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Small-scale demographic variation in the stoplight
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Age-based analysis of the stoplight parrotfish Sparisoma viride was used to examine whether
observed differences in their abundance and size structure among reefs in a cross-shelf portion
of the upper Florida Keys could be explained by variation in demographic rates. Annual and daily
sagittal otolith increments were enumerated for 176 individuals collected from replicates of reefs
in two strata, inshore and offshore reefs (2–6 m depth). von Bertalanffy growth functions fitted
to size-at-age plots for each site were similar between reefs within each stratum (inshore and off-
shore), but differed between strata. Sparisoma viride on offshore reefs attained greater average
standard length (LS) at age, greater mean asymptotic size and were longer lived than fish from
inshore reefs. Fish on inshore reefs attained only half the maximum age observed on offshore
reefs (4 v. 8 years, respectively). No terminal phase fish >4 years of age were found on either
reef type. Estimates of mortality rates from age-frequency data of collected fish revealed higher
mortality on inshore reefs. Demographic variables obtained in this study were similar to published
values for S. viride from Caribbean reefs but differed significantly from published values from reefs
at a similar latitude (Bahamas), reflecting high demographic plasticity on both local and regional
scales. © 2009 The Authors
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INTRODUCTION

Demographic plasticity is an important adaptation to potentially highly variable envi-
ronments experienced by reef fishes and is a widespread phenomena both within and
across reef fish taxa (Warner & Downs, 1977; Pauly, 1998; Gust et al., 2002; Robert-
son et al., 2005). For example, large-scale trends, such as latitudinal variation in size
and growth, have been noted in fish populations and suggested to be a counter-
gradient adaptation to temperature regimes (Yamahira & Conover, 2002). Variation
in the abundance and size structure of reef fishes, however, can occur across sev-
eral scales, and small-scale variation can be strong (Kingsford & Hughes, 2005;
Núñez Lara et al., 2005; Ruttenberg et al., 2005). If this multiscale aspect of demo-
graphic rates is not recognized and accounted for, broad-scale interpretations may be
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compromised. Unfortunately, the source and magnitude of small-scale variation in
population structure is not well documented, particularly because it can be impossi-
ble to determine from the observational data whether population structure is shaped
by intrinsic variation in demographic rates (e.g. growth and mortality) or by extrinsic
factors such as habitat quality or recruitment rates. To understand patterns in pop-
ulation structure, it is therefore necessary to properly identify and partition sources
of variation in demographic rates. Age-based approaches enable the estimation of
vital rates such as growth and mortality, providing a means of determining whether
variation in population structure is due to variation in demographic rates and lending
insight into the importance and magnitude of small-scale variation. While still rel-
atively scarce, recent age-based studies indicate that growth rates and longevity can
vary across a range of spatial scales including latitudinal (22◦, Choat et al., 2003),
cross-shelf (20 km, Gust et al., 2002) and both within and between neighbouring
reefs (Clifton, 1995; van Rooij et al., 1995).

Reef fish population size and structure can have important ramifications for the
benthic ecosystem. Herbivorous fishes in particular have received increasing attention
in recent years due to their strong role in shaping the distribution, community struc-
ture, standing crop and production rates of benthic algae on coral reefs (Carpenter,
1986; Bellwood & Choat, 1990; Russ, 2003). By moderating algal growth on coral
reefs, herbivorous fishes increase the ability of reefs to resist or recover from loss
of live coral cover, an increasing problem on coral reefs across the globe (Gardner
et al., 2003; Bellwood et al., 2004; Mumby et al., 2006; Bruno & Selig, 2007). Vari-
ation in the abundance and size structure of herbivorous coral-reef fishes is thus an
important ecological feature that can drive variation in benthic community structure.
Despite the fact that variation in abundance and size structure of herbivorous fishes
has been noted on both large and small spatial scales (Lewis & Wainwright, 1985;
Gust et al., 2001; Russ, 2003; Paddack et al., 2006), knowledge of the underlying
factors driving these patterns is limited (Gust et al., 2001; Floeter et al., 2005).

