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Chapter 8 

Mortality and other demographic inferences from 
repeated visual surveys of a Sparisoma viride 
population 

Jules van Rooij, John VideIer 

Key words: Underwater visual censuses, Survival, Sex change rate, Territory acqUlsltlOn 
probability, Life history implications, Reproductive success, Coral reef fish, Scaridae 

Abstract 

Repeated visual censuses of different categories Uuveniles, females, territorial and group 
males) of the stoplight parrotfish (Sparisoma viride, a protogynous hermaphrodite) over a 3 
year period indicated a relatively stabIe size and structure of the adult population. This 
allowed us to estimate size-specific mortality, sex change, and territory acquisition 
probabilities from previously reported growth rates. Comparison of the predicted number of 
survivors, sex changers, and territory take overs with field observations indicates that our 
estimates are quite reliable. However, rather large differences in mortality are obtained for 
the largest three size classes (>25 cm), which may due to a reduced accuracy of length 
estimates of large fish. Therefore, a pooled estimate for these classes is suggested to be 
more realistic. The life history implications of these estimates are investigated by 
comparing the predicted survival and future reproductive success of fish that change sex at 
different sizes. Once a leng th of 20 cm is attained, 10% of the adults reach an age of ca. 
17 yr, as predicted from the pooled estimates. Calculations based on these estimates 
indicate that the predicted reproductive output of a 15 yr old fish (2500 matings) is the 
same for early (i .e. at 20 cm) and late (>30 cm) sex changers and for an average fish 
subject to the estimated daily sex change and territory acquisition probabilities. These 
findings suggest that S. viride individuaIs are able to flexibly adjust the timing of sex 
change in an adaptive way to unpredictable local conditions. However, independent 
mortality estimates are needed to corroborate our present findings. 
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Introduction 

Direct estimates of natural mortality rates of adult coral reef fish are very scarce. For lack 
of more appropriate data, estimates are often derived from a general relationship that 
relates natural mortality to parameters of the von Bertalanffy growth equation and mean 
annual water temperature (e.g. Munro & Williams 1985, King 1995). This relationship was 
established empirically by Pauly (1980) and is based on an analysis of data from 175 fi sh 
species. An obvious shortcoming is the underlying assumption that mortality is not age- or 
size-specific. Moreover, it ignores local differences in the proximate causes of mortality 
like predation pressure, food availability, and disease. Many recent studies have shown that 
mortality is usually extremely high in the first few days or weeks af ter settlement on the 
reef, and then gradually decreases (see Jones 1991 for references). The few studies in 
which adult mortality has been estimated clearly point to a high degree of local variability 
(e.g. Eckert 1987, Aldenhoven 1986b). Evidently, for an understanding of the size, 
structure, and dynamics of natural reef fish populations, more accurate mortality estimates 
are badly needed. 

As part of a larger project, addressing the trophodynamic role of the stoplight 
parrotfish (Sparisoma viride) on the fringing reef of Bonaire, we studied the structure and 
dynamics of alocal population of this protogynous hermaphrodite over a 4-year period 
(van Rooij et al. I 996c). We also measured size-specific growth rates of different life 
phases and social categories in this population (van Rooij et al. 1995a). Our aim here is to 
present size-specific natural mortality estimates for this population, which are based on an 
analysis of repeated visual census es combined with known growth rates. To our 
knowIedge, the approach that we followed has not been applied before. Besides mortality 
estimates, it also yields estimates of size-specific transition rates, i.e. the rates at which 
females change sex and at which males acquire a territory. In order to find out how 
realistic our estimates are, we compare them with field observations of individuals that 
were followed over prolonged periods. Finally, we discuss some life history implications. 

Material and methods 

Study site and species 
This study was conducted at the fringing reef off Karpata Ecological Centre on the leeward 
coast of Bonaire, Netherlands Antilles (l2°13'N, 68°21 'W). A description of the reef 
profile and the five distinguished reef zones can be found in van Rooij et al. (1996a). 

Sparisoma viride is a protogynous hermaphrodite (!? ~ r! sex change) with two 
adult colour pattems, an initial phase (lP, mottled brown body with white scales, reddish 
belly and fins) and a terminal phase (TP, emerald green body with yell ow tail- and 
opercular spots, blue and purple fins) pattem (Reinboth 1968). Sex and colour change are 
not necessarily coupled and as a result lP fish can be either male or female (Robertson & 
Warner 1978, Cardwell 1989). However, lP mal es were rare in the Karpata population (van 
Rooij et al. 1996b). Therefore, we assume that lP fish represent females and that the size 
at colour change is a good indicator of size at sex change. Complete lP ~ TP transition 
takes place within 3-5 weeks (van Rooij et al. 1996c). After a pelagic larval stage, fi sh 
settle on the reef at about I cm length as female juveniles (JU) and soon adopt a colour 
pattem similar to th at of lP fish . The smallest fish engaged in sexual activity were 
estimated at 15-17 cm fork length (FL) , therefore adults were defined as fish > 15 cm FL. 
Reproductive activity occurs daily, throughout the year. Eggs are spawned directly into the 
water column and are fertilized extemally without subsequent parental care. 
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Chapter 8 

Two major social units have been distinguished at our study site (van Rooij et al. 
1996c): territories, which are restricted to the deeper (>3.5 m) reef parts, and group areas 
that are mainly found on the shallower reef. Territorial males (TIP, length range of 
measured fish : 31.7-37.6 cm FL) share their territory with 1-14 females (TIP, 20.2-31.4 cm 
FL) with wh om they spawn daily (in pairs). Hardly any spawning activity occurs inside the 
shallow group areas, which are shared by many mal es (GTP, 21.7-39.5 cm FL) and 
females (GIP, 17.2-29.1 cm FL). Although group males hardly ever mate at all , group 
females can spawn daily, temporarily leaving their home range to spawn with a male in a 
deeper part of the reef. Because no differences in growth rate, condition, or spawning 
frequency could be detected between group and territorial femaIes (van Rooij et al. 1995a 
and b, 1996c), they will further be treated as a single category, thus leaving four categories 
with different growth and mortality schedules (JU, lP, TIP, GTP). 

