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Abstract For over 20 years the El Nino-Southern 
Oscillation (ENSO) has caused damage to the coral 
reefs of the eastern Pacific and other regions. In the 
mid-1980s scientists estimated that coral cover was 
reduced by 50-100% in several countries across the 
region. Almost 20 years (2002) after the 1982-1983 
event, we assessed the recovery of the virtually 
destroyed reefs at Cocos Island (Costa Rica), previ- 
ously evaluated in 1987 and reported to have less than 
4% live coral cover. We observed up to fivefold 
increase in live coral cover which varied among reefs 
surveyed in 1987 and 2002. Most new recruits and 
adults belonged to the main reef building species from 
pre-1982 ENSO, Porites lobata, suggesting that a dis- 
turbance as outstanding as El Nino was not sufficient to 
change the role or composition of the dominant spe- 
cies, contrary to phase shifts reported for the Carib- 
bean. During the 1990s, new species were observed 
growing on the reefs. Notably, Leptoseris scabra, con- 
sidered to be rare in the entire Pacific, was commonly 
found in the area. Recovery may have begun with the 
sexual and asexual recruits of the few surviving colo- 
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nies of P. lobata and Pavona spp. and with long dis- 
tance transport of larvae from remote reefs. We found 
an overall 23% live coral cover by 2002 and with one 
reef above 58% indicating that Cocos Island coral reefs 
are recovering. 

Introduction 

The El Nino-Southern Oscillation (ENSO) occurs in 
the equatorial eastern Pacific with a periodicity of 2- 
7 years. It causes great environmental changes, such as 
increase in sea surface temperature, that affect marine 
populations and ecosystems in a variable manner 
(Enfield 2001; Fiedler 2002). It is estimated that ENSO 
events are now more frequent and intense than in the 
last 150,000 years (Timmermann et al. 1999; Tudhope 
et al. 2001), and the 1997-1998 event is considered the 
strongest and longest of the twentieth century (McPha- 
den 1999; Enfield 2001). 

Coral reefs are among the ecosystems that have 
been most affected by ENSO (Glynn 1990; Victor et al. 
2001). In particular, the coral reefs of the eastern 
Pacific suffered unprecedented mass mortality at a 
regional scale as a consequence of the anomalous sea 
warming during the 1982-1983 El Nino (Glynn 1990). 
This event affected the region unevenly along a latitu- 
dinal gradient, causing bleaching and mass mortality of 
corals that reached almost 100% at the equator (Gala- 
pagos Islands) and that was high (>70%) in Panama, 
intermediate (50%) in Costa Rica (Glynn et al. 1988), 
and nil in Baja California, Mexico (Carriquiry et al. 
2001; Reyes-Bonilla 2003). 

Likewise, during the 1997-1998 ENSO, significant 
coral bleaching was observed in the entire eastern 

4y Springer 



Mar Biol 

Pacific region. However, the mortality pattern 
observed this time was different than in the 1982-1983 
event, with a higher mortality of corals in the north 
(latitude 20°-25°) in the reefs of Mexico (18-96% mor- 
tality; Carriquiry etal. 2001; Reyes-Bonilla 2003), 
moderate mortality at the equator (Galapagos Islands 
26%), and low mortality at the Ecuador mainland (7%; 
Glynn et al. 2001). In Panama a low mortality of 13% 
was observed in the Gulf of Chiriqui and no mortality 
was found in the upwelling area of Gulf of Panama 
(Glynn et al. 2001). Mortality was also low (5%) in the 
reefs of northern and southern Costa Rica (Guzman 
and Cortes 2001; Jimenez and Cortes 2003). 