Amongst herbivorous fishes in the Caribbean, the stoplight parrotfish Sparisoma
viride (Bonnaterre), is arguably the most ecologically important due to its abundance,
excavating grazing mode and rapid growth to relatively large sizes (Gygi, 1975;
Bruggemann et al., 1994a; van Rooij et al., 1996a; Mumby et al., 2006). A com-
parison of the demographic rates of S. viride at four locations across the Caribbean
found broad-scale variation indicative of latitudinal variation, with more rapid initial
growth and greater maximum length in the Bahamas compared with three lower
latitude Caribbean locations (Choat et al., 2003). Although adaptive increases in
growth rate at higher latitudes have been demonstrated in other fishes (Yamahira &
Conover, 2002), such processes have not been documented in tropical reef fishes.
Age-based analyses of Indo-Pacific parrotfishes, however, indicate that variation on
smaller scales can be considerable and suggest that local processes, such as den-
sity dependence, may be more important than large-scale processes in structuring
these fish populations (Gust, 2004). Small-scale variation in population structure of
S. viride is evident: the abundance, size frequency distribution and grazing rates of
S. viride differ significantly between inshore and offshore reefs in the upper Florida
Keys (Table I; Paddack, 2005). This pattern is not due to fishing pressure because
herbivorous fishes have been unfished in that region for >28 years, but it is unknown
whether these patterns are a result of underlying variation in demographic rates or
other factors such as ontogenetic migration.
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Table I. Numerical density (mean ± s.d. number of fish per 100 m2), colour phase ratio
and fork length (LF, mm) data for Sparisoma viride on offshore and inshore reefs in the
upper Florida Keys from in situ surveys (ten 25 m × 2 m transects at each site each summer)

conducted during 2001–2003 by Paddack (2005)

Offshore Inshore

Pickles Sand Island Mean Algae White Banks Mean

Number of
fish per
100 m2

7·10 ± 3·28 8·37 ± 3·46 7·73 ± 0·90 8·37 ± 8·78 9·77 ± 3·58 9·07 ± 0·99

Maximum
LF, TP

40 40 40 42 39 40·50

Maximum
LF, IP

33 35 34 33 30 31·50

Adult
mean
LF , TP

33·53 34·74 34·14 32·04 29·67 30·86

Adult
mean
LF, IP

22·11 24·14 23·13 18·26 19·33 18·80

IP, initial phase; TP, terminal phase.

The aim of this study was to measure growth and mortality rates of S. viride at
small (reef to reef, <3 km) and medium (cross-shelf, 3 km) spatial scales at unfished
sites in the upper Florida Keys and to use this information to evaluate factors influ-
encing the observed spatial variation in population structure. In addition, these results
will help to resolve the question of whether latitudinal variation can be documented
for a tropical marine fish by providing demographic data on S. viride at multiple sites
at similar latitude to the outlying Bahamian data of the Choat et al. (2003) study. By
expanding the spatial scope of age-based studies of this species, the present study
provides an opportunity to evaluate the degree of demographic plasticity on both
large and small spatial scales and explore the mechanisms that determine differential
demographic rates.

MATERIALS AND METHODS

S T U DY S P E C I E S

Sparisoma viride is protogynous (female first) and fully dichromatic (Robertson & Warner,
1978). Initial phase (IP) fish are females or secondary males and are dark red with white
splotches and red fins. Terminal phase (TP) fish are male and are green with a distinct yellow
spot on the upper edge of the gill cover and yellow colouration on the caudal fin. Size ranges of
the two phases overlap considerably, with phase transition occurring at 130–200 mm standard
length (LS) (Robertson & Warner, 1978), and reach a maximum recorded total length (LT)
of 64 cm (Froese & Pauly, 2006). They occur in aggregations of either a single TP defending
a territory consisting of up to 14 IPs or in variably sized roving groups of non-reproductive
TP (van Rooij et al., 1996b).
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Table II. Sample sizes, size ranges, von Bertalanffy growth function parameters and maxi-
mum age observed for Sparisoma viride at four sites in the upper Florida Keys (see Fig. 1)

