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ABSTRACT: The size, density and biomass of coral reef fish in 4 fully closed m arine protected areas 
(MPAs) w ith different ages w ere studied over a 17 yr period. Space-for-time substitution samples 
w ere available for a period of 4 yr before, and 36 yr after the closure. Both the height of the size struc
ture graph (which is a value of overall abundance-biom ass) and the assem blage biomass graph are 
convex polynomials w ith a maximum biomass of 1200 kg ha-1 at 22 yr. This suggests that full recov
ery of coral reef fish assem blages in term s of abundance-b iom ass is considerably longer than  gener
ally believed. Beyond 25 yr, there can be a small loss in biomass, w hich we suggest is due to reduced 
net prim ary production associated w ith the increased abundance of calcifying algae attributable to 
intense grazing. Size spectra slopes w ere variable at all times, changed quickly, and w ere probably 
influenced by local environm ental conditions, w hich m ade concise predictions for equilibrium  coral 
reef size structure rather difficult.
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INTRODUCTION

Fish recovery from fishing has implications for the 
design of closed areas and determ ining the equilib
rium abundance and structure of exploited species, 
which can help w ith conservation and harvesting m od
els and decisions (Russ & Alcala 2004). A recent m eta
analysis of 112 closed areas suggested that the effects 
of fisheries closures on fisheries target groups are 
rapid, on the scale of a few years (Halpern & W arner
2002). There are, however, tim e-dependent processes 
in ecosystems that operate and interact on many 
scales, and theory suggests that only some processes 
will be rapid (Levin 2000, Allen & Holling 2002, 
M cClanahan et al. 2002). The few site-specific studies 
of recovery of harvested fish in coral reefs indicate that 
full recovery of fish populations may be considerably 
more than a few years (M cClanahan & Kaunda-Arara 
1996, M cClanahan 2000, Russ & Alcala 2004). Until 
more m oderate to long-term  time series studies are 
com pleted and the scale of various recovery processes

are uncovered, the aforem entioned predictions for the 
recovery rates of closed-area m anagem ent will rem ain 
simple and unresolved.

Because m any ecological processes vary over con
siderable timescales and because hum an influences 
are w idespread, there is a need  for concerted efforts 
to collect data at multiple scales in areas w ith m ini
mum hum an influences, in order to establish base
lines for understanding hum an influences (Pauly et al. 
1998). This is of particular concern for marine ecosys
tems, given that marine protected areas (MPAs) are a 
m odern conservation phenom enon (Kelleher et al. 
1995), and that most studies of MPAs, apart from 
m eta-analyses (M osquera et al. 2000, Cote et al. 2001, 
H alpern 2003), are based  on only one or a few closed 
areas often at one point in time and m easured effects 
are sensitive to the control or reference sites used for 
comparison of effectiveness (Willis et al. 2003, Sale et 
al. 2005). There is a need  to use m ethods such 
as m eta-analysis and patching together time series 
using space-for-time substitutions to create chronose-
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quences w ith different initial starting 
points of m anagem ent in order to test for 
general patterns that are not site- or time- 
restricted.

With increasing calls for ecosystem 
approaches to fisheries m anagem ent (Link 
2002, Browman & Stergiou 2004, Pikitch et 
al. 2004), the use of aggregated  techniques 
(such as size-based approaches to analyze 
assem blage data) are becom ing more com
mon (Rochet & Trenkel 2003). As maximum 
size is correlated w ith m any other life-his- 
tory traits, resulting in larger fish being 
more vulnerable to exploitation (Jennings 
et al. 1999, Denny et al. 2002) and because 
larger fish are generally targeted  before 
smaller fish (Pauly et al. 1998), size is prov
ing to be a useful way to assess multispecies 
fisheries (Bianchi et al. 2000, Dulvy et al.
2004, Graham  et al. 2005). Increasing evi
dence of species-level (Watson and Ormond 
1994, G raham  et al. 2003) and aggregated  
size-based (Dulvy et al. 2004) indirect in ter
actions w ithin coral reef fish assem blages 
further suggest that recovery trajectories in 
these ecosystems should be assessed at the 
assem blage level.

This study exam ines the size structure 
and biomass of coral reef fishes in Kenyan coral reefs 
by exam ining 4 fully closed MPAs that vary in their 
time of establishm ent (from 1968 to 1991) w ith data 
that are available from 4 yr prior to and 36 yr after 
closed-area m anagem ent (see Table 1). The study 
sites w ere exam ined betw een 1987 and 2004, and 
repeatedly sam pled so that a 40 yr chronosequence 
of m anagem ent can be patched together from this 
sam pling and differences in the starting dates for 
closed-area m anagem ent. Here, w e focus on the 
recovery of biomass and size structure of the total 
fish population as a function of the age of the closed- 
area protection to determ ine if there are consistent 
and general patterns and equilibrium  levels for each 
of these factors.