One of the first impressions of the studies in the 
1980s was that recovery would either be virtually 
impossible, given the low rates of sexual reproduction 
in corals observed in the eastern Pacific, or that such 
recovery would be very slow and localized. In the last 
decades it has been repetitively stated that coral reefs 
are being destroyed at alarmingly high rates due to nat- 
ural and anthropogenic impacts (Pandolfi et al. 2003, 
2005), reporting a 24% of world's reefs at risk (Wilkin- 
son 2004), and a potential loss of resilience (Hughes 
and Tanner 2000; Nystrom et al. 2000; Bellwood et al. 
2004). However, there are a few examples of recovery 
and resilience of reefs after mayor disturbances (Con- 
nell 1997; Connell etal. 1997; Guzman and Cortes 
2001, Nystrom and Folke 2001; West and Salm 2003). 

This study assesses the recovery of the coral reefs in 
the oceanic Cocos Island (Isla del Coco, Costa Rica) 
following a massive coral mortality during the 1982- 
1983 El Nino (Guzman and Cortes 1992). Using recent 
data (2002), we also revisit three hypotheses raised 
about the recovery of these reefs (Guzman and Cortes 

1992). (1) That reef framework would collapse due to 
the lack of sexual recruitment (Glynn et al. 1991, 2000) 
and high erosion caused by the sea urchin Diadema 
mexicanum (Agassiz) (Colgan 1990; Eakin 2001). (2) 
That recovery of the reefs and the distribution of spe- 
cies would be closely related to the sexual reproduction 
of local surviving populations (Connell 1973; Pearson 
1981; Harriot 1985). We noted in 1987 that small adults 
(<150 cm2) from partial colonies of Porites lobata 
(1.57% live coverage), and recruits of Pavona varians 
(0.87%) were potential colonizers. However, this pro- 
cess of recovery could be significantly impaired by the 
presence of corallivorous organisms such as the crown- 
of-thorn seastar Acanthaster planci (Linnaeus) and the 
pufferfish Arothron meleagris (Bloch and Schneider); 
such predation is considered important during the first 
stages of recovery (Glynn 1990; Guzman and Cortes 
1993). And (3) that recovery would rely mainly on 
immigration of larvae that have dispersed over long 
distances (Glynn and Wellington 1983; Scheltema 
1986; Richmond 1990; Lessios et al. 1996). 

Materials and methods 

Study area 

Cocos Island is located at 5°32'N and 87°04'W in the 
Pacific Ocean, approximately 530 km south-southwest 
of Costa Rica and 680 km north-northeast of the Gala- 
pagos Islands (Ecuador) (Fig. 1). The island has a land 
surface of approximately 24 km2 and it was declared 
National Park in 1978. At present, the marine pro- 
tected area extends 22 km around the island. The 

Fig. 1  Map of the tropical 
eastern Pacific (upper right in- 
sert) showing the approximate 
location of Cocos Island, Cos- 
ta Rica and detailed distribu- 
tion of the three reef sites 
studied in 1987 (reefs 1,2, and 
4 circled in gray tone) and in 
2002 (1-5) 
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island is covered by thick tropical rainforest and has an 
average annual rainfall of 5,000-6,000 mm (Garrison 
2005). Cocos Island is surrounded by warm surface 
waters from the western Pacific that are carried by the 
North Equatorial Countercurrent (NECC), the posi- 
tion of which varies seasonally in accordance with the 
position of the Intertropical Convergence Zone 
(ITCZ). Between February and April, when the ITCZ 
is located more to the south, the NECC is weakened 
and reaches Cocos Island to a lesser degree, whereas 
between August and September, when the ITCZ 
migrates north, the island is affected by the strong cur- 
rent which may carry coral larvae (Guzman and Cortes 
1993; Cortes 1997; Garrison 2005). 

Seventeen species of zooxanthellate scleractinians 
have been reported from Cocos Island (Guzman and 
Cortes 1992; Cortes and Guzman 1998). The coral reefs 
at Cocos Island were qualitatively described for the 
first time in the early 1970s (Bakus 1975), and indicated 
that they were built mainly by the massive coral P. 
lobata. In 1992, Guzman and Cortes (1992) published 
the first quantitative data of the reefs, which were 
highly degraded 4 years after the 1982-1983 El Nino 
event. 