Site n LS (mm) LS∞ (mm) K t0 r2
Maximum
age (year)

SI 57 12–303 267·1 1·04 –0·06 0·93 7
PI 41 12–300 273·7 0·96 –0·06 0·96 8
Offshore 98 12–303 269·9 1·00 –0·06 0·95
AL 24 112–236 236·3 0·96 –0·06 0·51 3
WB 54 11–254 249·4 0·89 –0·06 0·90 4
Inshore 78 11–254 246·2 0·90 –0·06 0·86
Overall 176 11–303 269·2 0·84 –0·06 0·90 8

LS∞, mean asymptotic standard length; K, the rate at which fish reach L∞; t0, age at theoretical LS of 0.

S T U DY S I T E S A N D F I E L D S A M P L I N G

All data were collected from two offshore reefs and two inshore patch reefs in the upper
Florida Keys (Fig. 1). The offshore reefs (Pickles, PI, and Sand Island, SI) were representative
of many reefs along the upper Florida Keys: highly eroded relict spur and groove reefs with
extensive hard-bottom punctuated by sand channels. These reefs were located c. 8 km offshore
and varied in-depth from 2 to 7 m. The inshore patch reefs (Algae, AL, and White Banks,
WB) were c. 5 km offshore, located between Hawk Channel and the reef break, and consisted
of patchy coral heads and hard bottom, ranging in-depth from 2 to 5 m, and surrounded by
seagrass.

Prior to this study, as part of a broader effort, size-specific density of S. viride was measured
at each site by counting fish and estimating fork length (LF) along ten 25 m × 2 m long
transects at each site during three summers (2000, 2001 and 2003; Paddack, 2005). To clarify
comparisons of visual-based data with the age-based data from the present study, LF (mm)
from these visual-based surveys were converted to LS (mm) using a conversion obtained by a
least-squares linear regression of the 220 collected fish (LS = 0·877; LF = 6·128; r2 = 0·997,
P < 0·001).

As they were encountered by divers, S. viride were collected by spear and net from the
same four sites in the upper Florida Keys in 2005 (sample sizes in Table II). Sparisoma
viride has not been commercially or recreationally targeted in Florida since 1981 when a
ban on fish traps was implemented (Sutherland & Harper, 1983). Currently, exploitation is
restricted to ornamental fish trade, which is minimal for this species (<400 fish per year for
the entire Florida Keys; H. Molina-Ureña, pers. com.) and by-catch from commercial fisheries
is negligible (Matthews & Donahue, 1997).

OTO L I T H P RO C E S S I N G

Collected fish were kept on ice and immediately transported to the laboratory where LS
was recorded and sagittal otoliths removed. Otoliths were cleaned in ethanol, dried and
weighed (MS) to the nearest 0·1 mg. In order to prevent shattering, sagitta were embedded in
epoxy resin before being sectioned transversely with a low-speed saw (IsoMet 1000 precision
saw; www.buehler.com) using a diamond edge blade. Each section was affixed to a glass
slide with thermoplastic cement (Crystalbond; www.crystalbond.com). Sections were lightly
sanded by hand with P400 grit abrasive paper until the nucleus was reached. Both sides of the
sections were then polished using a polishing cloth and 0·3 μm alumina powder. Sectioned
otoliths were examined under compound and dissecting microscopes using transmitted light
at × 20–100. Each otolith was read three times for annuli and discarded if assigned ages
differed in more than one of the replicate reads. Presumed annuli were readable in sec-
tioned sagitta but increments were often difficult to discern; 28% were rejected because of
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inconsistent reads or lack of distinct increments. About half of these (15% of the total) were
fish <150 mm LF and probably <1 year of age.

