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Abstract

The red-lined trigger®sh (Balistapus undulatus) is a major predator of sea urchins and the loss of this species, along with other less

in¯uential sea urchin predators, has resulted in the proliferation of sea urchin populations on the coral reefs of East Africa. I
studied the recovery of B. undulatus and the associated demise in their sea urchin prey in ®ve Marine Protected Areas (MPAs) which
di�ered in their age, such that the data collected spanned a 30-year range in the age of protection. Results suggest that predation on

sea urchins and B. undulatus dominance recovered on a time scale of 5±10 years, but sea urchin populations were not reduced below
1000 kg/ha for more than 10 years, and B. undulatus populations may require > 30 years to recover. In a new MPA, B. undulatus
competitively excluded a subordinate wrasse predator, Cheilinus trilobatus, at baited sites in < 8 years. A second trigger®sh,

Balistoides viridescens, was the competitive dominant to B. undulatus in direct interference interactions, but B. viridescens was not
found in 2.7 ha of sampling and rarely seen eating sea urchins at baited sites. An even longer estimate of top predator recovery
would occur if B. viridescens is the dominant sea urchin predator. This study suggests that short and temporary closures of <10
years will not fully restore reef ecology, and that fully protected and permanent MPAs are a necessary part of coral reef conserva-

tion programs. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Predators at or near the top of ecological food webs
are of special concern to conservation because they can
in¯uence the ecological state, process and diversity of
their ecosystems. Severe reductions or losses of their
populations can, therefore, have cascading in¯uences on
ecosystems (Steneck, 1998). For example, the ecology of
East African coral reefs is greatly in¯uenced by the
relationship between sea urchins, their predators, and
®shing of these sea urchin predators (McClanahan,
1995a; McClanahan et al., 1995, 1999). Dominant sea
urchin predators are ®n®shes in the trigger®sh (Balistidae),
wrasse (Labridae) and emperor (Lethrinidae) families
with snails, star®shes and other invertebrates being
of lesser importance (McClanahan and Muthiga, 1989;
McClanahan, 1995b). The red-lined trigger®sh (Balistapus

undulatus) has been shown to be the dominant predator
in Kenyan marine protected areas (MPAs) often eating,
in experiments, >75% of Kenya's numerically and
competitive dominant sea urchin Echinometra mathaei
(McClanahan, 1995b, 1998). Consequently, I have sug-
gested that B. undulatus is a keystone predator because
it appears to be the most important predator among a
suite of predators that control the populations of sea
urchins (McClanahan, 1995b, 2000). Sea urchin abun-
dance, in turn, in¯uences reef ecology including coral
and algae interactions, the abundance of other grazers,
and erosion of reef substratum (McClanahan, 1995a;
McClanahan et al., 1995; Eakin, 1996). Maintaining reef
ecology undisturbed by ®shing may, therefore, depend
on the relationship between levels of ®shing on B. undu-
latus and, in the case of MPAs, on the rate of recovery of
B. undulatus from ®shing (McClanahan et al., 1999).
Marine protected areas, ®sheries reserves or other

types of closed area management are management tools
used to conserve ®sheries and natural resources (Roberts
and Polunin, 1993; Bohnsack and Ault, 1996; Allison et
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al., 1998). Ecosystem and species management of closed
areas may be permanent or rotated with periods of
resource use followed by closures and ecological recov-
ery. Deciding among management options and predict-
ing the period of recovery requires knowing the rates of
recovery of important species and their successional
ecology. In East Africa, the recovery rate of B. undulatus
from ®shing and the associated reduction in their sea
urchin prey are important ecological variables for plan-
ning MPA recovery or ®shery reserves or reef manage-
ment closure and recovery plans.
This study explores the recovery of B. undulatus in

East Africa's MPAs, the potential in¯uence of this pre-
dator on predation intensity and subsequent sea urchin
abundance and the interactions between B. undulatus
and other predatory species in ®ve MPAs of East
Africa. These MPAs compositely had a 30-year range in
the time since their closure to ®shing (Table 1). I studied
B. undulatus, other trigger®sh and wrasse species which
feed on sea urchins, their abundance, feeding and inter-
speci®c competitive behavior in these parks and unpro-
tected reefs. Additionally, the abundance of sea urchins
and predation intensity were measured annually in a
new park over an 8-year period and less periodically in
four additional parks. I hypothesized that the elapsed
time since the exclusion of ®shing would be a dominant
factor in predicting the abundance of sea urchin pre-
dators, their interspeci®c interactions, and the abundance
of their prey.