Visual censuses 
A stationary visual census technique was used to monitor the density of S. viride in five 
permanent quadrats, one in each distinguished reef zone (15x15 m quadrats in the 2-4, 6-
12, and 12-22 m depth ranges, lOx15 m quadrats in the 0-2 and 4-6 m range). The 
quadrats were subdivided in 5x5 m squares and formed a 15 m wide transect perpendicular 
to the coast, covering 65 m of the 87 m long reef profile between the coast and 22 m 
depth (bel ow which S. viride density was zero). Fish were categorized according to life 
phase (JU, lP, TP) and estimated size. No distinction was made between territorial and 
group fish. However, their abundance could be inferred from the position of the quadrats, 
the shallower two quadrats representing the group areas and the other three the territorial 
part of the reef. The smallest JU were divided in a 0-2 and a 2-5 cm FL c1ass and all 
larger fish in 5 cm classes. Length estimation was facilitated by a cm-scale, glued to a 
prepared PVC slate on which fish numbers were scored. Further details on the census 
procedure, the position of the quadrats, and the vertical distribution of S. viride can be 
found in van Rooij et al. (1996a). Here, we only present weighted average densities for the 
entire reef (0-20m averages, in fish ha-i). 

Calculation of the density of group and territorial males was somewhat complicated 
due to frequent, temporary invasions of the deeper reef by GTP. Van Rooij et al. (1996c) 
found the average male density (all length classes summed) in the three deeper quadrats to 
be twice the actual TIP density , as calculated from the area of 17 mapped territories. 
Therefore, male density in these quadrats was halved to obtain TIP density, while the 
ot her half was considered to represent group males. Furthermore, the size of the males in 
the three deeper quadrats deviated from that of 34 actually measured TIP. Because this 
could also be due to the presence of GTP, TIP size composition was assumed to be the 
same as that of the measured males (62% in the 30-35 cm class, 38% in the 35-40 cm 
class). Van Rooij et al. (1996c, Fig. 3 and 4) found that the length distribution of females 
and group mal es, as obtained from the counts, compared weil with that of 170 lP and 198 
GTP that were actually measured. 

Between February 1989 and June 1990 two trained ob servers (the first author and J. 
H. Bruggemann) performed a total of 23 counts in all five quadrats (3 in February, 4 in 
June, September, and December 1989, 4 in March and June 1990). Three additional counts 
(in the same quadrats) were performed by JHB in January 1992. Our mortality and 
transition rate estimates are based on these counts, which will further be referred to as the 
' 89-'92 counts. In September 1988 five counts were performed by JvR plus an assistant (J. 
P. Kok) in the 3 larger quadrats, yielding densities th at did not deviate significantly from 
the corresponding ' 89-'92 averages . For comparative purposes we also calculated a 
corrected '88 average for the entire reef. This was calculated as the weighted average of 
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the '88 densities in the three censused quadrats combined with the '89-'92 averages for the 
two missing quadrats. 

Estimation of mortality and transition rates 
lP fish could not be distinguished by natural markings and were tagged with fin clips in 
the median fins, Peterson discs, or with anc hor tags (as described by van Rooij et al. 
1995a). However, the markings were usually lost within a few months. Although males 
could be recognized by distinctive yellow scales at the taB base, group males were too 
numerous and too mobile to maintain a permanent record of their presence in the study 
area. As a result, we could not estimate mortality from the disappearance rate of 
individuals. Dur approach was therefore based on the analysis of temporal fluctuations in 
the density of fish in successive length classes. It resembles one of the methods des cri bed 
by Pauly (1984, equation 5.25) to caIculate mortality from "length-converted catch curves". 
However, our method yields separate estimates for each size class and phase, whereas 
Pauly's method yields a single average mortality rate for the entire (fished) stock. 

Demographic models are usually based on age-specific mortality rates. However, 
for many organisms size-based models are more realistic (Hughes 1984). They are also 
recommended for fish, because fish of the same age can show large size differences and 
mortality is usually more affected by size than by age (Warner & Hughes 1988). Besides, 
the age composition of our population was unknown, so a size-based model was our only 
option. 

A graphic representation of the model underlying our mortality and transition 
estimates is shown in Fig. I. Nj is defined as the density of fish from the same category 
(JU, lP, GTP, or TIP) that belong to length c1ass i. In our model, changes in Nj can result 
from fish that: 

a) grow into (Gj• l ) or out of (Gj) length c1ass i, 
b) change colour, i.e. from lP ~ GTP (ej), 

c) change social status, i.e. from GTP ~ TIP (Sj) , and 
d) immigrate, emigrate, or die (MJ 

Because the adults in our population displayed strong site attachment (van Rooij et al. 
1996c), immigration and emigration are assumed to be negligible. However, in case of an 
actual net flux of fish into or out of the study area, this will be reflected in our estimate of 
M j • 

Given a change in Nj during an interval M, the daily number of fish dying in length 
c1ass i (Mj , total daily mortality) can be caIculated from the equation: 

[ I] 

where tlNj is the change in fish density as obtained from successive censuses, subscript i 
refers to the corresponding size class, and all numbers are expressed as fi sh ha·' . 