Reading of daily increments on fish <1 year was attempted, but increments were difficult to
resolve and reads were inconsistent. To include some fish <1 year old, newly settled recruits
(<30 mm LF) collected from the same sites as part of another study (Paddack & Sponaugle,
2008) were added to the age analysis. Recruits were available for all sites with the exception
of AL. Otoliths were removed from recruits and immediately placed in immersion oil for
2 to 4 days. Whole sagittae were read under an oil-immersion compound microscope lens
at × 250. Images were captured and transferred to ImagePro-Plus 4.5 image analysis software
(Media Cybernetics; www.mediacy.com) to enumerate daily increments. Each sagitta was read
twice and samples were rejected if values differed by >10%. The first value of all acceptable
samples was used. Age of fish <1 year old was recorded as the fraction of the year (number
of rings per 365).

Although fish were initially collected as they were encountered, the high number of otoliths
rejected required additional collections. During these collections, larger size classes were tar-
geted due to a lack of older individuals in the collected samples. To ensure that the additional
targeted collecting efforts did not cause an overrepresentation of older age classes in the catch
curves (the frequency distribution of ages of fish collected), sampled age distributions were
compared with published distributions of S. viride taken on a first-encounter basis (Choat
et al., 2003).

DATA A NA LY S E S

To validate the use of sagittal otoliths for determining annual age and to cross-validate age,
the best-fit relationship was identified between MS and age (t). The MS and t relationship
was also used as additional check of assigned age data by examining whether age obtained
via increment analysis matched the expected age based on MS.

Fish size-at-age data were then described by the von Bertalanffy growth curve function
(VBGF): LSt = LS∞[1 − e(−K(t−t0)], where LSt is the estimated LS at age t , LS∞ is the mean
asymptotic LS, K is the curvature parameter and t0 is the age at theoretical length of 0 year.
Best-fit parameters were obtained using non-linear regression with the Marquardt function
in SAS (www.sas.com). Estimates were derived for K , LS∞ and t0 using an initial estimate
from each site. Initial estimates of LS∞ were determined for each site by taking the mean
of LS of the oldest age class divided by 0·95. Initial estimates of K were obtained by ln-
transforming the VBGF and determining the linear regression parameters (K = −b1). To be
comparable with other published values (Choat et al., 2003), non-linear regressions were run
with t0 constrained to –0·06 (approximating values obtained by constraining LS intercepts).
VBGF models were run for each site using IP data only, TP data only and data for all life-
history phases combined. Parameters were fitted for each site, for inshore and offshore reefs
combined and for all sites combined. Model fits were determined using r2 = 1 minus residual
sum of squares divided by corrected total sum of squares. Growth curves generated by VBGF
were compared by generating 95% confidence regions around the parameter estimates of K
and LS∞ (Kimura, 1980). Non-overlapping confidence regions indicate differences in growth
parameters and were used to compare growth functions among individual sites and between
inshore and offshore reefs.

Mortality rates (M) were estimated as the slope of the log-linear regression of age-
frequency data from collected fish and compared among sites with ANCOVA. Fishes younger
than 2 years were excluded from this analysis to limit bias due to larger sample sizes of juve-
niles and to maintain comparability with previously published mortality rates of S. viride
(Choat et al., 2003).

RESULTS

The LS distributions of S. viride from three summers of visual surveys were rough-
ly similar between inshore and offshore reefs (Kolmogorov–Smirnov, P > 0·05;
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Fig. 2. Standard length (LS) frequency distributions of initial ( ) and terminal ( ) phase Sparisoma viride
from visual transects conducted during 2000–2003 in (a) offshore and (b) inshore reefs. Note that a
strong recruitment event in summer 2000 resulted in unusually high densities of fish <50 mm LS for
that sample period.
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Fig. 3. Power function of age (t) (sagittal increments) and sagittal mass (MS) in Sparisoma viride for all
sample reefs combined. The curve was fitted by: y = 1306x1·43 (n = 130).

Fig. 2). Although maximum sizes of S. viride recorded in visual surveys were similar
between inshore and offshore reefs, the proportion of S. viride >200 mm LS was
higher on offshore reefs compared with inshore reefs (32·2 and 18·4%, respectively).
The largest size classes on all reefs consisted of only TPs and there was little overlap
in the size distribution of IP and TP fish (Fig. 2).