2. Methods

2.1. Study sites

Observations and ®eld measurements were made in the
®ve fully protected MPAs of East Africa which include
Malindi, Watamu, Mombasa, Kisite and Chumbe Mar-
ine Parks (Table 1) and four unprotected areas which
included Vipingo, Kanamai, Ras Iwatine and Diani.
These reefs di�er geomorphologically in being platform,
fringing and rock island reefs but share species common
to the East African region (Smith and Heemstra, 1986).
Study sites were similar in being shallow-water reefs
(<3 m deep at low tide) and having a high abundance

and diversity of corals and ®shes. Measurements were
made between 1991 and January 1999. Measurements
were most frequently made in four sites in Mombasa
and one site in Malindi followed by Kisite, Watamu and
Chumbe protected areas. These MPAs eliminated ®sh-
ing between 1968 (Malindi MNP) and 1993 (Chumbe)
which allowed comparison of B. undulatus, predation
and sea urchin populations over �30 year range of pro-
tection. Data from the four unprotected reefs were pooled
and given a value of zero for the age of protection.

2.2. Field measurements

Population measurements included estimates of trig-
ger®sh, predatory wrasses, and sea urchin population
densities. Trigger®sh and wrasses were identi®ed to
species and counted in three to four 100�5 m belt
transects established in each of the study sites during
each sampling period (McClanahan, 1994). A total of
54 belt transects were completed during the eight-year
study. Sea urchins were identi®ed to species and coun-
ted in nine to 18 10 m2 circular quadrats per site. Esti-
mates of sea urchin wet weights were estimated by
multiplying the average weight wet (McClanahan et al.,
1999) of each species by their population density and
summing the weight of each species to obtain a total sea
urchin wet weight.
An estimate of predation intensity on sea urchins at

each site was made by tethering 30±60 individuals of the
sea urchin Echinometra mathaei. Experimental sea
urchins were pierced with a hypodermic needle, threa-
ded with mono®lament ®shing line and tied to nylon
lines attached to the reef (McClanahan and Muthiga,
1989). Tethered urchins were visited daily for three days
and the last day that an urchin was seen alive on the
tether was recorded for three consecutive days. A mea-
sure of predation intensity, the Predation Index (PI),
was calculated as PI=(3-S)/3 where Swas the last day the
urchin was observed alive (McClanahan, 1998). Sea
urchin wet weights, B. undulatus abundance and the Pre-
dation Index were plotted against the age of the protected
areas and the unprotected reefs given an age of zero.
Predator identi®cation and competitive interactions

among predators were made by baiting sites with the sea
urchin E. mathaei. Whole adult E. mathaei (test lengths

Table 1

Decription of study sites, measurements, sampling dates and measurements. Kenya's national parks are government parks while Chumbe Island is a

privately leased park

Malindi MNP Watamu MNP Mombasa MNP Kisite MNP Chumbe Island Coral Reef Park

Year ®shing 1968 1972 1991 1973 1993

restricted

Reef type Platform reef Reef outcrop Fringing Reef Platform reef Rock Island Reef

Reef location Lagoon Lagoon Back-reef lagoon Back-reef lagoon Reef edge

Sampling periods 1987±1998 1987±1999 1991±1999 1992±1993 1997
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between 1.5±6.5 cm) were collected from reef platforms
or rocky shores near the study sites and kept in a ¯oat-
ing bucket. At a variety of sites in each reef a small
number of urchins (4±15) were placed on the ground.
The observer then hid behind a coral head or ¯oated on
the surface at a distance of 5±10 m from the baited area.
In some cases the time spent observing was reduced by
tossing one or two urchins from the surface towards the
baited site as the splash and sinking frequently attracted
predators and scavengers. A minimum of three di�erent
baited sites were studied in each of theMPAs per sampling
period. This techniquewas unsuccessful in the unprotected
reefs because no predators were observed eating the sea
urchin bait after more than 2 h of observation.
The observer recorded the number of individuals of