Changes in sea surface temperature around Cocos 
Island 

observations were obtained in November 1990 (Macin- 
tyre et al. 1992), in 1994 (personal observation) and in 
1997-1998 (A. Klapfer, personal communication). In 
September 2002, we quantified the live coral cover and 
species composition of five reefs (Fig. 1), including the 
three previously assessed in 1987 (Guzman and Cortes 
1992). 

During the 1987 survey, the cover of common ses- 
sile organisms (e.g., corals, octocorals, sponges, and 
turf, frondose, or crustose coralline algae) was visu- 
ally estimated at three sites using three 10-m long lin- 
ear transects parallel to the coast per depth (total 30 
linear m at each of 3-6 depths depending on reef pro- 
file; sensu Loya 1978). Only scleractinian corals were 
identified to species. In the 2002 study we used aim2 

PVC quadrat subdivided into 100 grids of 100 cm2 

(total 30 m2 by depth) and took measurements at 3-6 
depths at five sites, including the three surveyed in 
1987. This allowed identification of every coral spe- 
cies in each grid and the size of individual colonies. 
We opted to use quadrats in the 2002 study because 
they allowed a better estimate of recovery and the 
presence of new recruits in the reefs. Quantitative 
comparisons of the performance of the two surveyed 
methods to measure live coral cover have been dem- 
onstrated to produce small differences (Dodge et al. 
1982). 

Temperature data were reviewed to relate field obser- 
vations of the reefs with estimated temperature anom- 
alies. Monthly mean sea surface temperature (SST) 
anomalies from 1982 to 2002 were obtained from the 
Integrated Global Ocean Services System (IGOSS; 
http://www.ingrid.ldgo.columbia.edu/SOURCES/ 
.IGOSS/.nmc/.weekly/.dataset_documentation.html). 
These temperature records combine ship, buoy, and 
bias-corrected satellite data (see Reynolds and Smith 
1994). The anomaly is produced by subtracting the 
mean from all SST monthly values in the time-series 
then dividing the centered values by the standard devi- 
ations; by definition the anomaly has a mean of zero 
and a standard deviation on one. 

Changes in live coral cover and other sessile organisms 
between 1987 and 2002 

Cocos Island coral reefs were assessed on several occa- 
sions. In July 1978 and December 1986 qualitative 
observations were obtained, whereas in December 
1987,4 years after the 1982-1983 El Nino, the structure 
of three representative reefs and abundance of coral- 
livorous species were quantified for the first time 
(Guzman and Cortes 1992). In the 1990s qualitative 

Corallivorous population density changes 
between 1987 and 2002 

In both 1987 and 2002 we measured the density of cor- 
allivorous species (ind ha-1) such as the seastar A. 
planci and the pufferfish A. meleagris at each site. We 
used three 100 m x 20 m wide-band transects for each 
depth, at 3-6 different depths, depending on the verti- 
cal profile of the reef. The density of the bioeroder sea 
urchin D. mexicanum was determined together with 
the coral cover censuses using the same protocol and 
1 m2 quadrats. 

Parametric t tests and one-way and two-way ANO- 
VAs were used in combination with the a posteriori 
multiple comparison Student-Newman-Keuls test to 
compare changes in mean coral cover and the density 
of corallivorous species between 1987 and 2002 among 
the three reefs sampled on both dates. Whenever nec- 
essary, the data were transformed to comply with vari- 
ance assumptions (normality and homoscedasticity; 
Sokal and Rohlf 1995). We report our probability val- 
ues for comparative tests based on the two different 
methods as non-significant (higher than 0.05), signifi- 
cant (lower than 0.01) and highly significant (lower 
than 0.001). 
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Results 

Between 1982 and 2002 several sea surface tempera- 
ture anomalies were registered: warm (>29°C) in 1983, 
1987,1993, and 1998, and cold (<26.5°C) in 1984,1985, 
and 1999 (Fig. 2). The 1982-1983 and the 1997-1998 El 
Nino events stand out because they sustained tempera- 
tures >29°C for 8-month (December 1982-July 1983) 
and 7-month (December 1997-June 1998) intervals. 
During these events the maximum temperatures were 
recorded in April (30.5 and 30.9°C, respectively), and 
anomalies above 2°C lasted 4 months in 1998, com- 
pared with 1 month in 1983. 

