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Abstract The data requirements and resources needed to
develop multispecies indicators of fishing impacts are
often lacking and this is particularly true for coral reef
fisheries. Size-spectra, relationships between abundance
and body-size class, regardless of taxonomy, can be
calculated from simple sizeabundance data. Both the
slope and the mid-point height of the relationship can be
compared at different fishing intensities. Here, we de-
velop size-spectra for reef fish assemblages using body
size- abundance data collected by underwater visual
census in each of ten fishing grounds across a known
gradient of fishing intensity in the Kadavu Island
group, Fiji. Slopes of the size-spectra became steeper
(F9,69=3.20, p<0.01) and the height declined (F9,69=15.78,
p<0.001) with increasing fishing intensity. Regressions
of numbers of individuals per size class across grounds
were negative for all size classes, although the slope was
almost zero for the smallest size class. Response to ex-
ploitation of each size class category was greatest for
larger fish. Steepening of the slope with increasing fish-
ing intensity largely resulted from reductions in the
relative abundance of large fish and not from the eco-
logical release of small fish following depletion of their
predators. The slope and height of the size-spectrum
appear to be good indicators of fishing effects on reef
fish assemblages.

Keywords Ecosystem based fishery management Æ Size
spectra Æ Coral reef fisheries Æ Community structure Æ
Indirect effects Æ Fisheries management

Introduction

The world’s fisheries provide important food sources for
many countries (Watson and Pauly 2001) and coral reef
associated fisheries are extremely important to many less
industrialised nations (McManus et al. 2000; Russ 1991).
Since the majority of the world’s coral reefs are found in
countries where human populations are likely to double
within the next 30–50 years, pressure upon these eco-
systems will inevitably increase (McManus 1997). De-
cline in the production of fisheries, the collapse of
fisheries and the wider impacts of fishing on ecosystems
have prompted calls for new approaches to assess the
implications of fishing on the ecosystem (Gislason et al.
2000; Link 2002). Indicators of the status of marine
ecosystems are required to underpin these objectives
(Rice 2003). Although potential indicators have been
identified, their data requirements often make applica-
tion unfeasible, particularly in coral reef fisheries where
the resources needed for assessment and management
are usually very limited (Jennings et al. 1999; Johannes
1998; Reynolds et al. 2001).

Size-based analyses require fairly simple data collec-
tion techniques and may provide useful metrics of
community responses to exploitation by fisheries (Rice
2000; Rochet and Trenkel 2003). The size composition
of communities can usefully be described using size-
spectra, relationships between abundance by body size
class and body size of the aggregated assemblage
regardless of taxonomy (Kerr and Dickie 2001). The
resulting slopes and mid-point heights of the size-spectra
respond to changes in mortality rates and the indirect
effects of mortality. Steepening of the slope can be the
result of a decrease in the number of large fish, an
increase in the number of small fish, or both. The
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mid-point height value is an overall indication of the
abundance of the community (Trenkel and Rochet
2003). Size-spectra have been applied to size composi-
tion data from demersal trawl surveys (Bianchi et al.
2000; Gislason and Rice 1998; Rice and Gislason 1996),
but until recently (Dulvy et al. 2004) no attempt has
been made to apply the technique to coral reef fishes.

In general terms larger bodied animals are exploited
preferentially because they are more valuable and
obvious to hunt (Purvis 2001). Fishing is no exception,
but as the fishery develops and large fish are depleted,
fishers target sequentially smaller individuals (Pauly
et al. 1998). Since body size is broadly correlated with
trophic level, these larger individuals are often top pre-
dators and a decline in their biomass is the most marked
community response to exploitation by fisheries
(Jennings and Polunin 1997; Russ and Alcala 1989). The
indirect effects of the removal of large predators are not
always easy to detect, since competition or predation
effects are masked or mediated by environmental vari-
ation and recruitment variation (Jennings and Kaiser
1998). Indeed, the dynamics of individual predator and
prey species or small groups of predator and prey species
may or may not be linked (Graham et al. 2003; Hol-
brook and Schmitt 2002; Jennings and Polunin 1997;
Jennings et al. 1995; Russ and Alcala 1989, 1998; Wat-
son and Ormond 1994), while at the highest levels of
aggregation (across all prey species and individuals in
the food web) energetic considerations suggest that re-
duced predator abundance will result in prey release.
The extent to which such prey release is observed in size-
spectra is likely to depend upon the extent to which the
sample reflects the total abundance of individuals in the
foodweb.