each species of predator that killed and opened whole E.
mathaei (using the nomenclature of Smith and Heem-
stra, 1986). A total of 273 observations of predation
were made during the 8 years of this study. In some
cases, predators carried the urchin into a crevice and the
observer later examined these crevices for carcasses to
con®rm that the urchins had been eaten. Studies in each
area required a minimum of 12 observations of preda-
tion for calculating the percentage of predators. In the
Mombasa MNP I studied ®ve sites in the same location
(Mombasa 4) every year between November and Jan-
uary and plotted the frequency of observed predators
with time.
Interactions between and among species at the baited

area were recorded. In most cases one individual attacked
and displaced another from the baited area and the species
and sex of the aggressor and aggrieved were recorded.
MaleB. undulatuswere distinguished from females in that
males were larger than females. Terminal-male wrasses
were distinguished from females: coloration was used as
the distinguishing characteristic in the genus Coris and
caudal and dorsal ®n extensions for the genus Cheilinus
(Smith and Heemstra, 1986).

3. Results

Scatter plots of the Predation Index and the wet weight
of sea urchins against time indicate that predation on sea
urchins is variable for new parks, but increases during the
®rst 10 years of protection and then levels out, but does
not entirely stop rising at the 30-year period of our data
set (Fig. 1a). Sea urchin wet weights decrease rapidly
during the initial stages of park protection but are
probably not reduced below 1000 kg/ha until after 10
years of protection (Fig. 1b). A plot of the density of B.
undulatus with the age of protection is variable but rises
in a straight-line manner with no indication of levelling
in population densities up to the 30-year limit of the
data (Fig. 2). B. undulatus is about twice as abundant as
the two next most abundant predators, Coris formosa

and Cheilinus trilobatus (Table 2). Pseudobalistes fuscus
was seldom seen while Balistoides viridescens was not
seen in the 2.7 ha sampled area (Table 2).
Plots of the frequency of observations of di�erent

predators eating baited E. mathaei in the Mombasa
park between 1993 and 1998 (Fig. 3) showed that the
wrasse Cheilinus trilobatus was the dominant predator
in the early stages of the park, but their frequency at
baited sites consistently decreased over time. In contrast
the frequency of B. undulatus predation increased from
20 to 100% of the observations during the 7-year inter-
val. The Coris wrasses (largely C. formosa) increased
during the ®rst 3 years and then decreased during the
last 3 years, while lethrinids were seldom observed eat-
ing E. mathaei and showed no trend with time. Plotting
the percentage of B. undulatus predation with time since
protection (Fig. 4a) and with the actual observation

Fig. 1. The relationship between the age of the ®ve MPAs and (a) the

Predation Index on tethered Echinometra mathaei and (b) the wet

weight estimates of all sea urchin species. The equation for (a) is y �
0:23 +0.48log(x); r2 � 086 if the Mombasa 4 data is removed.
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date (Fig. 4b) indicate that predation by B. undulatus has
increased very rapidly in the new Mombasa MNP com-
pared to the older parks. The older parks do, however,
show a rise in B. undulatus dominance in predation from
around 75±95% of the total observed predation events.
Interspeci®c observations at baited sites (Fig. 5) indi-

cate that B. undulatus is the most common predator
(Fig. 5a), comprising 82% of the 273 predation obser-
vations, and also the species with the most competitive
interactions (Fig. 5b). B. undulatus was involved in 42 of
the 55 interspeci®c competitive interactions and was the
superior in all interactions except for the four interac-
tions with Balistoides viridescens (Titan trigger®sh). B.
viridescens and the other trigger®sh predator, Pseudo-

balistes fuscus, were not frequently seen eating at the
baited sites, together eating <2% of the experimental
urchins, or interacting with other predators. The wrasses
Coris formosa,Cheilinus trilobatus,Coris aygula and Coris
gaimard africanawere observed eating 14% of the urchins
with C. formosa and C. trilobatus being the dominant
wrasse predators. Ten interactions were observed among
wrasses and these observations suggest that C. formosa
was the most competitively interactive species, but the
less interactive C. trilobatus won all observed aggressive
interactions. Observations suggest that the outcome of
the wrasse±wrasse interactions were, however, not
entirely predictable based on species, but, like B. undula-
tus, terminal males frequently displaced females regard-
less of species. Species of lethrinids were the least
commonly observed predators, eating <3% of the
urchins, and were also subordinate in all interspeci®c
interactions.