Changes in live coral cover and other sessile organisms 
between 1987 and 2002 

Overall mean live coral cover increased from 
2.99 ± 0.25% (±SE) in 1987 to 14.87 ± 6.78% in 2002, 
at the three sites studied during both periods, but the 
increase was not statistically significant (f test; 
t = —1.753, P > 0.05, df= 4), possibly because recovery 
showed a high variance among sites (Table 1). The 
Punta Pacheco reef (1) was the only one that did not 
show any evidence of recovery, whereas there was an 
increase in the mean live coral cover of more than 
13% at Chatham Bay and 22% at Punta Presidio. In 
both cases live cover increased, due mainly to the 
presence of P. lobata, although in Punta Presidio, P. 
varians also had major gains (Table 1). Other coral 
species, such as Gar diner oseris planulata, Pocillopora 
spp., and Psammocora spp., exhibited minor changes 
in cover. Numerous colonies of Leptoseris scabra, 
which was not observed in 1987, were found in all 
three reefs in 2002. The presence of this species was 
reported for the first time in the mid-1990s (Cortes 
and Guzman 1998). 

In 2002, mean coral cover of all five studied sites was 
22.7 ± 9.8% (Table 1). However, live coral cover was 
highly different between sites (one-way ANOVA, 
F420 = 43.06, P< 0.001). The reef at Pajara Island (3) 
was especially noteworthy, with 59% live coral cover 
consisting of 46% P. lobata and >10% Pavona spp., 
mainly P. chiriquensis and P. varians (Table 1). The 
highest percent cover of L. scabra was observed on this 
reef, but was also observed at Punta Presidio. The spe- 
cies P. chiriquensis and Pocillopora inflata (observed 
only in the coral community at Wafer Bay, Fig. 1) are 
reported for the first time for the island (see Guzman 
and Cortes 1992; Cortes and Guzman 1998); their pres- 
ence increases the diversity of zooxanthellate sclerac- 
tinian corals to 19 species, the highest in Costa Rica 
(Cortes and Jimenez 2003). 

Vertical distribution of coral species varied among 
surveys for all reefs (Fig. 3). Porites lobata increased at 
all depth and reefs, with some loss of live coral cover in 
Punta Pacheco (No. 1) between 1987 and 2002. Psa- 
mocora and Pavona considerably decreased in Chat- 
ham yet increased in Punta Presidio. The rest of the 
species are distributed below 9 m in most reefs. Lep- 
toseris was found at several depths in all sites except 
Punta Gissler (Fig. 3). 

Other important sessile organisms accounted for the 
rest of the overall mean cover in 2002. Algae (turf and 
frondose) covered 64.7 ±9.1% of the area compared 
to 89.9% (±1.83) in 1987 (all three sites above 85%). 
Encrusting coralline algae covered 5.7 ± 1.2%, and 
sand or coral fragments covered 6.9 ± 4.3% in 2002. 
Other taxa such as octocorals and sponges represented 
<0.1% of the total cover. The highest algal cover was 
observed at Punta Gissler reef (84.6%) and the lowest 
at Isla Pajara (30.5%). Crustose coralline algae cover 
was highest at Isla Pajara and varied among the five 
sites from 9.6 to 3.3%. Sandy substrate covered less 

