and an additional DEN of 7%). 

Mean annua) RE reported for adult females of 6 other species are all in the range 3-18% 
[medaka (Oryzias latipes): 10-18%, anchovy (Engraulis mordax): 8-11%, topminnow (Poeciliopsis occidentalis): 
3.1-9.8%, pike (Esox lucius): 14-16%, plaice (Hippoglossoides platessoides): ~8%, cod (Gadus morhua): 11-12%). 

Assuming that 73% of the ingested energy is assimilated (average for 15 non-herbivorous 
fish, Brett and Groves 1979), the yearly egg production of most species amounts to 11-
25% of the assimilated energy. The only estimate of male RE is reported for the pike, 
which was found to devote 7-10% of its annual energy intake to sperm production, 
corresponding with 10-14% of the assimilated energy. Our maximum estimate of daily egg 
production by S. viride amounts to 45-51% of DEE and our best estimate to 15-17% (as 
argued above). Since S. viride spawns throughout the year, with no indication of 
seasonality (van Rooij et al. 1996c), this is also our best estimate of mean annual egg 
production. It is within the range reported in literature, whereas our maximum estimate 
would seem exceptionally high. Our maximum estimate of sperm production for territorial 
S. viride males, 12-21 % of DEE, is hardly higher than the estimate for the pike. 

In conclusion, it is higly unlikely th at our maximum estimates of gamete production 
are underestimated to such an extent that this could explain the imbalance in the energy 
budgets. 

Somatic growth 

For a detailed discussion of our growth measurements we refer to van Rooij et al. (1995a). 
Here we will focus on the comparability of our results with published growth data and 
discuss possible causes of bias. 

Relative growth rates. Comparison of the relative growth rates of coral reef fish 
indicates th at S. viride and other scarids grow quite fast, also compared to non-herbivorous 
species (Randall 1962, Munro and Williams 1985, Russ and St. John 1988, van Rooij et al. 
1995a). Given the poor quality of the algal food (Montgomery and Gerking 1980, 
Bruggemann et al. 1 994c), it does not seem very likely that our growth estimates are far 
below the actual rates. 

Conversion of biomass to energy equivalents. The most serious potential error in 
our estimates may stem from the conversion of biomass to energy units. The average 
energy content of fish was only determined for 3 females (19-26 cm FL, lipid content: 1.8-
9.7% of AFDM, GSI 0.13-0.22%) and 1 male (36 cm FL, 5.4% lipid, GSIO.04%), without 
further investigation of the effect of social status, GSI, condition, or season. Since we 
actually found considerable variability in GSI (this study) and condition (van Rooij et al. 
1995b), indicating differences in body composition, our estimates will be biased. However, 
the energy content of the ovaries was at the lower end of the range for whole fish (with 
empty guts and without hydrated eggs: 23 .1-24.8 kj g' l AFDM), so that variation in GSI 
does not affect our estimates much. On the other hand, a five-fold higher lipid content 
(39.5 kj g.l AFDM) than actually measured, would have resulted in 5-25% higher 
estimates of the energy investment in growth. Note that the 25% maximum assumes a lipid 
content of 49% of AFDM or 1.8% of BM, which does not seem excessively high. 
Montgomery and Galzin (1993) found for 2 tropical surgeonfish large seasonal f1uctuations 
in the size of fat bodies, ranging from <0.1 to 0.6% of BM, to which other fat stores 
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should be added. In brown trout total body lipids can constitute up to 8% of BM (Elliott 
1976). However, without further knowledge of the actua! variations in the body 
composition of S. viride, we cannot estimate the magnitude of this potential source of bias 
in our DEE estimates. 

Energy conversion efficiencies. Gross growth efficiency (KI: growth x 100% / food 
ingested) of S. viride, expressed in terms of energy content, varied from 0.01 % in 40 cm 
TIP to 2.9% in 20 cm GIP and from 4.6-7.9% in 10 cm juveniles (van Rooij et al. 1995a). 
Since mature adults grow at relatively low rates and may trade growth against reproductive 
effort, their growth efficiencies can be expected to be low and highly variabIe, obscuring 
interspecific comparisons. Most published data refer to juveniles, whose growth 
efficiencies can be compared more plainly. For juvenile herbivores Brett and Groves 
(1979) report KI to range mainly from 10-20%. S. viride juveniles seem to be at the lower 
end of this range. 

To our knowIedge, no energy conversion efficiencies have been published for other 
herbivorous coral reef fish. The best studied herbivore in this context is probably a cold
temperate fish from the rocky intertidaIon the central Califomian coast, Cebidichthys 
violaceus. Fris and Hom (1993) measured the growth of 10-15 cm juveniles, fed on pellets 
of the algae that form its natura! diet, and calculated energy convers ion efficiencies (ECE) 
as the gain in BM (in g) per kj food absorbed. Mean ECE ranged from 0.020-0.046 g kl l 

at specific growth rates of 0.24-0.51% of BM d'l, depending on protein content (8.6-25.3% 
of AFDM). Large adults growing at lower rates will inevitably show lower ECE values. 
Therefore, it seems reasonable to compare these efficiencies with those of 20-25 cm S. 
viride females (with comparabIe growth rates: 0.20-0.51 % of BM d' l) rather than with 
those of 10-15 cm juveniles (growth rate 0.70-1.10%). The ECE of 20 cm (GIP-TIP) S. 
viride females amounts to 0.007-0.018 g kfl, which is 1.1-6.1 times lower than that of C. 
violaceus. The difference with 25 cm females would be even larger. This low ECE of S. 
viride cannot be ascribed to a much lower quality diet, since the protein content of its main 
food types ranges from 6-12% (Bruggemann et al. 1994c). 