Gj could be calculated from the average number of fish in c1ass i during interval ó.t 
(Nj) and the average residence time in that c1ass (Tj in days), i.e. the time that it takes an 
average fish to grow from the lower to the upper size limit: 

[2] 

Tj was calculated from separate length-growth equations (presented in Table I of van Rooij 
et al. 1995a) for JU (Johnson model), GTP (Logistic model), lP and TIP (von Bertalanffy 
model) . For the smallest (0-2 cm) juveniles, G j ' l should be replaced by the number of 
larvae settling on the reef. Since we do not know the actual settlement rates, no mortality 
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Chapter 8 

" M. (Mortality) 
~ 

~ Gi (Growth) 

t Si (Status change) 

t ei (Colour change) 

c:::::::) Settlement larvu (1) 

c:::::::) JU JU JU JU lP lP lP lP 

FL: 0-2 2-5 5-10 10-15 15-20 20-25 25-30 30-35 >35 cm 

Fig. 1. Schematic representation ol the demographic model underlying our mortality 
estimates. Rectangular boxes represent successive lork length (FL in cm) classes ol one ol 

the lour distinguished Sparisoma viride categories Uuveniles (JU), initial phase fish (lP), group 
males (GTP), or territorial males (TIP)]. ~: n° dying in class i, Gi: n° growing out of class i, ~: 

n° GTP ~ TIP transitions in class i, Cl: n° lP ~ GTP transitions in class i. Settlement of 
larvae on the reef is unknown. Immigration and emigration assumed to be negligible. 

estimate was obtained for this JU class. For the largest size classes Tj is infinite, so G j =0. 
According to our growth equations, the theoretical maximum length (L~) amounts to 
305.2, 388.3 and 438.7 mm for lP, GTP, and TIP respectively (note that these maxima 
determine the asymptotic maximum length that is predicted by the growth model, which is 
an average; some fish may actually grow to larger sizes; see Ricker 1979 for a discussion). 

Sex and colour change in S. viride are irreversible (Robertson & Warner 1978), so 
ej is always ~O for males and ~O for females. Furthermore, the smallest TP males and fish 
with transitional (IP -7 TP) colour patlern measured ~21.7 cm (van Rooij et al. 1996c), 
therefore e j = 0 for all fish <20 cm. Likewise, ej = 0 for all TIP males because colour 
change always involves an obligatory stay inside a group area [as inferred from the 
observation that: a) fish with transitional colour patlern were not tolerated inside territories, 
and b) territories were always taken over by TP males, van Rooij et al. 1996c]. 

As stated before, we found no differences in growth, condition, or sexual activity 
between group and territorial females, which is why they were assumed to suffer the same 
mortality rates and were pooled into a single category. Therefore, Sj only refers to GTP -7 

TIP transitions (i.e. Sj = 0 for JU and lP). We further considered this a unidirectional 
process, i.e. that Sj is always ~O for GTP and ~O for TIP. Because the minimum size of 
territorial males was found to be 31.7 cm FL, Sj = 0 for all GTP < 30 cm. 

Daily per capita mortality (mj , a finite mortality rate) was calculated from M j and Nj 

as: 

[3] 
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Likewise, per capita IP ~ GTP and GTP ~ TIP transition rates (ej and s;) were caJculated 
by dividing ei or Si by Ni' From these finite rates the probability to survive, to change sex, 
or to acquire territorial status over a period of t days, while in size c1ass i, were calculated 
as: 

Pi.e(Surv) = (1 - m;)' [4] 

Pj,e{l ~ TP) = 1 - [(1 - cY] [5] 

Pi,e(G ~ TTP) = 1 - [(1 - s;)'] [6] 

Note that these probablities can be easily converted to instantaneous yearly rates, e.g. 
yearly instantaneous mortality Zj = Ln[Pj,36S(Surv)], where Ln is the natural logarithm 
(Pauly 1984). 

For fish <20 cm (with no transitions) M j is the only unknown variabie in equation 
[1], which could thus be solved. For larger fish there were either two or three unknown 
variables (Mj , Cj' Sj), which could only be solved by assuming that mortality depends only 
on size and not on colour phase or social status (i .e. m j the same for lP, GTP, and TIP of 
the same size). Substitution of (mj x Nj) for Mj in equation [1] yields: 

[7] 

[8] 

[9] 

where L denotes the sum per length c1ass of either lP + GTP «30 cm), or of lP + GTP + 
TIP (>30 cm). Cj and Sj are calculated from the lP respectively TIP data, as indicated by 
the subscripts in the latter two equations. Note that the transition rates are dependent on 
mortality rate. 

Results 

Temporal fluctuations in density and size composition 

In general, no long term trends in density could be detected for any size c1ass or category 
(Fig. 2 and 3). Both the corrected '88 and the January '92 averages largely overlapped the 
'89-'92 averages. The average density of all JU, lP, and TP size classes in the 3 quadrats 
that were actually censused in ' 88 were also close to the corresponding ' 89-'92 ave rages 
(size classes pooled, '88 vs. ' 89-'92: 157 vs. 184 JU ha" , 92 vs. 95 lP ha" , 39 vs. 51 TP 
ha" ). This shows th at the close correspondence of the '88 to the '89-'92 averages for the 
entire reef (shown in Fig. 2 and 3) is not merely due to the correction of the '88 average 
for the missing 2 quadrats. These data indicate th at our S. viride population appeared to be 
close to a stationary state, the total number of fish and their distribution over the size 
classes not changing over a 40 month period. 