4. Discussion

4.1. Species interactions

It is clear that Balistapus undulatus plays a dominant
role, both competitively and numerically, on the preda-
tion of sea urchins, particularly Echinometra mathaei.
Despite the high frequency of agonistic interactions by
B. undulatus, the less common Balistoides viridescens is
the competitive dominant in direct interactions. B. viri-
discens was not seen in population censuses and when
seen at baited sites it was usually solitary, moving, and
not associated with the opposite sex, a nest, or an
obvious territory. When seen feeding apart from baited
sites, it was often consuming star®sh or sea urchins in
the Diademidae (personal observation). B. viridescens

Table 2

Population densities (No./500 m2) of trigger®sh and wrasses that pre-

date on sea urchins in the marine protected areas of East Africa. Based

on 54 500 m2 transects in the ®ve MPAs of East Africa

Predatory species x- S.D.

Balistapus undulatus 0.94 1.12

Coris formosa 0.35 0.70

Cheilinus trilobatus 0.28 0.49

Coris gaimardi africana 0.22 0.46

Coris aygula 0.11 0.32

Pseudobalistes fuscus 0.09 0.40

Balistoides viridescens 0.00 0.00

Fig. 3. Time series plot of the predator observations at baited sites in

the Mombasa MNP which closed ®shing in 1991. Each point repre-

sents 12±35 observations.

Fig. 2. Scatter-plot relationship between the age of the ®ve MPAs

with population density estimates of Balistapus undulatus during cen-

sus periods.
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also appears to have one of the most rudimentary of
trigger®sh egg nests and may not breed, like many trig-
ger®sh, in permanent pairs, leks or harems (Fricke,
1980; Gladstone, 1994) but few published studies or
observations on this species are available. Although B.
undulatus was subordinate to B. viridescens in the ago-
nistic interactions, B. undulatus did, by far, eat the most
E. mathaei and successfully defended its prey most often
against other predators and scavengers. Consequently,
B. undulatus is the most common sea urchin predator,
while not the dominant interference competitor.
The top interference competitor among the wrasses

appeared to be Cheilinus trilobatus, which was only
numerically dominant to B. undulatus at baited sites dur-
ing the ®rst 3 years after the Mombasa park's formation.
It was not seen eating sea urchins in the older parks or

in Mombasa after the seventh year of protection. A
combination of species interaction observations and
their change over time in Mombasa MNP suggest that
B. undulatus is the slow colonizing species but competi-
tively dominant, and C. trilobatus the fast colonizing
but subordinate species. Coexistence among this guild
of predators may, therefore, be partly attributable to
species-level trade o�s where the competitive dominance
of species is inversely related to the recovery time of
species after a disturbance (Tilman, 1988, 1990). I did,
however, see C. trilobatus temporarily entering unde-
fended B. undulatus territories and feeding on their eggs,
so complex interactions between these two species may
be possible.
This is one of the ®rst long-term studies to show an

asymmetrical successional species interaction in coral
reef ®sh population, which many have suggested to be
more dependent on the timing and spatial distribution
of settlers rather than on deterministic competitive
interactions (Doherty and Williams, 1988; Sale, 1991;
Doherty and Fowler, 1994). My observations suggest
that species interactions and relationships may not
always be hierarchical and deterministic based on species
alone as terminal males often dominated female wrasses,
irrespective of species. Among the wrasse and lethrinid
species, there were not enough observations of all pos-
sible terminal-male interactions and other species-sex
combinations to develop or fully understand the inter-
speci®c competitive organization of the wrasse guild.

Fig. 5. (a) Frequency of observed predation by predatory species and

(b) outcome of interspeci®c competition (displacement or chasing=>)

interactions at the baited sites. One species was considered superior

(>) if it chased or displaced another.