In summary, we can conclude that despite the relatively high growth rates found for 
S. viride, our estimates of energy conversion efficiency seem to be relatively low, 
suggesting that our present DEAb estimates are too high. 

Nitrogenous excretion 

Nitrogen excretion rate is known to be highly variabIe and depends on factors such as fish 
size, temperature, feeding rate, and protein content plus amino acid composition of the 
food (Jobling 1994). Values obtained for other species can therefore not simply be 
extrapolated to S. viride. However, given the low protein content of algae, DEN is expected 
to be low in herbivores (Brett and Groves 1979, Jobling 1994). This seems to be confirmed 
by two recent studies. Polunin and Koike (1987) measured ammonia excretion in a coral 
reef herbivore, the jewel damselfish, Plectroglyphidodon lacrymatus, and found average 
rates of 76-114 Ilg NH4-N g' l d' l (for adults of 12.4-17.4 g BM). Using a conversion factor 
of 25 kj per g N excreted (Jobling 1994) this would represent an energy loss of 33-35 J 
fish,l d' l, which is ca. 3.6-5.4% of the energy release in standard metabolism [as estimated 
from an average R of 162 mg O2 kg' l h,l (Polunin and Klumpp 1989) x 13.6 J mg'l O2,] 

Expressed as the proportion of total ingested energy, these percentages would be 
considerably lower. However, this estimate assumes that the excretion of urea and ot her 
end products is negligible. Hom et al. (1995) measured both ammonia and urea excretion 
in Cebidichthys violaceus, which amounted to 0.11 mg N g,l d'l (all excreted as ammonia; 
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for juveniles of 7-24 g BM). This was equivalent to 1.8% of the total energy intake. 
Therefore, it seems unlikely that the total nitrogenous loss in S. viride is more than 15% of 
its ingested energy. 

Even if 15% would be arealistic estimate of the total nitrogen loss, our maximum 
estimate of DEN would still be too high. This is because part of the nitrogen excretion (the 
endogenous fraction, resulting from the catabolism of body tissue proteins, see Jobling 
1994), is already accounted for in the respiratory loss (DEM). Since fish mainly rely upon 
fat and protein as respiratory substrates (Jobling 1994), the endogenous fraction may 
constitute a significant part of the total nitrogen excretion and should be subtracted from 
the 15% estimate. 

Other energy losses 

One other component of the energy budget that has not been quantified is the production 
of mucus and sloughed epidermal cells. This component is rarely quantified separately in 
energy budgets because it is generally assumed that the tissue losses will be balanced by 
tissue repair and replacement, the metabolic cost of which is part of standard metabolism 
(Weatherley & Gill 1987). However, this rnight be different in scarids and labrids, which 
have long been known to pro duce mucous cocoons in which they sleep, possibly to reduce 
predation risk (Winn 1955, Winn and Bardach 1959). We never found any Sparisoma 
(only some Scarus) spp. in cocoons. However, Collette and Talbot (cited in Reeson 1983) 
claimed to have observed a S. viride individual in a cocoon. Moreover, Casirnir (1971) 
found a fully developed opercular gland (secreting the mucus) in a 25 cm S. viride, 
comparable to that of other labroids that were known to sleep in cocoons. Besides 
producing a cocoon, the gland mayalso secrete mucus as a protection against infection 
with bacteria or parasites (Lenke 1991). Whatever its function in S. viride, the implication 
is that the energy loss due to mucus secretion may be larger than in fish without opercular 
gland. We do not know of any study in which this loss has been quantified, so its 
importance remains unknown. 

Food intake and absorption 

Quantification of food intake and absorption by S. viride in the field is a tremendous task. 
Bruggemann et al. (1994a, c) took up this challenge and used admiringly sophisticated 
methods to arrive at the best possible estimates. However, aIthough some of our maximum 
estimates of energy expenditure are al ready too high, the budgets are still far from 
balanced. This called for a closer inspection of the estimates at the input side. Critical 
reexamination of all steps involved (lH. Bruggemann, A.M. Breeman, pers on al 
communication) has indicated a number of potential sources of bias. A full discussion of 
these is beyond the scope of this paper. Instead, we will outline the main procedures used 
to estimate food intake and absorption and those parts and underlying assumptions that are 
thought to be most error prone. For a full description of the methods we refer to 
Bruggemann et al. (1994a and c) . 

Basically, daily food intake was calculated from an average yield per bite multiplied 
by the daily number of bites, using a combination of field and lab methods. The main 
parameters determined in the field were bite rate, size of grazing scars, and the distribution 
of bytes over 5 vegetation and 2 substrate types (Jow vs. high skeletal density). Average 
yield per bite was calculated from the difference in algal biomass on grazed and ungrazed 
blocks (representing characteristic vegetation and substrate types), offered to fish in 
experimental tanks. Because the size of grazing scars turned out to be significantly smaller 
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in the experiments, field bites were multiplied by a conversion factor, based on a weighted 
average of field:lab ratios of scar area and volume. Absorption efficiency was ca1culated 
from the nutrient differences in food and faeces of fish held in tanks. Protein and ash 
content of food and faeces were deterrnined for both field and experimental samples. 
Energy content was estimated from carbon and nitrogen mass fractions measured in an 
elemental analyzer. For bite rate and yield per bite, a relationship with fish size was 
determined, which was used to predict average values for distinct size classes. Lengths of 
fish studied in the field were estimated visually. Life phase and reef zone «3.5 vs. >3.5 m, 
corresponding with the distinction between group areas and territories) were included as 
the other major factors in most analyses. 