We also tested for an effect of ob server and period, using 2-way ANOVA's on 
square root transformed densities per length class. Neither factor proved to have a 
significant effect for most JU, lP and TP size classes. Only the density of 2-5 cm JU, 15-
20 cm lP, and 25-30 cm TP showed significant temporal fluctuations (effect period: Fs,1I = 
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Fig. 2. Density estimates lor 
juvenile (JU, < 15 cm lork 

length) and initial phase (lP, 
15-35 cm) Sparisoma viride 
length classes, as obtained 

by visual censuses between 
September 1988 and 

January 1992. Different 
symbols indicate observer 

identity (0 JvR, x JHB, + 
JPK). The dotled lines 

represent the '89-'92 
average. 

4.52, 8.94, and 5.87, p = 0.017, 0.001, and 0.007 respectively) . Furtherrnore, JvR 
consistently counted more 15-20 and 20-25 cm lP and less 30-35 cm lP than JHB (effect 
observer: FI.II = 44.4, 6.00, and 12.53, p = 0.000, 0.007, and 0.005 respectively). TP <20 
cm were counted by one observer in the first census of the '89-'92 series only (Fig. 3). 
Most likely, the length of these males was underestimated. We therefore pooled this c1ass 
with the 20-25 cm GTP. Likewise, 40-45 cm GTP were counted only once and pooled 
with the 35-40 cm class. 

Mortality and transition rates 

Given the stabie structure and size of our S. viride population, we calculated mortality and 
transition rates using the '89-'92 averages for N j and Nj and assumed that /).Nj / I1t = O. In 
Fig. 4, which summarizes the daily flux of fish in all classes, the positive (in flux) and 
negative (efflux) parts of the bars are therefore equal in size. The number of fish recruiting 
to c1ass i due to growth (Gj_t ) or transitions (ej: lP ~ GTP, Sj: GTP ~ TIP), equals the 
number leaving the c1ass due to mortality (M;), growth (G j), or transitions. Note that the 
recruitment to the TIP classes can be ascribed entirely to GTP transitions. This reflects the 
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Fig. 3. Density estimates lor 
group male (GTP, 15-45 cm 
tork length) and territorial 
male (TTP, 30-40 cm) 
Sparisoma viride length 
classes, as obtained by 
vis ua I censuses between 
September 1988 and 
January 1992. Symbols and 
lines as in Fig. 2. 

Fig. 4. Daily flux of fish in all 
juvenile (JU), initial phase (lP), 
group male (GTP), and territorial 
male (TIP) size classes, as 
calculated from their '89-'92 
mean density and average 
growth rates, assuming a 
stationary composition of the 
Sparisoma viride population. G,. 
1: tish growing out of class i-1 , 
recruiting into class i; ~: fish 
dying; (1: lP changing into GTP; 
S,: GTP acquiring territorial 
status. 
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Fig. 5. Estimated instantaneous yearly 
mortality rate (~ tor all Sparisoma 

viride size classes >2 cm tork length 
[calculated trom tinite daily mortality 
rate (~): 2; = -365.25 • Ln(1 - mi)]' 

Open circles: estimates obtained tor 
each size class separately; Black 

squares: pooled estimate tor the three 
largest size classes. 

obligatory GTP phase that follows sex change and the low TIP growth rate. Total daily 
mortality (Mi) differed considerably between equally sized fish of different categories, 
which is due to the diffences in average density of the different categories (Mi representing 
the product mi x Ni' mi being constant per length class). 

A good impression of the effect of size on per capita mortality is obtained from the 
yearly instantaneous rates (Z) plotted in Fig. 5. Mortality appeared to be highest for 5-10 
cm JU and th en rapidly dropped with size to a minimum for 25-30 cm adults. The low 
estimate for the 2-5 cm c1ass seems unrealistic and will reflect the underestimation of the 
smallest (0-2 cm) JU, which often remained hidden in small crevices or the interstices of 
branching corals (van Rooij et al. 1996b). 

Average '89-'92 density (N), residence time (T), annual survival and transition 
probabilities are summarized in Table 1 for all size classes and categories. It shows that 
the estimated annual survival increases from a minimum of <1 % in the two larger JU 
classes to a maximum of 99.2% for 25-30 cm fish, and then decreases again to 53.4% for 
the largest (>35 cm) fish. Again, the 71 % annual survival of 2-5 cm JU is unrealistically 
high. The annual probability of an lP ~ GTP transition shows a slight decrease from 19.6% 
in the 20-25 cm c1ass to 15.7% for 25-30 cm lP and 14.4% for lP >30 cm. The average 
chance that a GTP male acquired territorial status was estimated to increase from 2.5% for 
30-35 cm males to 5.5% per annum for GTP >35 cm. 