Fig. 2  Monthly mean sea sur- 
face temperature variability 
from January 1982 to Decem- 
ber 2002 centered within 1° 
latitude/longitude, Cocos Is- 
land, Costa Rica. Horizontal 
bars indicate major El Nino 
events 

82  83   84   85   86   87 89   90  91   92 93   94   95   96   97   98 99   00   01   02 
Year 

4y Springer 



Mar Biol 

o 
U 
73" 
c 

o 
U 

73 
C 

73 

73 
3 

c 
© 

60 
>• 

W 

-H 

c 

O   IN 

a o\ 
o ^ 

« a 

.O   J3 
ea   cd 
H H 

IN 
O o 
IN 

0 
a, c- 

-j 
Os 

IN 
O 
O c IN 

s 
T3 C- 

00 

O ^ 

IN o o 
63 IN 

0 

0 
5 
5 r~ 
63 00 •c Os 

IN o o 
IN 

a s 
0 C- 

00 

£ Os 

IN o o 
IN 

r~ 
0 00 

Os 

IN o o 
IN 

65 

0 
a. 
0 

1 00 
Os 

IN o o 
u IN 
> o 

a 
C- 
00 

o Os 

fl u 
a 3fl 
u 
0 d 

o 
1) 

M 
* 

p 
z d 

Qg 
Z o 

o o 

o 
d z 

e 

o       Z o 

d d \C 
IN 

00   (N 
O   CM 

o o o o o o 

p 
z 

so q 
o 

so 
o 

P 
Z 

d (N 

P 
Z 

Q'c, 
C- 

Z d 

<-i %' c 
c- Os so" 

u 
-d 

o o r< o o c~ u 
3 
0- 
c r4 SO 

>* 
Os 

r4 

Os 

<N 

'0 
d O d P 

Z 
r_l 

<N 

d p 
Z 

c- 
o 

d 
c 
u > 

'Eh 
u 

IN 
-c 

o 
M * 

o o o o o u 
c- o 

o 
SO 
•c 

o 
o 

c- c 

o o o o o o j3 

?" d d S 0 

o o o o -5 

d 
d 
d 

P 
Z 

c- 

d 
p 
Z 

d 
d p 

z 
c- 

f-5" 
<N sC £ so" 

O-. 
oc~ 
c- 

o o r< O o-. o-. 

d 

P 
Z 

d 

P 
Z 

o o-. 
I 

in 

I a s 
o o 

S.OS   o  o "   d 
^HsJM^O^hO     2 

OS 

o 

E 
© 

-o £ 

cd   d 

d 

"2 
5 

d 

.60 

5c 6C 

a: 

2 

d s 

°3   d 

" g 

c 
3 a. 

0- 

6C 

a,  n: 

-r 

than 7% of the area at most sites, but at Punta Pacheco 
it covered 23% of the area, apparently due to the col- 
lapse of the reef framework associated with bioerosion 
by Diadema. 

In 1987 observations indicated that reef recovery 
had been initiated by pioneer species such as P. varians 
(Guzman and Cortes 1992). However, in 2002 we 
observed a distribution of colony sizes with a high 
number of individuals smaller than 100 cm2, possibly 
new recruits, in almost all the reefs and basically for all 
the species found, including the main reef-building spe- 
cies P. lobata, though with some exceptions (Fig. 4). 
More than 3,300 individuals of P. lobata and 715 colo- 
nies of P. varians were found. Some individuals of 
uncommon species such as L. scabra, G. planulata, and 
Pocillopora eydouxi reached up to 800 cm2 in Punta 
Presidio (reef 4) and Isla Pajara (reef 3); both reefs are 
noteworthy because they have the largest colonies for 
most species. Pocillopora damicornis, Pavona frondif- 
era, and Pavona maldivensis were not included in the 
analysis because fewer than 15 colonies were found in 
all the reefs combined, but 50% of the P. maldivensis 
and P. frondifera colonies were >800 cm2. 