Total daily energy absorption (DEAb) was finally ca1culated from: a) the daily 
number of bites, b) the proportion of bites on- and c) the energy content of- each 
vegetation type, d) the proportion of bites on-, e) the average yield per bite on-, and f) the 
average absorption efficiency (AbE) for- low and high skeletal density substrates. Any bias 
in the intake will be reflected in the absorption, since the latter is the product of the first x 
AbE. 

Bite rates. Bruggemann et al. (1994a) obtained estimates of the daily number of bites 
(DNB) ranging from a minimum of 355 I bites for 40 cm TIP to a maximum of 9763 bites 
for 20 cm GIP (see Table 13). A constant error in the yield per bite would therefore result 
in a 2.75 times larger imbalance (i.e. DEAb:DEE ratio) for the 20 cm GIP. However, the 
GIP imbalance is actually a factor 0.79 lower than the TIP imbalance (Fig. 13). Likewise, 
from the differences in DNB between the two size classes within each category, we would 
expect to find a factor 1.29 (females) to 1.37 (males) larger imbalance for the smaller 
sizes. Again, the actual ratios are quite different, ranging from 1.70-1.76 for females and 
from 1.46-1.64 for males (Jowest values for group fish). This shows that the error in the 
estimated yield per bite is not constant. The relatively large imbalance for the smaller size 
classes suggests that the effect of size on one of the parameters is biased. 

Bruggemann et al. (1994a) calculated an overall linear relationship between bite rate 
(recorded between 9:00 and 17:00 h, categories pooled) and fish length, which was used to 
calculate average size-specific DNB estimates. These were multiplied by a correction factor 
(mean bite rate per catgory / average rate all catgories) to obtain bite rates per category. 
This approach differs considerably from our 2-way ANCOV A model. Nevertheless, the 

Table 13. Comparison ol the daily number ol bites, as lound in th is study (derived Irom the 
parameter estimates obtained by 2-way ANCOVA with lactors Category and Day part, see Fig. 3A), 
with those reported by Bruggemann et al. [1994a, Irom Table 7 or lrom their empirical relationship 
with bite rate and dav length (= 12 hl], Average estimates are given lor Sparisoma viride adults, 
subdivided according to category and FL class. 

Females Males 
Bites day·1 20 cm 30 cm 30 cm 40 cm 

Territoria} fish 
a) this study: 8147 6233 5397 3482 
b) Bruggemann et al.: 7763 6041 4854 3551 
[(b-a)/al x 100% : -4.7 -3.1 -10.1 +2.0 
Group fish 
c) this study: 8753 6838 7030 5115 
d) Bruggemann et al. : 9763 7582 6196 4528 
[(d-c)/cl x 100% : +11.5 +10.9 -11.9 -11.5 
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size-specific average bite rates predicted by the 2 models (categories pooled) compare 
remarkably weil (9:00-17:00 haverages for 20, 30, and 40 cm fish respectively: ANCOVA 
model: 370,293, and 217 bites 30 min' l ; simp1e regres sion model: 373,288, and 202 bites 
30 min-I). The two data sets were obtained independently, following quite different 
sampling designs. Therefore, the good agreement indicates that there is no serious bias in 
the estimated effect of size on bite rate. However, the DNB per category obtained with the 
2 models show quite large differences (TabIe 13). Bruggemann's estimates for GIP are 11-
12% above ours, whereas those for GTP and 30 cm TIP are 11-12% lower. This can be 
ascribed to a flaw in their model. The category-specific correction factors are in fact 
average residuals, which are not unbiased estimators of the underlying error of the 
regression model (KendalI 1980). That this can lead to erroneous results becomes evident 
if one considers that the correction factor for TIP is 0.831, whereas that for all other 
categories is > 1. As aresuIt, it can be shown that the predicted bite rates of TIP will 
increase with size, whereas those for the other categories show the expected decrease with 
size. In reality TIP bite rates do decrease with size as weIl. However, if we account for 
this bias, the resulting energy imbalance would only decrease (11-12%) for group females, 
whereas that for GTP and 30 cm TIP would become 10-12% larger, with little change for 
the other territorial fish. Clearly, there must be another source of bias . 

Intake per bite. The DEI estimates were based on the amount of material removed 
from experimental substrate blocks (Bruggemann et al. 1994a) and not on the amount 
actually ingested. 'Sloppy feeding' would result in a difference between algal biomass 
removed from the substrate and the ingested fraction. Fish were regularly observed to spit 
out fragments th at were apparently too large to be ground by the pharyngeal mill. 
Moreover, clouds of finer particles were frequently expelled from the gills. This spi lied 
fraction co~ld not be quantified, so its importance remains unknown. 

Absorption efficiency. The field estimates of energy AbE varied from 42-43% in 
group fish and from 75-77% in territorial fish (as calculated from data in Bruggemann et 
al. 1994a, c). This large difference reflects the higher AbE attained on low- compared to 
high- density substrates, which was ascribed to the higher biomass of epilithic algae on the 
former. These algae were suggested to be more accessible to digestion than the substrate
bound (i.e. endolithic and crustose coralline) algae, especially on higher density substrates. 
However, the proportion of epilithic algae in bites from the two substrate types differed 
less than 10% (Fig. 3 in Bruggemann et al. 1994a). Even if no energy at all would be 
obtained from the substrate-bound algae, this difference would result in no more than an 
11 % higher AbE for territorial fish, which is still far below the 79% difference that was 
found . Moreover, the effect of size on the proportion of epilithic algae in the ingested food 
is much more radical (decreasing from 59-69% in 20 cm fish to 28-31 % in 40 cm fish). 
Consequently, an even stronger effect of size on AbE wouJd have been expected but was 
not found. 