Discussion 

Effect of size on mortality and transition rates 

The overall mortality pattem for fish >5 cm appears to be quite realistic at first glance, 
since mortality can be expected to first decrease with size, due to reduced predation risk, 
and then to increase again for the oldest and largest fish as a result of senescence. 
However, our present estimates suggest that the chance to die for fish >35 cm is a factor 
76 higher than that for 25-30 cm fish and 10 times that for 30-35 cm fish. This difference 
seems suspiciously large and may weil be caused by erratic length estimates of the larger 
fish. In practice, it is much more difficult to distinguish between larger than between 
smaller length classes. An increase from 15 to 20 cm corresponds with a 33% length- and 
a 150% weight- (and volume-) increase, compared to an only 14% length- and 50% 
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Table 1. Average size- and phase- composition ol our Sparisoma viride population plus 
corresponding daily survival (mi' Eq. [3]) and transition (lP ~ GTP: q, GTP ~ TIP: ~) probabilities. 
Phases: juveniles (JU, <15 cm), initial phase temales (lP), and group and territorial males (GTP and 
TIP). Fork lengths (FL) given represent lower limits (in cm). NI: '89-'92 average (+ SE) density (tish 
ha'\ 7;: time (in days) needed to grow Irom lower to upper limit ol size class; Finite daily survival 
and transition rates correspond with the separate mortality estimates tor all length classes (open 
circles in Fig. 5). 

Class 

FL JU/IP GTP TIP 

1 0 

2 2 

3 5 

4 10 

5 15 

6 20 

7 25 

8 30 

9 35 

37.1 
(6.0) 
81.2 
(7.8) 
48.9 
(5.1) 
20.5 
(3.4) 
21.7 
(3.6) 
39.2 
(6.4) 
75.5 
(6.4) 
52.8 
(6.9) 

5 .2 
(2.6) 
16.7 
(3.0) 
33.2 6.6 
(5.6) (0.7) 
37.3 4.1 
(5.4) (0.4) 

JU/IP GTP TTP 

29 

69 

111 

136 

190 

572 255 

2401 303 

475 74+53443
) 

23802
) 11907 

1) maximum lP FL assumed to be 30.5 cm 
2) maximum GTP FL assumed to be 38.8 cm 

ci 

X 10.3 X 10.3 X 10.3 

? 

9.53 

15.21 

14.12 

1.67 

0.58 0.60 

0 .02 0.47 

0.17 0.42 0 .07 

1.72 0 .15 

3) ITP assumed to have developed {rom GTP at 31.0 cm, resulting in 74 d residence as GTP 

weight- increase from 35 to 40 cm. A larger error in the length estimates of bigger fish is 
actuaJly indicated by the relatively large variation of lP and GTP density in the classes >25 
cm (Figs. 2 and 3). Therefore, as a second approach, we also estimated an ave rage 
mortality for the three >25 cm size classes pooled, indicated by the black squares in Fig. 5. 
The predicted annual survival and transition probabilities, based on this estimate, are also 
presented in Table I. Adult survival now remains constant at 86.6% for fish >25 cm, 
which is just above the 81 % survival for 20-25 cm fish . Only 5% of the lP fish are now 
predicted to change sex and colour per year, while the average annual probability of 
acquiring TTP status is now estimated at only 1.7%. 

Comparison with field observations 

TTP mortality 
Between April 1987 and November 1990 a total of 32 TIP males resided inside the study 
area, 12 of which were observed to disappear (van Rooij et al. 1996c). Assuming that these 
12 represent actual deaths, we can compare the observed number of survivors with that 
predicted by our mortality estimates, given that the summed ' observation' time (TObs' i.e. 
the number of days between the first and last observation of an individual) on these males 
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Table 2. Comparison ol predicted survival and transitions lor adult Sparisoma viride length classes, 
based on two mortality schedules: (A) Separate mortality estimates lor all length classes; (8) Single 
pooled mortality estimate tor all tish >25 cm (estimate tor smaller classes same as in A). I. Annual 
survival and transition probabilities per length class (P,.365(SUrv), P,.365(1 ~ TP), and P,.365(G ~ TIP), 
in %; see Eqs. [4]-[6]}. 11. Comparison predicted number ol survivors or untranslormed lish with 
actually observed numbers (based on observations van Rooij et al. 1996c, see text tor explanation). 
Abbreviations as in Table 1. 

Class A) Separate estimates B) Classes >25 cm pooled 

1. AANUAL SURVIVAL AND TRANSITION PROBABILITIES 

FL 
(cm) 

5 15 
6 20 
7 25 
8 30 
9 35 

P(Surv) P(I~GTP) P(G~TrP) 

% % % 

54.3 
81.0 
99.2 
94.0 
53.4 

19.6 
15.7 
14.4 2.5 

5.5 

P(Surv) P(I~GTP) P(G~TrP) 

% % % 

54.3 
81.0 
86.6 

19.6 
5.0 

2.1 

Il. COMPARISON PREDICTIONS WITH FIELD OBSERVATIONS 

Observed number Predicted number Predicted number 

al TTP survivors: 
<35 cm: 13 18.1 

(n=20) 
>35 cm: 7 5.2 

(n=12) 
Total: 20 23.3 25.9 

(n=32) 

bl Unchanged lP fish: 
<25 cm: 11 10.3 10.3 

(n=l1) 
25-30 cm: 19 17.8 

(n=20) 
>30 cm: 6 5.7 

(n=6) 
>25 cm: 25 23.5 23.9 

(n=26) 
Total: 36 33.8 34.2 

(n=37) 

cl Unchanged GTP status (in(erred (rom (ocal GTP males): 
<35 cm: 10 14.9 

(n=15) 
>35 cm: 

(n=7) 
Total: 

(n=22) 

2 

12 

dl Territory take overs by GTP: 