Here, we examine the response of reef fish size-spec-
tra to spatial variation in fishing effort and consider
whether the slopes and mid-point heights of the spectra
provide useful indicators of the effects of fishing on the
community. Marine tenure systems in parts of the South
Pacific lead to persistent spatial differences in fishing
effort and provide an ideal opportunity to assess the
responses of size-spectra to fishing at large spatial scales.

Methods

Study sites and data collection

The study was conducted within ten discrete fishing
grounds (qoliqoli) on the northwestern coast of Kadavu
Island, Fiji (Fig.1). Inhabitants of specific villages have
exclusive rights to fish the reefs enclosed in their qoliqoli
and fisher exchange and poaching is negligible in this
well-defended sea ownership system. Since the numbers
of resident fishers vary among qoliqoli and since fish are
caught almost exclusively for subsistence and provide
the primary source of protein, an index of fishing
intensity can be calculated by dividing the length of well-
developed reef front by the number of people with

fishing rights (Jennings and Polunin 1997). This fishing
intensity index is robust and has been successfully
related to fishing behaviour and activity and correlates
well with catch rates and estimates of reef fish yields
(Jennings and Polunin 1995, 1996). Furthermore, these
fishing gradients have enabled large-scale assessments of
both the direct and indirect effects of non-habitat
destructive fishing on coral reefs (Dulvy et al. 2002,
2004; Jennings and Polunin 1997).

Fig. 1 a Location of Kadavu island group within Fiji, and b the ten
qoliqoli surveyed in the study labelled in ascending order of fishing
intensity. Land is shaded, unbroken lines indicate major reef areas,
and broken lines indicate qoliqoli boundaries
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Fish were surveyed by underwater visual census at
seven sites in each of the ten qoliqoli. Sites were ran-
domly selected 100-m sections of well-developed reef on
the outer slope. Within each of the seven sites, 12 point
counts (Jennings and Polunin 1996; Samoilys and Carlos
1992) were used to estimate the abundances and lengths
of 144 species (non-cryptic diurnally active fishes >8 cm
fork length in families Epinephelinae, Lutjanidae, Scar-
idae, Labridae, Mullidae, and Chaetodontidae). The
majority of the fish species surveyed were primary or
secondary fishery targets (see Jennings and Polunin 1997
for full species list and details of the fishery). Fisheries-
dependent surveys in the same area indicate that fish are
targeted primarily on rocky and coralline areas and are
targeted using non-destructive techniques, primarily
hook and line and spear (Jennings and Polunin 1995).
Point counts were centred on the 6-m depth contour to
standardise counts and habitat type across sites and
qoliqoli. The nested hierarchical sampling design en-
abled small-scale heterogeneity to be accounted for and
summarised to the scale of the fishery. Fish length was
estimated to the nearest 1 cm and accuracy of estimation
was maintained by practising with objects of known
length. Fish were surveyed sequentially with the most
active, mobile species being counted first. Each point
count took 6–13 min depending on the number and
diversity of fish and complexity of habitat and all counts
were made by S Jennings in 1995/1996 (see Jennings and
Polunin 1997 for more detail). Percentage cover of dif-
ferent substrates (massive coral, branching coral, rock,
rubble, and sand) and a six-point topographic com-
plexity scale were used within the perimeter of each
replicate count to assess habitat variables. These data
were analysed in detail by Jennings and Polunin (1997)
and indicated that there were no significant differences in
habitat between the surveyed qoliqoli.

Data treatment and analysis

The individual fish censused in each qoliqoli were allo-
cated to 11·5 cm body length classes from 11 to 65 cm,
regardless of taxonomy, trophic, or other groupings.
The slopes of the size-spectra were calculated from linear
regressions of log10 (x+ 1) numbers per size class on the
rescaled log10 mid-point of each length class. Centring of
the independent variable gives a value for mid-point
height as opposed to the intercept (Daan et al. 2003;
Rochet and Trenkel 2003), which removes the correla-
tion between slope and intercept. The mid-point height
is effectively an index of community abundance-biomass
(Trenkel and Rochet 2003). The significance of the
relationship between slope or mid-point height and
fishing intensity was tested using linear regression. Pat-
terns of change in slope and height across the fishing
intensity gradient were assessed using one-way ANO-
VAs (sites within qoliqoli as replicates). Tukey’s test was
used to identify significant differences in slope and mid-
point height among qoliqoli. Normality of data was

examined with normplots and histograms, while
Levene’s test was applied to test for homogeneity of
variances.