Considering that: 
a) cyanobacteria form an important component of the endolithic vegetation and have 

murein cell walls that are digestible, as opposed to the cellulose-rich cell walls in 
most green, red, and brown aJgae that form the epilithic turf (Ogden and Lobel 
1978, van den Hoek 1978, Lobel 1981, Hom 1989, Choat 1991); 

b) if the jaws of larger fish are strong enough to harvest the endolithic algae from high 
density substrates, so wouJd the pharyngeal apparatus be expected to be strong 
enough to grind the mixture of carbonate and algae; 

it can be argued that a Jarger proportion of substrate bound algae would result in higher 
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AbE. Since this proportion rapidly increases with size and is larger for group than for 
territorial fish (Fig. 3 in Bruggemann et al. 1994a), AbE would be predicted to follow the 
same pattern. The fact that such a pattern was not found, suggests that the AbE estimates 
are not quite reliable. This is also indicated by the high variability of the AbE estimates 
(standard deviations up to 185% of mean in replicate measurements on the same 
individual; factor 1.7-5.5 large differences between individuals fed the same diet, see Table 
2 in Bruggemann et al. I 994a). Therefore, the biased AbE estimates are probably a major 
source of error in the DEAb estimates. 

A likely cause of this bias is the difficulty of accurate determination of the energy 
content in the ingested material (a mixture of algae and up to 80% inorganic carbonate) 
and faeces (up to 90% or more CaC03) of S. viride. The very high carbonate fraction in 
the samples resulted in highly variabIe results of initial bomb calorimetrie deterrninations, 
which were ascribed to endothermic reactions accompanying the combustion of CaC03 

(Paine 1966). Therefore, a stoiehiometrie method was finally used to estimate the energy 
content from C and N mass fractions (Gnaiger & Bitterlich 1984). However, this method 
required the removal of inorganic carbon by prolonged acidification with H2S03• As 
already noted by Bruggemann et al. (1994c), incomplete removal of inorganic C would 
result in overestimation of the energy content, and probably explains the relatively high 
variability in the estimates for the substrate bound algae. Furthermore, the potential loss of 
organic material due to the acid treatment was not investigated. 

In conclusion, the most likely explanations for the large discrepancy between 
estimated energy in- and output are the neglected effect of sloppy feeding and 
overestimation of energy absorption efficiency, especially for territorial fish. Further 
research is evidently needed to arrive at more accurate estimates of DEAb. 

Territory energetics 

Our main motive for comparing the energy budgets of territoral and group S. viride adults 
was to find out where the extra energy goes that territorial fish were assumed to absorb. 
Given the questionable accuracy of the DEAb estimates, the relevance of this question may 
seem dubious now. However, there are still strong indications that territorial fish actually 
attain higher energy absorption rates. Considering that there is no reason to assume that 
territorial fish feed more sloppy or show lower AbE than group fish, their higher DEAb can 
be inferred from: 
a) the larger proportion of bites they take from high algal biomass patches, as determined 

by recording over 800 bites of undisturbed fish in the field (Bruggemann et al. 
1994c), 

b) the larger amount of algal matter they remove from the substrate (as indicated by the 
higher DEI estimates of Bruggemann et al. 1994a), and 

c) our present higher DEE estimates for territorial males (Fig. 13). 
In the rest of this discussion we will use our DEE estimates as the most reliable estimate 
of assimilated energy. Furthermore, we will limit our discussion to a comparison of one 
size class of group and territorial fish , namely 30 cm females and 40 cm males, since most 
adults in our population actually fall into the larger size classes (modal FL: females: 27-31 
cm, TIP: 34-37 cm, GTP: 25-37 cm, van Rooij et al. 1996c). 
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Territorial males 

Our DEE estimates are 5.5-21.7% higher for territorial than for group males. Given the 
31.9% lower TIP DNB (Tabie 13), their higher assimilation is remarkable and points to a 
significantly (1.55-1.79 times) higher energy yield per bite. Their lower grazing effort is 
also reflected in the 10% lower relative (Fig. 10) and 22% lower absolute energy allocation 
to grazing. This shows that territorial males graze energetically more efficiently; their 
energy intake per J grazing effort is a factor 1.35-1.56 higher. These findings confirm the 
earlier suggestion that high-yield food patches must play an important role in the social 
organization of our S. viride population (Bruggemann et al. 1994c, van Rooij et al. 1996c). 
Given the already poor condition and negligible growth of territorial mal es (van Rooij et 
al. 1995a, b), further reductions in DEAs can be expected to have a negative effect on their 
fitness. 

Our 5.5% higher minimum DEE estimate (DEEmin) for TIP compared to GTP, can 
be entirely ascribed to the (6.4%) higher daytime metabolic rate of territorial males. In 
absolute terms, the higher cost of living for TIP is mainly caused by their higher energy 
expenditure on high swimrning (difference 5735 J d-I ) and low swimrning (5080 J d- I

). The 
other behaviours in which more energy is invested contribute only 17% to the higher DEM 
of TIP (Itph: 794, Iiph: 538, WSpot: 497, Solic: 293, Court: 110 J d- I

). These higher 
investments are partly compensated by a lower expenditure on grazing (-4695 J d-\ 
hanging (-1449 J d-I ) , and laying (-193 J d-I) . 