6.8 

21.7 

<35 cm: 10 2.7 
>35 cm: 5 6.4 
Total: 15 9.1 

21.8 

4.9 
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amounted to 17400 d «35 cm: 11490 d, >35 cm: 5910 d). As apparent from Table 2 (Ua), 
the mortality estimate for TIP <35 cm is too low, that for TIP > 35 cm somewhat too 
high, and the pooled estimate a little too low again. Considering that not aIl 12 disappeared 
TIP males will have actuaIly died (they may weIl have been lost in the anonymity of the 
shaJlow group areas, as stated by van Rooij et al. 1996c), both the separate and the pooled 
estimates appear to be quite realistic. 

lP ~ GTP transitions 
Following the same calculations, we can also compare the predicted and observed number 
of lP ~ GTP transitions. A total of 37 lP females we re tagged and could be foIlowed over 
periods ranging from 2 weeks to 16 months (van Rooij et al. 1996c). The summed 
observation time (i.e. the number of days between tagging and last resighting) on these 
females amounted to 6927 d (20-25 cm: 1239 d, 25-30 cm: 5019 d, >30 cm: 669 d). One 
(28 cm) female was actuaIly observed to change colour in this period. Again, this 
compares quite weIl with our predictions following both mortality schedules (TabIe 2, Ub). 

GTP ~ TIP transitions 
For GTP males we can perform a similar comparison. Van Rooij et al. (1996c) followed 
1530-35 cm GTP males over a summed number of 1770 observation days and 7 GTP >35 
cm over 1065 d. In both length classes 5 males were actually observed to take over a 
territory. Table 2 (IIc) shows that our estimates of GTP ~ TIP transition rates appear to be 
too low. However, it is quite possible that the GTP males that were foIlowed do not 
represent an unbiased sample of aIl group males. Most focal animals resided inside former 
territories that were taken over by group males af ter the disappearance of the former TIP 
male. Only 6 GTP resided on the shallow «3 m) reef, where the vast majority of group 
males actually reside. 

Another way to verify our GTP ~ TIP transition estimates is to compare them with 
the field observations on the TP dynamics inside 17 mapped territories, covering up to 
77% of the (10940 m2 large) study area (van Rooij et al. 1996c). The summed observation 
time on all territories amounted to 18840 d, yielding an average of 1108 observation days 
for the entire study area. In total 15 new TP mal es (10 <35 and 5 >35 cm) were observed 
to take over a territory in this period. Because the identity of these males was previously 
unknown, we assumed that they resided in one of the shallow group are as before they took 
over the territory. The predicted number of GTP acquiring a territory can be calculated as: 

[(I_Sj)1108 X Nj x (10940110000)] [ 10] 

where the density Nj of GTP in the corresponding length class is converted to the actual 
number residing in the study area. The results are shown in Table 2 (lId). Again, our 
predictions are too low for 30-35 cm males and for the pooled length classes. Only the 
estimate for GTP >35 cm is somewhat too high now. The sign of the deviations is as 
expected from the bias in the corresponding mortality estimates (sinee Sj is directly 
proportional to mj' see eq. [9]). However, the deviations appear to be larger now. This may 
be partly due to the multiplication by Nj, which is itself prone to bias (as discussed above). 
In addition, the actual number of GTP males that tried to settIe in one of the 17 monitored 
territories may have been larger than that residing inside our study area. GTP males from 
adjacent shallow reef areas, also harbouring large groups of adult S. viride, may weil look 
for vacant territories in other areas than the directly bordering deeper reef. 

In conclusion, our approach has yielded mortality and lP ~ GTP transition rate 
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estimates that agree quite weil with previously reported field observations, and therefore 
appear to be realistic. Our estimates of GTP ~ TIP transition rates seem to be less 
reliable, but are useful as long as no more insight into the dynamics of GTP males from 
the shallow reef is obtained. The extreme large difference in the mortality estimates for the 
three largest (>25 cm) leng th classes, as predicted by our original approach, seems to be 
doubtful. However, comparison of the predictions based on these and on the pooled 
estimates with the field observations does not reveal which approach is to be preferred. 

Life history implications 

Considering that: a) mating is largely monopolized by TIP males >31 cm FL, b) sm all 
GTP males ('bachelors ' ) attain much lower mating rates than lP females, and c) the timing 
of sex change appears to be flexible, the question can be raised why a significant number 
of fish change sex at a size weil below 31 cm (van Rooij et al. 1996c). Van Rooij et al. 
(1995a) saw the fast growth of GTP males as evidence for the hypothesis that bachelors 
followan altemative life history tactic, sacrificing current (female) reproductive success for 
better future (TIP male) prospects, as first proposed by Warner (1991). 

The plausibility of this hypothesis is easily grasped. From the length growth 
equations, used here to estimate mortality, it can be calculated that a fish that changes sex 
at 20 cm (i.e. ± the observed minimum FL of fish with TP or transitional colour) attains a 
length of 30 cm 6.6 yr sooner than a sexually active lP female. Assuming a zero 
reproductive output during the 1.5 yr th at it takes a bachelor to grow to 30 cm, its 
reproductive loss compared to a 20-25 cm lP female (0.77 spawnings d· l

) will have 
accrued to 422 'missed' matings . Given the 4.57 matings d· 1 attained by an average 30-35 
cm TTP male, this loss will be compensated in only II1 days of territorial life. However, 
as pointed Ol,1t by van Rooij et al. (1995a), definite proof for this hypothesis requires 
insight into the mortality schedules in order to compare the expected lifetime reproductive 
success of fish following different tactics. Furthermore, the probability of acquiring 
territorial status should be included in a fair comparison. Our present estimates all ow such 
a comparison. 