The significance of relationships between abundance
and fishing intensity in each of the 11 size classes sepa-
rately was also tested with linear regression. Changes in
each length class category due to exploitation were cal-
culated as the difference in predicted (from regression
line) numbers between the lowest and highest fishing
intensities.

Results

Slopes of the size-spectra were significantly steeper at
high fishing intensity (F9,69=3.20, p<0.01)(Fig. 2).
However, the data points were scattered and, in a
comparison among qoliqoli, Tukey’s test revealed that
only qoliqoli 2 differed significantly from qoliqoli 5
(adjusted p<0.01). Mean mid-point height of the size
spectra declined significantly with fishing intensity
(F9,69=15.78, p<0.001)(Fig. 3). Tukey’s test indicated
that mid-point height differed significantly between a
number of the qoliqoli (Table 1).

Relationships between abundance and fishing inten-
sity within size classes were all negative, although the
decline in abundance with fishing was minimal for the

Fig. 2 Mean slopes of size-spectra for each qoliqoli ± SE (a) and
the relationship between slope and fishing intensity (b)
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smallest size categories (Fig. 4). Regressions were sig-
nificant for size class categories 21–25 cm, 31–35 cm and
41–45 cm (p<0.01) and for size class categories 36–
40 cm and 46–50 cm (p<0.05).

The abundances of larger fish declined more in re-
sponse to exploitation than those of smaller fish (Fig. 5).
Response to exploitation was negative for all size classes,
although the response was minimal for the smaller size
categories. Thus, the decline in mid-point height for size

classes 11–15 cm and 16–20 cm was only �0.038 and
�0.103 (log10 numbers) when compared to �0.621 and
�0.336 for size classes 56–60 cm and 61–65 cm, respec-
tively.

Discussion

Differences in the size-structure of the reef fish assem-
blages, as described with size-spectra, were related to the
intensity of exploitation by fisheries. Qoliqoli subject to
higher fishing intensity had steeper slopes and lower
mid-point heights than lightly exploited qoliqoli. If these
relationships are causal, then size-spectra may be
appropriate indicators of fishing effects on reef fish
assemblages. The other factors that may affect the size-
structure of reef fish assemblages include differences in
habitat complexity and rates of recruitment. Reef habi-
tat, including shelter availability, can greatly influence
the distribution, abundance, and diversity of reef fish
assemblages (Beukers and Jones 1997; McClanahan and
Arthur 2001; Steele 1999) and large fluctuations in an-
nual recruitment also influence adult densities (Doherty
1991). In this study, there were no significant differences
in percentage cover of different benthic categories or in
the topographic complexity index between the ten
qoliqoli (Jennings and Polunin 1997). Qoliqoli with
similar levels of fishing intensity were not geographically
grouped and the relationships between density and
biomass and fishing intensity were consistent for a range
of families and trophic groups suggesting that fishing
rather than recruitment variation is driving the observed
patterns apparent in our data.

The decline in height of the size-spectrum, and thus,
the decline in abundance of the community in response
to fishing intensity, may be a useful indicator of the
overall abundance-biomass effects of a fishery at the
multispecies level. However, the mid-point height value
does not relate to the distribution of abundance-biomass
across the community size classes, and so it is important
to analyse changes per size class to describe how any
changes in abundance-biomass are distributed across the
size range analysed.

Fig. 3 Mean mid-point heights of size-spectra for each qoliqoli ±
SE (a) and the relationship between mid-point height and fishing
intensity (b)

Table 1 Results of Tukey’s test comparisons of mean mid-point height for the ten surveyed qoliqoli. Qoliqoli are numbered in order of
increasing fishing intensity (persons per km reef front�1 given in brackets). See Jennings and Polunin (1997) for full details of each qoliqoli

Qoliqoli (and fishing intensity) Qoliqoli in order of increasing fishing intensity

1 2 3 4 5 6 7 8 9 10

1 (4.1) – <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
2 (18.7) – NS NS NS NS NS NS <0.01 <0.01
3 (25.1) – NS <0.05 NS NS NS NS NS
4 (28.0) – NS NS NS NS NS NS
5 (56.7) – NS NS NS NS NS
6 (83.0) – NS NS <0.05 NS
7 (90.0) – NS <0.05 NS
8 (117.0) – <0.05 NS
9 (182.5) – <0.05
10 (242.6) –
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This study provides good evidence of the size-
spectra slope of coral reef fish assemblages steepening
in response to exploitation. The greater reduction of
larger size classes than smaller size classes may be
explained by greater responses of larger fish to
exploitation attributable to life history characteristics.
Indeed, a previous study on the same data set dem-
onstrated that larger species were more vulnerable to
exploitation than their nearest relatives (Jennings et al.
1999). The extent to which the reduction in the mean
size of fishes in the community corresponds to a