MATERIALS AND METHODS

Study sites. The fully protected study areas lie along 
a 180 km stretch of southern Kenya (Fig. 1). They vary 
in size from around 6 to 28 km2 and w ere legally 
gazetted  betw een 1968 and 1988; M alindi and 
W atamu in 1968, Kisite in 1973, and M om basa in 1988 
(Table 1). The starting dates for m anagem ent are, how 
ever, often som ewhat different and not easily deter
m ined w ith accuracy. Since m anagem ent in Malindi 
and W atamu was originally focused on Malindi, we 
gave M alindi a 1968 starting date and W atamu a 1972 
starting date. Kisite was regazetted  in 1978, and this is 
often given as the starting date for this park (Sheppard 
& Wells 1988), but this 1978 regazettem ent was to open 

up a fully closed area to restricted fish
ing, and we therefore used the original 
date of 1973. The first author was w ork
ing in the M om basa park  around the 
period from gazettem ent to im plem en
tation, and chose 1991 as a starting 
date for this park, from this date fisher
m en w ere excluded. The m anagem ent 
practices are consistent betw een the 
parks, all of which are being enforced 
by the Kenyan Wildlife Services. The 
closure area of 28 km 2 given for the

T able  1. D escrip tion  of th e  4 s tu d ied  m arin e  p ro tec te d  a rea s  in  K enya in c lu d in g  
th e  tim e since  closure  from  fish ing, c lo sed -a rea  size, a n d  2 im p o rtan t h a b ita t

va riab les  (m ean  ± SD)

C losure H a b ita t v ariab les Site X Tim e
D ate Size H a rd  coral R ugosity rep lica tio n
(year) (km 2) (%) (m n r 1)

M alindi 1968 6.3 25.9 ± 12.4 1.30 ± 0.0 29
W atam u 1972 10.0 26.6 ± 13.0 1.31 ± 0.0 30
Kisite 1973 28.0 26.7 ± 17.3 1.18 ± 0.1 10
M om basa 1991 6.0 29.8 ± 12.7 1.31 ± 0.1 32
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Kisite MNP over-represents the area in the coral reef, 
which is closer to 10 km2, and much of the rem aining 
area is sandy bottom (T. R. M cClanahan pers. obs.). 
The Kisite site w as sam pled for fish twice and benthic 
cover 5 times during the study period, and therefore 
the fish data  w ere not used in site-specific analyses but 
only w hen compiling chronosequences. All sites are 
similar shallow leew ard or back reef areas (<2 m  at low 
tide) that are dom inated by living and dead coral that 
is colonized by various forms of algae (Table 1).

Fish and benthic field sampling. Fish communities 
w ere quantified using 2 to 5 replicate 5 x 100 m belt 
transects per site (M cClanahan 1994, M cClanahan & 
Kaunda-Arara 1996). W et-weight estim ates w ere 
m ade by classifying each individual encountered in 
transects to the family, estim ating its length, and plac
ing it into 10 cm size-class intervals, up to 40 cm and 
w ith no individuals <3 cm in length recorded. Data 
w ere collected and placed in 11 taxonomic categories 
and 1 group of 'others' or all other fish (M cClanahan 
1994). Small and cryptic taxa such as blennies, tobies, 
and gobies w ere sam pled but probably underestim ated 
(Ackerman & Bellwood 2004). For the purpose of this 
study, we pooled all groups and analyzed the pooled 
data. Wet weights per family w ere estim ated from 
leng th -w eigh t correlations established from m easure
m ents of the common species in each family taken at lo
cal fish landing sites in Kenya (M cClanahan & Kaunda- 
Arara 1996). This m ethod is not accurate for the small 
and cryptic species but obtains reasonable estim ates of 
fish w et w eights because the larger and more exposed 
species m ake up the largest fraction of the total fish 
weight. The estim ate of biomass removes the 3 to 10 cm 
size class, w hich is small, assum ed to be under-sam 
pled, and also not a part of the fisheries targets.

A ttached benthic communities w ere described by the 
line-intercept method using 9 to 27 10-m line transects at 
each site per year. Cover of benthic biota under the line 
> 3 cm in length was classified into 9 gross substratum  
categories (hard coral, soft coral, algal turf, coralline a l
gae, calcareous algae, fleshy algae, seagrass, sand, and 
sponge) and their lengths w ere m easured to the nearest 
centim eter (M cClanahan & Shafir 1990). Cover of the 
functional groups was calculated as num bers of cen
tim eters per m eter of line transect, and in this study we 
sum the 2 calcifying algal groups (green and red  cal
careous or coralline algae) and divide by the sum of the 
turf and frondose algae. This cover ratio gives a m easure 
of the ratio of calcifying and non-calcifying algae, which 
is expected to be a gross m easure of net production on 
these reefs (Steneck & Dethier 1994).