A strong relationship between MS and t , defined by a power function (r2 = 0·71;
Fig. 3), validated that annual increments were deposited throughout the life of the
fish (although otolith accretion slowed slightly with age) and supports the use of
sagittal otoliths for ageing S. viride.
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Age-at-LS plots revealed a typical growth pattern, with fish quickly reaching an
asymptotic length (Fig. 4). The age distributions of fish collected in this study (Fig. 5)
and the similarity of these age distributions with that of Choat et al. (2003) from
San Blas, where fish were collected on a first-encounter basis, indicate that older
age classes were not overrepresented despite the necessary deviation from randomly
collected samples in the present study. Parameters estimated from von Bertalanffy
growth functions fitted to the age-at-length data from each site are presented in
Table II. Overlapping 95% confidence regions around VBGF parameters K and LS∞
allowed pooling of data within each strata (Fig. 6). Non-overlapping 95% confi-
dence regions intervals around pooled inshore and offshore data indicate significant
differences in the VBGF parameter estimates between strata (Fig. 7).

The major difference in S. viride population structure among inshore and offshore
reefs in the upper Florida Keys was in maximum age obtained. Fish on inshore reefs
were no older than 4 years of age, whereas those on offshore reefs reached 7–8 years
of age (Fig. 4). No terminal phase fish, however, were found to be >4 years of age
on any of the reefs studied, despite the fact that the largest fish sampled were termi-
nal phase (Fig. 5). Age structure of terminal phase fish differed between inshore and
offshore reefs (Figs 4 and 5). While the majority of terminal phase fish were 2 years
of age on both inshore and offshore reefs (60 and 64%, respectively), offshore reefs
had no terminal phase fish <2 years of age, whereas 23% of terminal phase fish
on inshore reefs were 1 year of age. A higher proportion of terminal phase fish in
the maximum age class (4 years) occurred on offshore reefs (13%) compared with
inshore reefs (5%).
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Fig. 4. Standard length (LS)-at-age plots for initial ( ) and terminal ( ) phase Sparisoma viride from four
reefs in the upper Florida Keys. (a) Sand Island, (b) Pickles, (c) Algae Reef and (d) White Banks (see
Fig. 1) Otolith-derived ages were fitted von Bertalanffy growth function (VBGF) curves ( ) for com-
bined life-history phases. VBGF parameters are listed in Table II.
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Mortality rates calculated from fish ≥2 years were significantly higher on inshore
than offshore reefs (ANCOVA, d.f. = 1, 6, P < 0·001). Mortality rates also dif-
fered significantly between IP and TP fish on offshore reefs (ANCOVA, d.f. = 1, 7,
P < 0·05), but not on inshore reefs (ANCOVA, d.f. = 1, 2, P > 0·05; Fig. 8).

DISCUSSION

Previous surveys of S. viride revealed significant variation in density and size
structure between inshore and offshore reefs (Paddack, 2005), with density and the
ratio of TP:IP fish greater on offshore reefs (Table I). Results of the present study
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show that this cross-shelf variation was driven by several key demographic rates.
Sparisoma viride attains a greater size at age, larger mean asymptotic size, and two-
fold longer maximum life span on offshore reefs relative to inshore reefs. These
results indicate that small-scale variation in demographic rates of S. viride can be
considerable and should not be ignored when evaluating large-scale patterns. Vari-
ation in growth, maximum size and mortality across-shelf as well as between reef
systems of similar latitude (Bahamas, Choat et al., 2003) suggests that demographic
rates can be strongly controlled by local conditions. Differential growth rates of
scarids have been noted on a variety of spatial scales and have been attributed to
food and shelter availability (Jones, 1986; Clifton, 1995; Gust, 2004), water temper-
ature (Choat et al., 2003), community structure (Gust et al., 2002) and social factors
(Warner & Downs, 1977; van Rooij et al., 1995; Munday et al., 2004).