Although we did not make a distinction between interactions with group members 
and with other S. viride adults, the higher investment in interactions with conspecifics can 
be interpreted as an increased investment in territory defense. First of all, TIP males do 
not share their territory with other males, so all their interactions with other males involve 
either neighbours or intruding males, whereas those of GTP were usually directed at group 
members. Secondly, given the larger group size and the smaller individual home ranges in 
group areas (van Rooij et al. 1996c), the proportion of interactions with female group 
members was probably larger for GTP than for TIP. The difference in their investments in 
agonistic behaviour towards intruding females will thus be a low estimate. However, 
interactions with conspecifics contribute only 10% to the higher DEM of TIP. This 
relatively low cost is concordant with the non-aggressive nature of most interactions. 
Vigorous chases of conspecifics by TIP were relatively rare. Brief displays usually 
sufficed to keep potential intruders outside the territory. Likewise, the most common 
interaction with neighbouring territorial males was a stationary lateral display (as described 
by van Rooij et al. 1996c). 

Energetically more important is the higher investment of TIP in high swimming. 
This behaviour was interpreted as territory patrol, which can be regarded a form of 
preventive territorial defense. Likewise, the relatively high fin beat frequency (i.e. 
swimming speed) of TIP during low swimming suggests an increased level of alertness or 
excitement, which mayalso be a consequence of the territorial way of life. This is also 
indicated by their higher overall mobility, as reflected in FbFpro" and by the relatively large 
areas that they were found to cover during repeated 15 min observations (van Rooij et al. 
1996c). 

The higher TIP investment in white spot visits might also be regarded as 
preventive territorial defense, since these conspicuous spots may serve as keep out signais. 
However, van Rooij et al. (l996c) suggested that this behaviour serves to reconfirm the 
position of group members in the (size-based) hierarchy, which can hardly be regarded a 
form of territorial defense. Lenke (1991) suggested that the feeding of many cocoon
builders on mucus (either from fish or invertebrates) could serve as an energy and nutrient 
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source for their own slime production. We do not think this is true for S. viride, 
considering the rareness of white spot bites and the fact that TIP were often observed to 
spit out slime threads after such bites (explaining their higher than average spit rate). A 
nutritional function cannot be completely ruled out however. The bites might also be aimed 
at the endoJithic algae below the coral polyps. 

Although it saves energy, the lower investment in hanging (i.e. cleaning) should 
probably be regarded as a cost, rather than a benefit, of male territoriality. Reduced 
cleaning rates rnight lead to increased risk of infection with parasites, which can be 
expected to have a negative effect on fitness. However, TTP scrubbed their body less of ten 
than GTP, whereas the reverse would be expected if they were plagued more by extern al 
parasites. 

The extra energy that TIP devote to reproductive behaviour is on a daily basis 
relatively smalI, amounting to 0.53% of DEErnin for TIP and to 0.06% for GTP. It 
contributes only 3% to the elevated DEM of TIP compared to GTP. However, the reduced 
bite rate during sexual activity (30 bites 30 minolless) represents an extra cost of 
reproductive activity. TIP often showed sexual behaviour throughout the daily spawning 
period, whereas all activity of group males (and of females) occurred within half an hour. 
The maximum loss is therefore 90 bites for TTP and 30 bites for GTP, which converts to 
2.54% and 0.69% of DEErnin respectively. 

Our minimum estimate of sperm production is 1748 J dol higher for TIP than for 
GTP, which is largely offset by the 1688 J dol lower investment in somatic growth. This 
reflects the trade-off between growth and reproduction, as previously reported (van Rooij 
et al. 1995a). If we add the costs due to reproductive activity and reduced bite rate, our 
minimum estimate of the total investment (as % of DEErnin) in reproduction is 5.6% for 
TIP and 1.3% for GTP. If our maximum estimates of sperm production are correct, TIP 
investment in reproduction would be 21.5% of DEErnax, compared to 5.2% for GTP. In 
both cases, TIP investment is 4.1-4.3 times higher. Given the 11.5 times higher ave rage 
TIP spawning rate (Tabie 4), the higher direct TIP investment in reproduction appears to 
be quite low. However, the other costs associated with territoriality (mentioned above) 
should be added as indirect costs that are certainly essential to guarantee the high 
spawning success. 

In summary we can state that the extra energy assimilated by territorial males is to 
a large extent used to fuel their high level of swimming activity, which is more (HiSwm) 
or less (LoSwm) directly related to the demands of territorial life. At an extra cost of 
sperm production and reproductive behaviour that is only 4 times that of GTP, TIP attain 
a more than II-fold higher spawning rate. Clearly the main advantage of territorial life for 
males is their high spawning success. However, territorial life is energetically quite 
demanding, as indicated by the trade-off bet ween growth and reproduction and by their 
relatively po or growth and condition. This suggests that territorial males live near the 
margins of their metabolic capacity, and may be constrained by a limited energy supply. 