Data analyses. Fish data  w ere principally analyzed 
at the aggregated  level using size-spectra analysis. 
This technique describes the size composition of com 
munities by studying the relationship betw een abun

dance by body-size class and body size of the aggre
gated  assem blage regardless of taxonomy (Kerr & 
Dickie 2001). Individual fish censused w ere allocated 
to body-length class groupings from 10 to >40 cm. 
Slopes of the size spectra w ere calculated from linear 
regressions of log10 (x + 1) num bers per size class on 
the rescaled log10 mid-point of each length class. This 
centering of the independent variable gives a value for 
mid-point height as opposed to the intercept, thus 
rem oving the correlation betw een slope and intercept 
(Daan et al. 2003). M id-point height is an index of the 
assem blage abundance-biom ass (Trenkel & Rochet
2003). The significance of both slope and height for 
each of the 3 most sam pled MPAs was tested  using 
linear regression individually, to test the site-level 
structure of the data, and a second-order polynomial 
trend  was fitted to the height data. The significance of 
trends in size-class da ta  for the 3 most sam pled MPAs, 
Malindi, Watamu, and M ombasa, was tested  sepa
rately, with linear regression by each size class for 
each m anagem ent area. A ggregated biomass data 
(>10 cm) for all fish surveyed was also independently 
analyzed w ith linear regression for each of the MPAs. 
Trends in the ratio of calcifying and non-calcifying 
algae w ere analyzed as a function of the age of the pro
tected area using a GLM ANCOVA procedure with 
years of protection as a covariate. However, due to an 
interaction betw een years of protection and site, due to 
not enough overlap in the age of the MPAs, statistics 
across all parks com bined could not be used. We th ere 
fore analyzed the 3 most sam pled MPAs separately 
using linear regression and present the data on the 
same plot as a m eans to visualize the overall pattern.

RESULTS

Size-spectra slopes for all size classes w ere quite 
variable (ranging from -0.35 to -0.78) at all sites and 
times and w ere not statistically significant for reg res
sions w ith time (Malindi F110 = 2.06, W atamu F110 = 
0.27, M om basa F1:11 = 1.59; Fig. 2a). There are often 
rapid changes from year to year that create high vari
ability and m ask any potential trends w ith time. The 
size-spectra slope rises in the youngest m arine park, 
M ombasa, however the trend was only statistically sig
nificant w hen exam ining the density of the different 
size classes (Fig. 3). In M ombasa, the densities rise 
over time significantly for the 20 to 30 and 30 to 40 size- 
class intervals. Individual size classes are more stable 
in W atamu and Malindi, w ith the exception that the 10 
to 20 cm size class declined over time in Malindi.

The height (or y-intercepts) of the size spectra eq u a
tions and the biomass estim ates for all sites and times 
com bined indicate a hum p-shaped relationship with
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time with maximum height and biomass betw een 21 and 
22 yr (Fig. 2b,c). W hen analyzed for each site separately, 
the relationship betw een height and time is, however, 
only significant for M om basa (F1:11 = 12.9, p < 0.01), and 
w eakly negative for M alindi (F110 = 3.54, p = 0.09) and 
no relationship for W atamu (F110 = 0.09). Similarly, bio
mass increases significantly for M om basa (F1 iU = 11.7, 
p < 0.01) but does not change w ith time for M alindi 
(Flil0 = 2.44, p = 0.15) or W atamu (F110 = 1.88, p = 0.20).

Benthic cover data suggests a rising trend  in the ra 
tio of calcifying to non-calcifying algae as a function 
of the age of the protected area (Fig. 4). The rise in 
M om basa in the first 13 yr of protection increases 
linearly (F1|12 = 34.4, p < 0.0001), but above around 
20 yr, the data are variable and site dependent (Ma
lindi F112 = 4.23, p < 0.06, W atamu F112 = 3.65, p <0.08) 
w ith M alindi having the highest ratio. Nonetheless, an 
exponential fit to the data for all sites com bined is 
strong (r2 = 0.72).