Among the environmental variables known to influence demographic variables,
there is some evidence suggesting that differing growth rates and sex ratios found
between strata in the upper Florida Keys are due to variation in food availability and
quality. Although water temperature can strongly influence growth rates of fishes
(Houde, 1989; Atkinson, 1994; Sponaugle et al., 2006), no notable cross-shelf tem-
perature differences were found among the sampled reefs within a 3-year period
(M. J. Paddack, unpubl. data). Instead, higher density, biomass and individual graz-
ing rates of S. viride on offshore reefs v. inshore reefs (Paddack et al., 2006) suggest
that availability and quality of food differs between strata. Sparisoma viride have
been shown to have higher grazing rates, assimilation efficiencies and exhibit more
territorial defence in areas of high-quality food (Bruggemann et al., 1994b, c), occur
in higher densities in areas of higher algal production (Lewis & Wainwright, 1985;
Russ, 2003) and exhibit increased growth rates coincident with higher food avail-
ability (Jones, 1986; Clifton, 1995; Gust et al., 2002). Basic variables of benthic
community composition, algal per cent cover and algal turf productivity do not vary
significantly between inshore and offshore reefs in the upper Florida Keys (Paddack
et al., 2006), suggesting that finer-scale food quality variables may be important.
Two potential variables are the density of the substratum and the presence of crus-
tose coralline algae, as both have been shown to influence algal intake in S. viride
(Bruggemann et al., 1994b). In addition, detritus associated with the epilithic algal
community may be an important food resource for herbivorous fishes (Crossman
et al., 2001; Wilson et al., 2003). A positive correlation between scarid growth rates
and detrital availability has been documented in the Great Barrier Reef (GBR) (Cross-
man et al., 2001; Gust et al., 2002), but a causal and widespread relationship has yet
to be determined.

Spatial variation in resource (food or habitat) quality may also underlie unequal
sex ratios onshore and offshore (1·7 and 2·9, respectively). Sparisoma viride is a
harem-forming fish with territorial TP males defending areas that are shared with
one to 14 IP with whom they mate (van Rooij et al., 1996b). A stronger bias in the
sex ratio, as found on offshore reefs, can occur in more resource-rich areas; harem
behaviour appears to be stronger in areas of higher food quality (Bruggemann et al.,
1994c), possibly because the higher quality of the territory increases the number of
conspecifics that can optimally coexist. Such variation in social structure might be
expected to influence estimated growth rates overall on inshore and offshore reefs
due to differences in growth rates among life-history phases. Territorial TP have
been shown to have higher growth rates than IP and bachelor TP (non-reproductive
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individuals that school in shallow water away from territorial areas) (van Rooij et al.,
1995; Choat et al., 2003). Therefore, the proportion of the population that is IP v. TP
fish and the proportion of the TP population made up by territorial v. bachelor males
could influence the estimated overall growth rate. Social status of collected TP was
not recorded; however, bachelor male groups were less common on inshore reefs than
offshore reefs, probably due to the restricted amount of reef area available for non-
territorial TP on inshore patch reefs (M. J. Paddack, pers. obs.). More importantly,
the 60% higher proportion of IP to TP S. viride on offshore reefs would lead to
reduced growth offshore, in contrast to the present observations.

The timing of sex change can vary as a function of population density, growth and
mortality rates (Cowen, 1990; Gust, 2004). Early sex change may occur if sexually
active individuals suffer higher mortality or reduced growth rates (Cowen, 1990;
Iwasa, 1991; Gust, 2004). It is possible that sex change is occurring earlier and at
smaller sizes on inshore reefs: the youngest TP on offshore reefs were 2 years old
and an average of 266 mm LS, whereas the youngest on inshore reefs were 1 year
old and 201 mm LS. Because total mortality rate is higher inshore and growth rates
are reduced, however, the relative importance of these two processes in mediating
the timing of sex change cannot be differentiated, as has been the case in other
populations of hermaphroditic fishes (Cowen, 1990; Gust, 2004).