Territorial females 

The costs and benefits of territoriality for females clearly differ from those for males. First 
of all, their daytime metabolic rate is 8.5% below the GIP rate. Territorial females save 
energy on most behaviours (difference with GlP: LoSwm: -573, HiSwm: -428, Hang: -347, 
Bite: -319, Iiph: -45, Idams: -45 J dol), except for a slightly higher investment in white spot 
vi sits (+53 J dol) and laying (+48 J dol). Both female categories allocàte similar amounts of 
energy to reproductive behaviour (0.05-0.11 % of DEE). Secondly, the DNB of TIP is only 
8.8% below that of GIP, while their energy investment in grazing behaviour is in absolute 
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terms only 3% lower, and as a proportion of DEM even 1.2% higher (Fig. 10). 
Clearly, territorial life brings no detectable greater metabolic costs to females, 

which indicates that they do not in vest any energy in territory defense. This seems to 
contradiet our previous suggestion that they do contribute to defense (van Rooij et al. 
1 996c). However, this was inferred from their aggressive behaviour towards 'foreign' 
females that, following capture, were released outside their original home range. In the 
natural situation, female defense is apparently too subtie to result in enhanced metabolic 
rates. 

Unfortunately, due to the large difference between our minimum and maximum 
estimate of egg production, we cannot give an unequivocal answer to the question what 
benefits females actually gain from territorial life. According to the minimum estimate, 
their daily energy assimilation would be 7.1 % lower than that of group females, whereas 
the maximum estimate implies an only 3.8% higher DEAs. However, this small difference 
is based on the assumption that equally sized TIP and GIP spawn equal egg numbers, as 
inferred from the lack of significant differences in GSI or collected egg numbers (Tabie 9). 
Given the small sample sizes and high variability, it is quite possible that the actual 
difference in DEOamele between GIP and TIP is much larger than assumed. In fact, there is 
reason to believe that our estimates of spawning rates and fecundity of GIP are biased. As 
apparent from Table 1, most of the studied GIP resided at 3-6 m depth, where they were 
easier to ob serve and capture than in the shallowest reef zone. However, most group fish 
can be found at depths <3 m, where they frequently graze at and under extensive stands of 
dead but erect elkhorn coral (Acropora pa/mata), forming an inaccessible shallow plateau 
(van Rooij et al. I 996a). Therefore, the studied GIP are probably not a representative 
sample of all GIP. Sexually inactive fish (e.g. lP with transitional [!f --7 0"] gonads) might 
prefer the shallowest reef zone, whereas active females can be expected to prefer a home 
range closer to the TIP that they mate with. The only GIP >25 cm that was not observed 
to spawn at all throughout the spawning period resided in the 0-3 m zone (van Rooij et al. 
1996c). This bias mayalso explain why no differences in growth and condition between 
group and territorial females were found. 

Considering that territorial females have access to the same high-yield food patches 
as TIP, it seems not unreasonable to assume that their actual DEE is a factor 1.055-1.217 
higher than that of GIP, comparable to the difference between TIP and GTP. If we further 
assume that our best estimate of egg production is realistic for territorial females, it would 
follow that the GIP investment in egg production is 4-23% of our maximum estimate, 
which is equivalent to a daily production of 7880-45300 eggs (compared to 76340 eggs for 
TIP). Note that this does not necessarily imply a smaller fraction of the energy content of 
their ovaries, since we may have overestimated their GSI. In fact there might be some 
physiological constraint that limits the maximum daily egg production to ca. 50% of the 
ovary energy content, which aplies to all sexually females. In that case we would predict 
that the average GSI of GIP is a factor 104-8.3 lower than the average for TIP. This 
prediction could be easily tested by larger scale sampling of group females, including a 
proportional fraction of fish from the shallowest reef. 

An indication that territorial females actually ex peri en ce a feeding advantage 
compared to group females is their lower absolute energy investment in grazing behaviour. 
This is not caused by a lower time expenditure of TIP but by the relatively high costs of 
grazing for GIP {as indicated by the parameter estimates for Ln(RB,) obtained from the 2-way ANCOV A 
model in Fig. 9B: c[Category] + d[Beh.) + e[Ph. x Beh.] = 0.016, 0.131, 0.022, and 0.034 for TIP, GIP, TIP, and 

GTP respectively}. Although less distinct, TIP also appear to be grazing at a lower cost than 
GTP. We tentatively suggest th at this lower cost of grazing for territorial fish may be 
explained by the larger proportion of bites they take from low density substrates (TIP: 
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62.8%, GIP: 11.1 %, TIP: 60.4%, GTP: 18.8%, Table 4 in Bruggemann et al. 1994c). 
In concIusion, our data do not give a definite answer to the question whether 

territorial females are better off than group females . They do live at a lower metabolic rate 
and have better access to high-yield food patches, which suggests that territorial Iife for 
females might be viewed as a cost-saving feeding strategy (cf. Gerking 1994). However, 
more accurate data on energy assimilation andJor egg production, especially for group 
females from the shallowest reef, are needed to find out whether this advantage is actually 
channelled into egg production andJor growth. 

Group fish 

The fact that territorial life offers adult S. viride a clear food and reproductive advantage 
seems to imply that group fish do not be have optimally. An obvious constraint is the 
limited availability of suitable living space. Our present results confirm the important role 
of high-yield food patches and the availability of suitable mating sites, which appear to be 
major prerequisites for territorial life. Territorial S. viride are not very selective in their 
choice of mating sites. The only requirement seems to be water depth that must be >2.5 m, 
probably to prevent the eggs from being washed ashore (van Rooij et al. 1996c). The 
availability of high-yield food patches will be more critical. The quality and abundance of 
food will depend on the availability and density of suitable grazing substrates, biomass and 
productivity of algae, and density of S. viride and other potential food competitors. Van 
Rooij et al. (I 996b ) found large differences in the degree of territoriality in three local S. 
viride populations, that were coherent with a gradient in the density of S. viride and total 
macro-herbivores. At the low density reef, all adults lived in territories, whereas at the 
highest density site a smaller proportion of the adults was territorial than at our present 
(intermediate density) study site. Considering our present finding that territorial males 
badly need the high-yield food patches to fuel their increased activity, we actually expect 
that at higher densities, with a reduced food supply and increased costs of defense, 
territories may be no longer economically defendable. Likewise, at lower densities a larger 
proportion of males (hence females) can be expected to be territorial. The local differences 
in social organization are therefore in good agreement with our present findings. 