DISCUSSION

This study indicates that it takes a considerable time 
(just over 20 yr) for coral reef fish to recover their full 
biomass in Kenya. This finding is similar to the only 
other m oderate-term  studies of fish recovery in coral 
reefs (M cClanahan 2000, Russ & Alcala 2004). Russ & 
Alcala (2004) reported  that large predatory fish w ere 
still recovering after 9 and 18 yr of protection in 2 stud
ied m arine parks in the Philippines. By fitting their 
data  to a logistic model of fish population growth, they 
estim ated that the time to full recovery was 15 and 
40 yr for the 2 closed areas, w hich is in the range p re 
dicted for the recovery of the red-lined triggerfish, an 
im portant keystone predator on Kenyan coral reefs 
(M cClanahan 2000). Consequently, both studies sug
gest that >15 yr is required  to recover fish biomass, 
w hich is considerably longer than the 1 to 3 yr sug
gested  by a m eta-analysis of 112 closed areas (Halpern 
& W arner 2003). We agree w ith Russ & Alcala (2004) 
that the m eta-analysis m ethod does not coincide with 
the theoretical expectations of these tim e-dependent 
processes and is sensitive to differences in the selec
tion of sites and the history and effectiveness of their 
m anagem ent. Although H alpern & W arner (2003) sug
gest that recovery times in reserves are w ithin a few 
years, their study indicates that time was not a statisti
cally significant factor, which is biologically unrealistic 
unless rapid immigration into recently closed areas is 
the dom inant process of recovery. We therefore sug
gest that there are some systematic problem s w ith the 
choice of study sites, controls, and estim ates of periods 
of protection. Full recovery is likely to be dictated by 
periodic recruitm ent patterns, growth, and longevities 
of the fish. Longevities of the large predators in coral 
reefs are often in the range of 15 to 45 yr (Choat & 
Robertson 2000, N ewm an et al. 2000, Kam ukuru et al. 
2005). The com bined findings of these recovery studies 
suggest that closed areas need  to be m aintained for at 
least 2 decades before the fish fauna approaches the 
full size and biomass.

Our data did not, however, indicate that there was an 
equilibrium  biomass for the coral reef fish fauna.
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Although the maximum biomass was -1200 kg 
ha-1 at -20  yr, it would appear that beyond 20 yr 
there was a small decline in biomass. The 1200 kg 
estim ate is reasonable based on energy-based 
m odeling studies (M cClanahan 1992, 1995), but it 
is more surprising that there was a decline after 
20 yr. This decline might simply be due to site- 
specific patterns and an artifact of the low overlap 
betw een sites over time, but if not an artifact, it 
could be attributable to slow recovery processes, 
and explanations might include changes in benthic 
cover and net production (Fig. 4), density or bio- 
m ass-dependent em igration of fish from older 
parks (Rodwell et al. 2003), and recovery of higher 
trophic levels and reduced biomass of their lower 
trophic level prey (Graham et al. 2003). We present 
changes in the ratio of calcifying to non-calcifying 
algae as a possible explanation because as this 
ratio increases it is expected to reduce net benthic 
production (Steneck & Dethier 1994) and have sub-
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sequent effects on the animal biomass of the reefs 
(M cClanahan 1992). Malindi, the site w ith the highest 
calcifying to non-calcifying ratio, was also the site with 
the largest declines in fish biomass. Despite this indi
rect evidence, we also recognize that this is only 1 
possible explanation, and the presen ted  pattern  is cor
relative rather than  causative, and the alternative sug
gestions m entioned above are am ong factors that may 
have contributed to this pattern. It does, however, sug
gest that other ecological processes in recovering coral 
reefs are also slow and on the scale of decades and 
possibly caused by the recovery of fish biomass. It is 
expected that grazing pressure will increase with 
increased recovery, and this is expected to improve 
conditions for calcifying algae (Steneck & Dethier 
1994). Although perhaps surprising for coral reefs, this 
may be analogous to reported declines in forest p ro
duction and biomass in old forests due to reduced 
availability of soil phosphorus (Wardle et al. 2004).

Biomass estim ates in the fished areas along the coast 
for the same habitat dem onstrate no positive trends 
through time, and the m ean value is below 150 kg ha-1 
in all areas sampled. The biomass of 150 kg ha-1 is 
close to the biomass of M om basa m arine park prior to 
enforcem ent, and indicates that the observed trends 
are a result of protection from fishing, and not other 
environm ental, biological, or fishing pressure factors. 
A lthough we acknow ledge that there may be some 
variation in response to protection betw een the 4 
MPAs, they are all controlled by the same m anage
m ent practice, have similar habitat and benthic cover, 
and are geographically in close proximity (Table 1).