C RO S S - S H E L F D I F F E R E N C E S I N L O N G E V I T Y

An unexpected finding was the two-fold difference in maximum age between
inshore and offshore reefs. Because this study encompassed a limited number of sites
and a fairly small sample size, it is possible that older fish exist on the inshore reefs
but were not sampled. Choat et al. (2003) found that c. 10% of the S. viride popu-
lation at each of four areas in the Caribbean and Atlantic Ocean were >4 years old,
a trend reflected in the age distributions on offshore reefs in the upper Florida Keys.
Thus, even if fish attain greater ages on inshore reefs, their absence in the present
samples indicates that the proportion of older fish on inshore reefs is substantially
less than reefs offshore and those reported by Choat et al. (2003). The sex differences
observed in maximum age within strata also do not appear to be ubiquitous, as TP
fish >4 years have been noted at a number of other Caribbean reefs (van Rooij &
Videler, 1997; Choat et al., 2003).

One possible explanation for the difference in maximum age between inshore and
offshore reefs is that S. viride migrate offshore from inshore reefs with age. There
is no evidence, however, of ontogenetic migration for this species. Although seagrass
beds and nearshore areas have been shown to be nursery areas for several species of
fishes, including scarids in the Caribbean (Nagelkerken et al., 2001; Gillanders et al.,
2003; Heck et al., 2003; Mumby et al., 2004), monthly surveys of seagrass beds sur-
rounding nearshore patch reefs and mangrove habitats over 2·5 years in the same
region of the upper Florida Keys have found that the use of habitats other than reefs
is uncommon for S. viride (unpubl. data). In addition, S. viride recruits are abun-
dant in adult habitats and recruitment rates of S. viride are higher on offshore reefs
(Tolimieri, 1998; Paddack & Sponaugle, 2008). Thus, nearshore areas do not appear
to be serving as nurseries from which large-scale emigrations of this species would
occur.
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As adults, S. viride have been shown to be site-attached with limited home ranges
(up to 820 m2; van Rooij et al., 1996b). Relocation of territory or home range area
has been observed and adults are known to occasionally roam over long distances
within continuous reef habitat (McAfee & Morgan, 1996; van Rooij et al., 1996b;
Corless et al., 1997; Chapman & Kramer, 2000). The TP fish occasionally swim
down the reef slope to deeper reef areas in Bonaire (>30 m), but only for short-term
spawning events or feeding forays (van Rooij et al., 1996b). Sparisoma viride have
been observed on deeper reefs of the upper Florida Keys (30–40 m) in moderate
abundance and as larger individuals than shallow reefs (Jameson, 1981), but their
presence and persistence in this habitat has not been quantified. The slope in the
Florida Keys, however, is gradual and deeper reefs generally are not continuous with
shallow water hard-bottom habitat (Jameson, 1981). This reduces the likelihood of
S.viride migration to these reefs. Furthermore, a tagging study in Barbados found that
S. viride occasionally moves between reefs separated by 10 m of sand, but that they
rarely cross even modest expanses of sand (20–300 m; Chapman & Kramer, 2000).
Elsewhere, limited longer range adult movement has been documented: a small pro-
portion (9·7%) of S. viride was found 3–16 km away from a nearshore tagging area
in Jamaica (Munro, 1998). Thus, although S. viride tends to be fairly site attached,
adults can and do move among reefs (Corless et al., 1997; Munro, 1998). Numerous
small reef patches and coral heads scattered throughout the inshore areas of the
Florida Keys also may provide a stepping-stone habitat for fishes traversing to off-
shore reefs. Nonetheless, if S. viride are moving onto offshore reefs, either the input
is too diffuse to be detectable (length distributions over time on all reefs are stable;
Paddack et al., 2005) or they are moving into unsampled habitats (e.g. deeper reef
areas).

A disparity in maximum age has also been documented for scarids in the GBR,
albeit with an opposite pattern of fishes from offshore reefs being shorter-lived
(Gust et al., 2002). The shorter life span of GBR scarids offshore is associated with
higher growth rates and higher mortality rates, a relationship that holds for many fish
species (Pauly, 1998). Mortality via fishing, collecting or as by-catch is negligible for
S. viride in the Florida Keys. Vulnerability to predation mortality may be enhanced
due to the lower relief and limited size of inshore patch reefs (Caley & St John,
1996; Beukers & Jones, 1997).