Survival curves 
The survival of a 20 cm lP female , as predicted by our separate mortality estimates for all 
length classes, is compared with that of a 20 cm GTP male in Fig. 6A. It clearly shows the 
dramatic effect of the relatively high mortality of fish >35 cm. Due to their fast growth, 
GTP males enter the 25-30 cm class (with lowest mortality) sooner than females. However, 
they also grow into the largest size class within 4 yr, whereas lP females never grow larger 
than 30.5 cm. As aresuIt, the survival of GTP males has dropped to about 10% in 6 yr 
(i .e. at an age of 7.5 yr), while the predicted female survival is still as high as 24% af ter 
25 yr (age 26.5 yr). The survival of TIP mal es strongly depends on when they acquire 
territorial status. Fig. 6A shows the extreme case of a male that acquires a territory at the 
minimum size of 31 cm. In that case, TTP survival stays relatively close to that of females, 
until a length of 35 cm is reached some 14 yr later. However, it takes a 31 cm GTP on1y 
400 d to grow to 35 cm. If a territory is not acquired within that period, males will enter 
the largest size class and their survival will be as low as that of GTP males. 

Fig. 6B shows the predicted survival curves that are based on the pooled mortality 
estimate for fish >25 cm. Because the latter is somewhat lower than the mortality of 20-25 
cm fi sh, and since males enter this size class more quickly, male survival stays a little 
above that of females . Furthermore, there is no more difference between GTP and TTP 
survival now. According to these estimates, 10% of the fish (both lP and TP) are predicted 
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Fig. 6. Expected survival of 20 cm 
Sparisoma viride adults (age at 20 
cm: 1.5 yr) according to !Wo 
different mortality schedules. (A) 
Separate mortality estimates for 
all length classes; (B) Single 
pooled mortality estimate lor all 
lish >25 cm, estimate lor 20-25 
cm lish same as in (A). lP: initial 
phase lemale; GTP: group male; 
TIP: male starting as GTP but 
acquiring territorial status at 31 
cm FL. 
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It is also possible now to calculate a measure of expected future reproductive success 
(abbreviated as ERS), by combining the predicted survival with the average spawning 
frequencies found by van Rooij et al. (1996c, summarized in Table 3). Analogous to the 
general equation for lifetime reproductive success (e.g. Steams 1992), our calculation is 
based on: 

ERS = E [ lx x PSx] [11 ] 

where lx denotes survival and PSx the average number of matings during interval x. Both 
were calculated and summed over 300 successive intervals of 30 d duration, starting from 
a length of 20 cm. This measure thus represents the expected number of matings that a 20 
cm fish wiII attain, corrected for survival. Fig. 7 compares the ERS (plotted against time) 
of a hypothetical 20 cm lP that remains female for ~25 yr with that of a 20 cm TP male 
that has a daily probability Sj to acquire a territory . To avoid undue complexity, we will 
not go into the details of the calculations (the Pascal programme written to this end is 
available from the first author). Note though, that the ERS estimate of the male comprises 
a GTP and a TIP component. The latter may seem surprisingly low, given the 5-20 times 
higher mating rate of TIP males. This is caused by the low probability that a GTP actually 
acquires a territory at a size <35 cm. 

According to the separate estimates for all length classes (Fig. 7 A), a fish that 
changes sex at 20 cm has a much lower ERS than a fish that delays s.ex change. This is 
due to the much lower survival of males (Fig. 6A). Based on the pooled estimates for fish 
>25 cm however, a 20 cm 'bachelor' has better future prospects than a strict female . About 
14 yr after it changes sex (age 15.5 yr), its ERS curve crosses the lP curve. If these 
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Table 3. Average spawning rates (pS,: daily number ol pair spawns) ol Sparisoma viride adults, 
subdivided according to category [females (lP), group (GTP) males, territorial (TIP) males) and fork 
length class (FL in cm) . Also shown are the number of individuals (nlnd) and the total observation 
time (min) during the daily spawning periods (90 min duration) on which the frequencies are based. 
Modilied lrom van Rooij et al. (1996c). 

FL- IP TIP GTP 
class P8j nind min P8j I\nd min P8j I\nd min 

15-20cm 0.13 3 701 
20-25cm 0.78 7 1274 
25-30cm 1.37 19 3489 0.11 5 807 
30-34cm 1.50 3 1141 4.57 13 1693 0.23 10 798 
34-38cm 6.74 19 9972 1.32 8 817 

estimates are correct, this would mean that early sex changers do indeed follow an 
alternative life history tactic. 

The actual situation is more complex, since we do not know wh ether a strictly 
female tactic is realistic. In fact, the lack of females >32 cm suggests that all females 
eventually change sex (cf. the reasoning of Robertson & Warner 1978). Therefore, we also 
calculated the ERS of an average 20 cm fish that has a daily probability e j to change sex 
and subsequently a chance Sj to take over a territory. As aresuit, its ERS comprises a 
female and a male component (which in turn is subdivided in a GTP and a TIP 
contribution). As apparent from Fig. 8A (separate estimates for fish >25 cm), the prospeets 
of an average fish are much better than those of a 20 cm bachelor but stay well bel ow the 
female ERS çurve. If this would be correct, it would mean that sex change is not adaptive 
at all in our population. However, the pooled estimates (Fig. 8B) indicate that it is, as 
expected (see Warner 1988 for a broad discussion of sex change). The ERS curve of an 
average fish closely follows that of the hypothetical female during the first 13.5 yr (age 15 
yr), af ter which is stays slightly above the female curve. Furthermore, the loss incurred 
during the first years is lower than that of a 20 cm bachelor, whieh in turn has slightly 
better prospeets beyond the 14th yr af ter sex change. 