reduction in trophic level is not clear. This is because
size and trophic responses to fishing can become de-
coupled when sampled communities do not reflect all
the pathways of energy transfer in a marine ecosystem
and when individual species show different relation-
ships between body size and trophic level. In general,
changes in size structure due to the differential effects
of fishing on species and populations with different life
histories will be a stronger and more universal indi-
cator of fishing effects than changes in mean trophic
level (Jennings et al. 2002).

Fig. 4 Relationship between
density and fishing intensity in
5 cm body size categories.
Dashed and solid lines indicate
non-significant and significant
linear regressions, respectively.
Slope of the regression line is
given for each size class
category. Note that the scale on
the y-axis varies between size
classes
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The relationships between fishing intensity and
abundance by size class clearly demonstrate a decline in
abundance of all size classes surveyed with increasing
fishing pressure, and provide no evidence for the eco-
logical release of smaller fish. Therefore, the steepening
of the slope in the size-spectrum with increasing fishing
intensity is principally a result of a greater reduction in
the abundance of larger than smaller fish, and not eco-
logical release of small fish from predation or competi-
tive pressure.

Although no evidence of ecological release was
apparent in this survey, it is important to highlight that
(1) only a select number of species [144] and families [6]
were included in the study, (2) many of the species sur-
veyed are targeted by the fishery (see Jennings and
Polunin 1997), and (3) no size classes <11 cm were
incorporated in the analysis. The minimal decline in
abundance of fishes in the smallest size class suggests
that they can withstand fishing impacts in the qoliqoli.
This may be because these size classes are selected
against or avoided by the fishers, or because many fish in
these size classes have very high levels of productivity.
However, much of the total biomass of animals in the
food web in these size classes may be found in other fish
and invertebrate species. Effects of predatory or com-
petitive release might be detected if more of the indi-
viduals in these size classes were censused. Indeed, a
similar study in the Lau Island group of Fiji incorpo-
rating 17 families of fish demonstrated weak ecological
release of smaller size categories using size-spectra
analysis (Dulvy et al. 2004). Further surveys of entire
communities and smaller size classes may give a clearer
picture of the extent of aggregated ecological release on
coral reefs.

The majority of studies on coral reef fisheries con-
ducted using underwater visual census methods,
including this one, are limited to a certain depth range
and standardised habitat type due to the constrains of
SCUBA. However, as the depth and habitat are stan-

dardised among qoliqoli, and there is a high level of
replication, the reef fish assemblage on the reef slope of
these qoliqoli is well sampled, as reflected in the results.
The fish assemblage is most homogeneous on these reef
slope habitats, increasing the power to detect fishing
effects. Furthermore, most of the fishing in these qoliqoli
is on rocky and coralline reefs (Jennings and Polunin
1995). A further survey and analysis of lagoonal and
deeper water fish assemblages would be needed to
ascertain whether similar trends are apparent in other
habitats.

In contrast to the many length-based methods used
for single species stock assessments (see Pauly and
Morgan 1987; Sparre et al. 1989), size-spectra analysis
assesses the size structure of the whole sampled assem-
blage, regardless of taxonomy. Therefore, the technique
may not be used to assess specific fishery target species,
but is useful to assess the overall size structure of the
assemblage. This is important as reef fisheries are mul-
tispecies and often opportunistic with an array of fishing
methods targeting a wide size range. Size-spectra allow
assessment at this multispecies level and can help eluci-
date both the primary and secondary impacts of fishing.

We conclude that size-spectra can be compiled for
reef fish assemblages from easily collected size-abun-
dance data and the slopes and mid-point heights of the
size-spectra have the potential to be used as indicators of
fishing effects. As size estimation is an easily trainable
technique, the approach is likely to be very valuable in
assessing the status of reef fish assemblages when the
reliability of species identification is uncertain and/ or
resources for conducting surveys are limited. However, a
range of further work would be necessary to develop and
test these indicators before they could be used to support
any ecosystem approach to fishery management. Such
work would need to include an assessment of the power
of the indicators to detect fishing as opposed to envi-
ronmental effects, development of methods for setting
target and reference levels, and improved understanding
of the relative effects of direct and indirect fishing effects
on the slope of the size-spectrum.
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