Despite the obvious advantages of territorial life, it cannot be concIuded that group 
fish are forced to live at sub-optimal conditions. The situation is more complex due to the 
occurrence of sex change. All territorial males have passed through a female ph ase and 
they must also have resided in group areas at some stage (e.g. when changing sex), since 
transitional fish are not tolerated inside territories (van Rooij et al. I 996c). A female that 
would stay a sexually active TIP forever will never attain the high spawning rates of 
territorial males and, as a result, her lifetime reproductive succes may stay below that of an 
individual that has gone through a temporary inactive phase. Therefore, although group fish 
may suffer a temporal decrease in current fitness, this is probably compensated by better 
future prospects (van Rooij and VideIer 1996c). 

Conclusions 

Our method to quantify the metabolic rate of free-swimming S. viride adults by recording 
ventilation frequency has proven to be quite reliable and usef~1. Challenging future 
applications are for instance its use to quantify the costs of swimming in unrestrained fi sh, 
and detailed analysis of the energetic consequences of the differnt grazing modes that have 
been reported for different scarids (scraping versus excavating). Here we used it to 
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construct an energy budget with independent estimates of the major components, to assess 
the trophodynamic role of S. viride, and to compare the energetics of territorial and group 
adults. 

The usefulness of constructing energy budgets, even when they do not balance, has 
been stressed before (e.g. Smith and Kinsey 1988) and is confirmed here. Because our 
estimate of daily energy expenditure proved to be significantly lower than previous 
estimates of energy intake and absorption, we have been able to point out the major 
difficulties and topics for further research. More quantitative data are particularly needed 
on: a) egg production, b) variations in body composition, c) growth and reproduction of 
group females residing in the shallowest reef zone, d) nitrogenous excretion and mucus 
production, e) the proportion of actually ingested vs. spilled organic material, f) the energy 
content of (food and faeces) samples with high inorganic carbonate content, and g) energy 
AbE in relation to fish size and diet composition. 

We have to adjust our view of the trophodynamic role of S. viride. lts large impact 
on the algal vegetation (Bruggemann et al. 1994a, c) and its important role as bioeroder 
(Bruggemann et al. 1995a) remains unchanged. Likewise, given its large biomass and the 
fast growth of smaller females and group males, its role as secondary producer can still be 
considered important (as suggested by van Rooij et al. I 995a). It is even more important, 
considering our best estimate of female egg production, which may be a factor 30 higher 
than their somatic production. However, thus far not recognized is its important potential 
role as transmitter of algal material to micro-herbivores and/or the detritus-based food web. 
Our data show that a large amount of the algal material that it scrapes and excavates from 
the substrate, is either not ingested (due to sloppy feeding) or leaves the fish as undigested 
faecal matter (energy absorption efficiency relatively low). Encrusting corallines and 
endolithic algae form an important component of the diet of adult S. viride (Bruggemann et 
al. 1994a) .and might only be accessible to smaller herbivores and microbial organisms due 
to the grazing activity of S. viride (and other excavating macro-herbivores). This would 
mean that the classical view that coral reefs differ radicaJly from temperate benthic marine 
systems, where trophic flow is primarily through detritus-based pathways, may need 
revision (cf. Ogden & Lobel 1978, Hatcher 1983, Hom 1989). 

Finally, comparison of the energy budgets of group and territorial S. viride has 
revealed an interesting difference between the sexes. The main benefit to mal es is their 
guaranteed access to a number of mates, whereas the major advantage for females is their 
access to high-yield food patches at reduced metabolic cost. However, the feeding and 
reproductive function are closely related, and both have to be considered in order to fuJly 
understand the territorial organization of S. viride. High-yield food patches are also 
important for the males, since they are needed to fuel the high activity level that is related 
to (preventive) territorial defense. Females do not invest energy into territory defense and 
may channel the energy saved into the production of eggs. Therefore, Gerking's (1994) 
suggestion that feeding territories can be viewed as a cost saving feeding strategy seems to 
hold for S. viride femaJes but not for males. The high metabolic demands of male 
territorial life impose an important constraint, which may explain local differences in the 
degree of territoriality in response to population density. Territorial behaviour and life 
history strategies are c10sely related. Therefore insight in both economic and Iife history 
consequences of different behavioural pattems is required to determine to what extent 
individuals behave optimally. 
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Appendix I 

List of definitions and abbreviations 

General 
Adult S. viride: males or females > 15 cm FL 
AFDM: Ash Free Dry Mass 
A.,: stride length = distance (in FL) covered per fin beat 

Chapter 10 

NrFb: the number of fin beats that free-swimming fish needed to cover a measured distance 
Territory: area occupied by 1 S. viride ma!e plus a number of females (one-ma!e groups), 

defended against conspecifics 
Group area: area occupied by several male plus female S. viride adults 
GIP: Group Initia! Phase fish = adult S. viride females residing in a group area 
TIP: Territorial Initia! Phase fish = adult S. viride females residing in a territory 
GTP: Group Terminal Phase fish = adult S. viride ma!es residing in a group area 
TTP: Territorial Terminal Phase fish = adult S. viride males residing in a territory 