Fig. 4. Plots of the percentage of Balistapus undulatus predation on

the sea urchin Echinometra mathaei at baited sites in the studied parks.

Data plotted as (a) the age of the park and (b) the year of the obser-

vations. Data in (b) separate the new Mombasa MNP from the older

parks for regression statistics.
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Species in the genus Coris were competitively sub-
ordinate to C. trilobatus, but showed more predation
during the transition from C. trilobatus to B. undulatus
dominance at the baited sites and not a straight reduc-
tion over time, which would be the prediction for the
most subordinate species. It should be appreciated that
C. formosa and other Coris wrasses are scavengers of E.
mathaei carcasses (McClanahan, 1995a) and trigger®sh
eggs, and may, therefore, often scavenge carcasses or
eggs left undefended by B. undulatus. Some of the
observed agonistic interactions could, therefore, be
construed as a weak predator/scavenger attracting a
stronger predator in order to increase the possibility of
getting some scraps or distracting it with prey, in order
to feed on the predator's undefended eggs, or both.
Coris species were probably competitively superior to
lethrinids but these groups were infrequently seen ago-
nistically interacting. Coris wrasses and lethrinids may
be the most common predators in heavily ®shed East
African reefs as these species are a common part of the
catch while balistids are uncommonly caught in mature
coral reef ®shing grounds (personal observation).

4.2. Recovery time

The data were variable, but there appeared to be a lag
between the various peaks or stabilizing points of the
various measures of predation including sea urchin
abundance, B. undulatus dominance, the Predation Index
and population abundance in this study. The Predation
Index recovered most quickly followed by B. undulatus
dominance, the demise of sea urchins, and lastly B.
undulatus population densities. The Predation Index was
quite variable within the ®rst 10 years of protection
varying between 0.4 and 0.85, but after 9 years of pro-
tection, all sites were above 0.80 and suggested a slight
increase during the latter 10±30-year period. Sea urchin
wet weights were not below 1000 kg/ha for any sites <9
years old, and the reduction of sea urchins by their pre-
dators may, therefore, require periods in excess of 10
years, but probably <17 years. In the Mombasa MNP
study sites, dominance of predation on E. mathaei by B.
undulatus was complete in <8 years, despite the fact that
B. undulatus population densities were half those of the
oldest park, Malindi MNP. Consequently, the recovery
time of reefs from heavy ®shing disturbances may depend
on the objectives of management, recovery of B. undu-
latus dominance and predation on small sea urchins, on
the scale of 5±10 years, reduction in sea urchins on the
scale of 10±15 years, and recovery of B. undulatus
populations on a scale greater >15 years.
The above conclusions assume that there were not

large site, poaching or habitat di�erences in the di�erent
MPAs that I studied or that they had a greater in¯uence
on the data than the temporal trajectories of recovery
suggested by the scatter plots with the age of MPAs.

This study, like most large-scale ecological studies of
MPAs, is not abundantly replicated in space, with a
total of only ®ve parks, only two recent parks, a lack of
sites for park ages between 9 and 17 years, and the likely
possibility that perfect management is not achieved
(Muthiga et al., 2000). These weaknesses are unavoid-
able, as these MPAs, represent all the functioning
MPAs in East Africa. Census data and observations in
the recovering Mombasa MNP indicate that the area I
studied when baiting E. mathaei (Mombasa 4) had the
fastest recovery rates of B. undulatus compared to other
areas in the park. This is probably due to the sites
nearness to the centre of the park, the occurrence of a
shallow tidal channel connecting the lagoon and deeper
reef edge, a high relief and abundance of corals and
particularly large massive Porites that were often the
location of B. undulatus dens. Consequently, I suggest
that the recovery of B. undulatus was near the maximum
rate in this area and probably indicates an upper limit to
recovery for this species.
Despite the fast recovery of B. undulatus at the Mom-