As pointed out by Aldenhoven (1986a), the decision wh en to change sex must be 
frequency dependent: the more bachelors there are, the longer the waiting times to acquire 
a territory and the lower the ERS of the bachelor tactie. Game theory prediets that the 
frequency of bachelors at equilibrium will be su eh that they do equally well as fish 
adopting alternative options (Parker 1984). Fig. 8B suggests that our S. viride population 
may indeed be in an equilibrium state, as indicated by the convergence of the three curves. 
Given the unpredictability of the behavior of other fish, su eh an equilibrium suggests that 
S. viride individuals somehow succeed to fexibly adjust their timing of sex change in an 
adaptive way. 

Based on our calculations of the life history implications of the two mortality 
schedules, we propose that the pooled estimates are more realistic than the separate 
mortality estimates for fish >25 cm. There are also some other arguments in favour of the 
pooled estimates. If we first take into consideration that: 
a) TP fish may be more prone to predation due to their less cryptic colour pattern and 

behaviour, and 
b) faster growth is of ten related to higher mortality and shorter life spans, e.g. as illustrated 

by: I) the positive correlation between natural mortality and the von Bertalanffy 
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Fig. 7. Expected future reproductive 
success (nO of matings, corrected for 
mortality) attained by 20 cm (age 1.5 
yr) Sparisoma viride adults following 
two hypothetical life history 
trajectories: strictly female or strictly 
male. Male success is subdivided in a 
group (GTP) and a territorial (TIP) 
component, as resulting from the daily 
probability (~) that a GTP male 
acquires territorial status. Calculations 
based on the same two mortality 
schedules as in Fig. 6. (A) Separate 
estimates for all length classes; (B) 
Single pooled estimate for all fish >25 
cm, estimate for 20-25 cm fish same 
as in (A). 

Fig. 8. Comparison of the expected 
future reproductive success of an 
ave rage 20 cm (age 1.5 yr) Sparisoma 
viride adult [subject to size- and 
category- specific probabilities to die 
(mi)' to change from (lP) female into 
(GTP) male (~), and to acquire 
territorial (TIP) male status (~)l with 
that of the two hypothetical life history 
trajectories (strictiy female and strictiy 
male) from Fig. 7. The success of an 
ave rage fish is subdivided into a 
female and a male component. 
Calculations based on the same two 
mortality schedules as in Fig. 6. (A) 
Separate estimates for all length 
classes; (B) Single pooled estimate for 
all fish >25 cm, estimate for 20-25 cm 
fish same as in (A). 
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growth coefficient K (Pauly 1980), and 2) the 2 yr shorter Iife span of fast growing 
gonochoristic males (i.e. bom as male) of the striped parrotfish Scarus iserti compared to 
sex-changed males with lower growth rates (Wam er & Downs 1977), 
then a somewhat higher mortality of (GTP) males is c1early conceivable. However, a 75 
times higher mortality of a 4.3 yr old GTP compared to a 9.6 yr lP seems highly 
improbable. We would actually expect that the effect of size on mortality is less important 
for the largest size classes than that of age. The most realistic model would take both size 
and age into account, so that old females in the 30-35 cm c1ass are eventually subject to 
the same higher mortality rates as suffered by (larger) males. 

Although generalizations should be avoided, some additional indication of how 
realistic our present mortality estimates are, can be obtained from a comparison with the 
(scarce) literature data. Life-spans of 10-20 yr do not seem exceptional for coral reef fish. 
Although a survivorship of 3-5 yr seems to be common for smaller species, mean 
maximum ages of 17-25 yr have been found for larger species of Lethrinidae, Lutjanidae, 
Serranidae, and Haemulidae (Munro & Williams 1985, Loubens 1980). The oldest fish in a 
sample of 345 Scarus schlegeli from Lizard Island (Australia) were an 8 year old TP male 
(±26 cm) and a 7 year lP fish (±21 cm), as inferred from annual bands in the otoliths (Lou 
1992). Warner & Downs (1978) estimated the maximum age of Scarus iserti «19 cm FL) 
at 7 yr, based on what appeared to be annual bands in the c1eithrum. Aldenhoven (1986b) 
reports an average life expectancy of 23.9 yr for larger «14 cm) adults of one population 
of the angelfish Centropyge bieolor, although the estimates for th ree other sites with 
smaller adults ranged from 1.9-13.1 yr. In the wrasse Thalassoma luna re 10% of the adults 
surviving the first year were reported to attain an age of 19.6 yr (Eckert 1987). Given the 
relatively large size of S. viride, the 10% adult survival (i.e. starting from 20 cm) of GTP 
males at an age of only 7.5 yr appears to be relatively low, while the 24% of lP fish at an 
age of over 46 yr seems to be rather high. The 10% survival at an age of 17 yr, as 
predicted by the pooled estimates, seems to be in better agreement with the literature 
findings. 

Unfortunately we have not been able to deterrnine the actual age of adult S. viride 
from growth increments in scales or otoliths. An independent method to deterrnine size-, 
phase- and age- specific mortality rates is badly needed to corroborate our present findings. 
Should this prove possible, it would provide a simple test of our estimates and of our 
hypothesis that S. viride is able to adjust the timing of sex change to local conditions in an 
adaptive way. Given the unpredictability of the environment (pelagic larval stage, 
dependence ERS on factors beyond its own control like predation and the behaviour of 
conspecifics), such adaptive timing must involve a highly flexible proximate mechanism 
that triggers sex change. This seems a rewarding topic for further investigation. 
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