Fish dimensions 
BM: fish wet Body Mass (measured with empty guts) 
FL: fork length: fish length, measured from tip of closed snout to end of median cauda! fin ray 
SL: standard length: fish length, measured from tip of snout to base of cauda! pedunculum 
TL: totallength: fish length, measured from tip of snout to most distal end of caudal fin 

Event recorder data 
Protocol: continuous (~20 min) record of the behaviour of a foca! animal, obtained with the 

underwater eventrecorder; two types were distinguished: fm protocols (recording bites 
and fin beats) and gill protocols (recording bites and gill beats) 

Events: behaviours recorded without duration (Defecations, Pair Spawnings, Scrubs, Spits, 
Yawns) 

States: behaviours recorded with a begin and end time, subdivided in: a) grazing states [Bt = 
Bite = grazing bouts, Ws = WSpot = white spot visitsl, b) swimming states [Ls = LoSwm 
= low swimming, Hs = HiSwm = high swimming, So = Solic = soliciting, Co = Court = 
courting, It = Itph, Ii = Iiph, Id = Idams, 10 = lothr: interactions with male S. viride, 
fema!e S. viride, damselfish, and with other fish respectively; Int = all 4 interactions 
pooledl, and c) resting states [Ha = Hang = hanging, La = Lay = laying] 

Bout: any occurrence of a state, not interrupted by another state; bouts are composed of 
keystrokes recording bites, fin beats, and/or gill beats 

Tprot: tota! protocol duration = time between begin- and endcode of a protocol 
T Loot: time that the focal animal was out of sight during a protocol 
TEff: effective protocol duration = Tprot - T Lost 

TBD: tota! bout duration = time between first keystroke of the bout and the first keystroke of 
the next following state 

TEBeh: time expenditure on state 'Beh' = [(EBehTBD) / TEff] x 100% 
MaxValInt: maximum valid interval duration between successive gill beats (= 3 s) or fin beats 

(= 10 s) 
Non-valid intervals: either of the next 3 within-bout intervals: 1) time between last keystroke of 

the bout and first keystroke of the next following state, 2) time between the keystrokes 
directly preceding and following a recorded event, 3) time between successive keystrokes 
exceeds MaxValint 

Non-valid beats: recorded fin or gil! beats directly fol!owing a non-valid interval 
NrValBts: (total n° recorded fin or gil! beats) - (nO non-valid beats) 
VBD: Valid Bout Duration = TBD - [E(non-valid intervals in bout)] 
VF: Ventilation Frequency = gil! beat frequency 
VFBeh: mean VF during state 'Beh', averaged over the entire protocol = [E(NrValBts) / E(VBD)]; 

(both terms summed for all Beh-bouts) 
VFOVT): overall average VF in a protocol = [E(NrValBts) / E(VBD)]; (both terms summed for all 

bouts, irrespective of state) 
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FbF: Fin Beat Frequency 
FbFueh: same as VFUeh ' but for fin (instead of gill) beats 
FbFovr1: same as VFOvr1 , but for fin (instead of gill) beats 
FbFpro,: index of total swimming activity during a protocol = [EPro,(fin beats) 1 TEffl ; (numerator: 

all Ivalid + non-validl recorded fin beats; denominator: including the duration of all non
swimming states) 

R : Respiration rate = oxygen consumption rate (mg O2 h-I) = 0_00035 X VFl.369 x BMI ,IIS (cf_ van 
Rooij and VideIer 1995b) 

Rueh: R associated with state 'Beh', calculated from VFUeh 
ROvr1 : overall average R during a protocol, irrespective of state, calculated from VFOvrl 

Energy budget parameters 
DEI: Daily Energy Intake (kJ d-I) = total energy, ingested over a 24 h period 
DEAb: Daily Energy Absorption (kJ d-I) = DEI - daily energy loss in faeces 
DEGamete: Daily Energy channelled into Gamete production 
DEGrowth: Daily Energy channelled into somatic Growth 
DEN: Daily Energy loss in (exo- and endogenous) Nitrogenous excretion 
DEAs: Daily Energy Assimilation = DEAb - DEN 
DEM: Daily Energy release in Metabolism (kJ d-I) = daily oxygen consumption (mg O2 d-I) x 

oxycaloric coefficient (13 _6 J mg-I O2) 

DEE: Daily Energy Expenditure (kJ d-I) = DEM + DEGrow'h + DEGamete 

DNB: Daily number of (feeding) bites 
AbE: Absorption Efficiency = DEAb 1 DEI (can also be expressed in terms of AFDM or 

nutrients) 

Growth and reproduction indices 
KI: gross growth efficiency (unless stated otherwise measured in energy terms) = DEGrowth 1 DEI 
ECE: Energy Conversion Efficiency, 

= [(daily growth in g wet mass) 1 BM) x 100%11 DEAb 
RE: Reproductive Effort = DEGamete 1 DEI (usually calculated on a yearly basis) 
Sp90: Spawning rate S_ uiride = [(nO spawnings observed) 1 (min observation during the 

spawning period)1 x 90 (spawnings 90 min-I) = daily number of spawnings 
aSI: gonadosomatic index: (gonad wet mass 1 BM) x 100% 
Mo.: wet Mass Ovaries (measured without hydrated eggs) 
MTa,: wet Mass Testes 
DMEgg: Dry Mass Eggs 
d: egg diameter 

Statistical terminology 
ANOVA: analysis of variance 
ANCOVA: analysis of covarianee 
SD: sample standard deviation 
SE: standard error of the mean 
95% Cl: 95% Confidence Interval 
95% CL: 95% Confidence Limit 
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