basa site 4 there were still abundant Echinothrix diadema
that, despite the demise of most other species of sea
urchin, changed little from the opening of the park
(McClanahan, T. unpublished data). E. diadema is among
the most resistant sea urchins to predation (McClana-
han, 1998) and it may be that B. undulatus and other
predators select less well-defended prey in the early
stages of their population recovery. Sites dominated by
less predator-resistant sea urchins should recover more
quickly. An additional limitation is that the Predation
Index is only a relative measure of predation and is
dependent on the sea urchin species used in the experi-
ments. E. mathaei is one of the most predator-susceptible
sea urchins and will, therefore, not be able to distinguish
predation intensity at the highest levels of predation, as
may be expected in MPAs (McClanahan, 1998).
The lack of saturation in B. undulatus with the age of

the MPAs may indicate that B. undulatus never reached
its maximum population density before 30 years. The
most likely alternative explanation is that site di�er-
ences and their suitability to B. undulatus produced this
pattern. Observations of B. undulatus behaviour and
movements during this study suggest that male-female
pairs regularly patrol and defend areas on the order of
100±200 m2 (Kiambo, R. and McClanahan, T. unpub-
lished data). Consequently, a population density of > 5
individuals/500 m2 may be the expected carrying capa-
city of this species, where habitat and environmental
conditions are appropriate. The present average popu-
lation of one B. undulatus per 500 m2 overall and a
maximum of ca 2.7 per 500 m2 in Malindi suggests that
MPAs still have the potential for greater B. undulatus
populations. Further studies on B. undulatus territory
size, habitat associations and food requirements will be
needed to improve predictions for their population
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numbers in time and space, but our data and observa-
tions suggest populations short of carrying capacity in
MPAs.
The low population densities of B. undulatus in the

Kisite MNP compared to Malindi may be habitat or
resource limitations or di�culties in accurately counting
B. undulatus. It should be appreciated that B. undulatus
are often found hiding in dens or burrows, and this
behavior may make accurate censusing of these species
di�cult and result in underestimates of population sizes
in some of the MPAs. Alternatively, sea urchin pre-
dators may have slow recovery times and even after 30
years of protection these parks may not have reached
their limits to colonization and growth. For example,
there is a possibility that B. viridescens or another slow-
colonizing predator have not recovered to levels where
they are common enough to dominate B. undulatus and
predation at baited sites. The very large humphead
wrasse (Cheilinus undulatus) is another possibility for
top predator as it is a very large and likely sea urchin
predator that is present in the region. Nonetheless,
terminal males are very uncommon in either ®shed or
MPA reefs and were never observed eating the baited
urchins. If this is the case, than there may still be further
serial species replacements among the sea urchin pre-
dators, in which case the recovery time of reefs from heavy
®shing may even exceed 30 years. It may also be that low
but chronic levels of poaching are a�ecting population
densities and the recovery rate of these MPAs.
This study suggests that the complete recovery of

coral reef ecology after heavy ®shing can be slow to the
order of 5 to, perhaps, > 30 years depending on the
measure of recovery. Ecological functions like predation
appeared to recover faster than species or community
ecology factors such as sea urchin dominance or the
recovery of the dominant predatory species. Temporary
closures of coral reefs from ®shing may result in rapid
increases in the numbers and sizes of many of the ®shed
species (Roberts, 1995; McClanahan and Kaunda-
Arrara, 1996; Russ and Alcala, 1998) and even in indir-
ect factors such as coral cover and the calcium carbo-
nate balance (McClanahan and Mutere, 1994), but this
study suggests that the recovery time of some critical
species may be considerably slower. Common to many
ecosystems, the recovery of ecological processes, such as
productivity and predation, and gross trophic groups
may be considerably faster than recovery of certain key,
slow growing, colonizing or competitively dominant
species. Studies that focus on processes or gross trophic
recovery can give the false impression that ecological
succession and recovery are complete and that human
or other disturbances can be relatively frequent and still
maintain biological diversity or ecosystems in a state lar-
gely undisturbed by humans. This impression can encou-
rage and justify a management policy that maintains
frequent to moderate human disturbances. This study

suggests that short and temporary ®sheries closures may
be useful for the management of ®sheries and ecosystem
functions, but are less valuable for conserving important
species and undisturbed reef ecology. Permanent MPAs
or areas permanently closed to resource extraction are,
therefore, a necessary part of the management of biologi-
cal diversity and coral reef ecosystems.
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