The size spectra of fish may be a useful way to judge 
the intensity of and recovery from fishing (Dulvy et al. 
2004, G raham  et al. 2005) if some theoretical, such as 
the energetic equivalence rule (Damuth 1981), or fre
quently observed equilibrium  spectra are found for 
coral reef fishes. Ackerm an et al. (2004) found evi
dence for a close m atch betw een the theoretically 
expected slope of -0 .75 for body size and abundance 
for the largest size classes of fish in their study at 
Orpheus Island, Australia, but poorer fit w hen includ
ing the smaller fishes w ith slopes ranging from -0.32 to 
-0.86. Their one-tim e study indicates that the slope 
depends on the choice of the studied size classes used 
in the field or analyses, and our temporally replicated 
study suggests that even w hen size classes are fixed 
the slope does change over time, sometimes quite 
quickly. Based on studies of fishing pressure in Fiji, 
spectral slopes are expected to become steeper with 
increasing fishing pressure (Dulvy et al. 2004, Graham 
et al. 2005) and would therefore be expected to 
becom e less steep after relaxation of fishing pressure. 
We did find a w eak positive rise in the slope in the 
youngest park over time, associated with increases in

the 2 largest size classes, but it was also quite variable 
and did not converge on an expected equilibrium. The 
scatter in the older parks w as large and not useful in 
identifying an equilibrium  slope. High variation in 
spectral slope data  from all studies com bined suggests 
that there is little evidence for an equilibrium  size 
spectral slope for coral reef fishes at this location and 
habitat. Consequently, it is more likely that other eco
logical factors are influencing coral reef fish sizes, and 
identifying the m any other possible causes will require 
additional research.

In accordance w ith the results here, significant 
trends in abundance-b iom ass (height) w ere also found 
w ith changes in fishing pressure in Fiji (Dulvy et al. 
2004, G raham  et al. 2005). However, in contrast to the 
results in Fiji, w here a gradient of fishing intensity was 
associated w ith indirect responses in the smallest size 
classes (Dulvy et al. 2004), only the M alindi data  sug
gested  a decline of smaller size classes w ith increasing 
time since fishing closure. Further use of size spectra 
analysis across gradients of fishing pressure or through 
time will improve understanding of the size-based 
implications of fishing and difference in m anagem ent 
regim es on coral reefs. The concurrent trends in 
aggregated  biomass in this study suggest reliable m ea
surem ents of the effects of and recovery from fishing. 
Given that biological overfishing occurs w hen the 
stock falls below half of the pristine biomass (Clark 
1985), the value 1200 kg ha-1 (for fish >10 cm) pro
vides a good basis for estim ating the condition and 
providing targets for fish biomass on fished reefs in this 
region. It should be appreciated that this pristine bio
mass is expect to differ on reefs in different regions, 
w ith depths and benthic cover, and should be extrapo
lated  to other reefs w ith caution. For example, the low
est or 'unfished' areas from the Fiji and Seychelles 
studies suggest fish biomass ranging betw een 500 and 
1000 kg ha-1 (Jennings et al. 1995, Jennings & Polunin 
1997, Dulvy et al. 2004), w hich may be due to regional, 
habitat, and productivity differences, or reefs that are 
lightly fished, or have not recovered from previous 
fishing.

Given that most coral reef closed areas are recent 
and not well m anaged (Kelleher et al. 1995), and that 
for the purposes of ecosystem m anagem ent, there is a 
need  to determ ine equilibrium  states of reef fishes and 
ecosystems for comparison w ith exploited ecosystems, 
it behooves nations with coral reef fisheries to have 
multiple, fully closed areas that are perm anently and 
properly enforced for many decades. The time for 
recovery is significantly long, and unless perm anently 
closed areas are part of a fisheries-m anagem ent p ro
gram, there is little basis on w hich to judge the condi
tion of reefs and fisheries with reefs undisturbed by 
fishing (Pauly et al. 1998). Light or restricted fishing,
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lax enforcem ent of closure, and rotational or periodic 
harvesting are all likely to set back the recovery of the 
ecosystems (Russ & Alcala 1998, M cClanahan & M angi 
2000). Periodic harvesting may be a useful form of fish
eries m anagem ent but it should not replace (but, 
rather, be used together with) perm anently closed- 
area m anagem ent.

A ck n o w led g e m e n ts .  This w o rk  re su lte d  from  a  lo n g -te rm  
m onito ring  p ro g ram  c lea red  b y  th e  K enyan  M in istry  of Sci
en ce  a n d  T echnology a n d  w ith  logistic su p p o rt p ro v id ed  by 
K enya W ildlife Services. T he com m ents of J. Bythell, T. Daw, 
S. W ilson a n d  2 rev iew ers h e lp e d  im prove th e  m anuscrip t.
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