D E M O G R A P H I C P L A S T I C I T Y

A comparison of S. viride growth rates obtained in this study with published
values (Choat et al., 2003) reveals that the growth rates in the upper Florida Keys
are similar to those of fish at lower latitude Caribbean reefs but are lower than those
of fish from the Bahamas (an area only 1◦ lower in latitude; Fig. 9). The present
results are therefore counter to the hypothesis put forth by Choat et al. (2003) that
the higher growth rates and maximum size of S. viride in the Bahamas are due to
latitudinal compensatory growth as found in other species (Yamahira & Conover,
2002). There are no immediately obvious factors that would cause such different
growth rates between Florida and the Bahamas. Although predator biomass can be
locally very high in the Bahamas, predator biomass in the study area of Choat et al.
(2003) is similar to that in the upper Florida Keys (M. J. Paddack, unpubl. data)
and mortality rates estimated for the Bahamas are similar to those of offshore reefs
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Fig. 9. Comparison of VBGF parameters, LS∞ and K , estimated for Sparisoma viride at each site from the
present study [Florida offshore ( ) and Florida inshore ( )] and from four sites [Bahamas ( ), Los
Roques ( ), Barbados ( ) and San Blas ( )] sampled by Choat et al. (2003).

in Florida (Florida, 0·26–0·35 year−1; Bahamas, 0·33 year−1; Choat et al. 2003).
Furthermore, algal consumption rates of S. viride are similar between the Bahamas
and the upper Florida Keys (M. J. Paddack, unpubl. data). Further investigation of the
degree of demographic plasticity within latitude (by expanding the number of reefs
sampled) and causal factors (e.g. assessment of food and habitat quality) are needed.

Similarity in growth rate between S. viride the Caribbean and Florida is surprising
given the colder water temperatures experienced in Florida during winter months.
Higher growth rates in relation to higher water temperatures have been observed in
many fish taxa (Houde, 1989; Atkinson, 1994; Sponaugle et al., 2006). van Rooij
et al. (1995) noted seasonal patterns of growth in S. viride in Bonaire, with higher
growth rates during warmer summer months. Given the wider range in seasonal
water temperatures, even stronger seasonal variation might be expected in Florida.
Although the three parameter VBGF utilized in this study provided a good fit to
the data, it may be useful to explore modifications of the model designed to reflect
seasonal variability in growth (Porch et al., 2002) as well as those designed to accom-
modate the two phases of growth, the rapid initial growth and slower growth later in
life (Craig et al., 1997; Craig, 1999). A more detailed analysis of growth during the
initial growth phase (up to age 2 years) may provide a better understanding of the
observed differences in the population structure of S. viride on inshore and offshore
reefs in the upper Florida Keys, as there is evidence that differences in growth of
scarids during the first year of life determine which individuals become TP (Munday
et al., 2004). For a fish that spawns year-round and has a complex social structure
such as S. viride, the season in which a fish recruits may be an important determinant
of the growth rate and thus the timing of maturation, sex change and the ability to
compete for high-quality territories and mates.
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Variation in demographic rates can result in differences in the population size
and structure of organisms across small and large spatial scales. This can ultimately
influence the ecological functioning of key organisms, particularly if their ecological
impact increases with size, age and abundance. The effect of grazing by S. viride on
the benthos is dependent upon the sizes of individuals since larger fish are not only
able to consume more algae per bite, but are also able to shift into an excavating mode
of grazing, which promotes coral recruitment (Bruggemann et al., 1994b; Mumby,
2006). This is a critical process on coral reefs, given the unprecedented rates of
decline in live corals and expansion of macroalgal cover (Côté et al., 2005; Bruno &
Selig, 2007). Sparisoma viride may therefore be instrumental in halting and possibly
reversing this trend in the Caribbean (Mumby et al., 2006). Management of these
fish requires knowledge of the processes that shape populations. The small-scale
demographic variation revealed here provides a better context from which to delineate
natural and human-caused drivers and to understand the processes that shape reef
communities.
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