Corallivorous population density changes between 
1987 and 2002 

The density of A. planci did not exhibit a significant 
change between surveys or among reefs (Table 2; two- 
way ANOVA Fx25 = 0.405, f > 0.05; F22S = 2.036, 
P > 0.05, respectively). Density of A. meleagris did 
increase significantly overall between 1987 and 2002, 
but the difference among reefs was not significant 
(F126= 119.29, P< 0.001; F226 = 3.381, f > 0.05). This 
increase may influence negatively coral recovery. How- 
ever, the densities of A. meleagris at Punta Pacheco and 
Punta Presidio in 2002 were significantly lower than at 
the other sites (Table 2; one-way ANOVA F419 = 
11.204, P < 0.001). The density of A. planci was always 
lower in Punta Presidio reef and higher in Punta Pach- 
eco reef (Table 1). The overall average of D. mexica- 
num significantly decreased at all reefs, from 14.5 
ind ha"1 in 1987 to 0.84 ind ha"1 in 2002 (Table 2), but 
was not significantly different among reefs (F131 = 78.21, 
P < 0.001; F2 31 = 3.167, P > 0.05, respectively). 

Discussion 

The 1997-1998 warming event around Cocos Island 
was more intense than all previous El Nino events 
since 1982 (Fig. 2). All the corals at the Cocos Island 
reefs underwent extensive bleaching during this event 
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Fig. 3 Comparisons between the live coral cover in 1987 (black 
bars) and 2002 (white bars). Values are the mean (±SE) percent 
cover for the six most abundant scleractinian species at each of 

the five reefs and by depth (m), Cocos Island, Costa Rica. Only 
reefs 1, 2, and 4 were surveyed in 1987. Note that axis scales are 
different for each species 

(A. Klapfer, personal communication 2003; Garrison 
2005), suggesting that the thermal sensitivity of Cocos 
Island corals was similar to that of corals at other areas 
of Costa Rica (Guzman and Cortes 2001; Jimenez and 
Cortes 2003). Both El Nino events (1982-1983; 1997- 
1998) occurred at the same time of year (December- 
June/July)    and    maintained    warm    temperatures 

(>29°C) for 7-8 months, but anomalies above 2°C 
lasted 4 months in 1997-1998 compared to 1 month in 
1982-83. However, the coral communities suffered a 
lower and more selective mortality in 1997-1998, as 
was also observed in other areas of the eastern Pacific 
(Glynn et al. 2001; Cortes and Jimenez 2003; Zapata 
and Vargas-Angel 2003). 
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Based on the regional observations made in the 
1980s, we originally predicted that the recovery of the 
reefs framework would take centuries, and recovery of 
live coral cover, decades. Compounding these slow- 
recovery scenarios was the apparent lack of sexual 
reproduction by the coral species in the area (Glynn 
et al. 1991,1994, 2000). It is now clear from our results 
that the average live coral cover has increased in only 
15 years (1987-2002). Indeed, some reefs, for example 
Isla Pajara, had very high coral cover in 2002 (59%). 
Although the coral mortality after 1982-1983 was 
homogeneous in all the reefs, recovery was not consis- 
tently observed across all studied reefs. 
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In a previous paper (Guzman and Cortes 1992), we 
presented three hypotheses regarding the recovery of 
Cocos Island reefs. (1) That reef framework would col- 
lapse due to the lack of sexual recruitment and high ero- 
sion caused by the sea urchin D. mexicanum; (2) that 
recovery of the reefs and the distribution of species would 
be closely related to the sexual reproduction of local sur- 
viving populations. However, this process of recovery 
could be significantly impaired by the presence of coralli- 
vores; and (3), that recovery would rely mainly on immi- 
gration of larvae that have dispersed over long distances. 

Our first outcome was a worst-case scenario, in which 
the reef structure would collapse due to high rates of 
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Table 2 Population mean (±SE) density comparisons of the corallivores Acanthaster planci and Arothron meleagris (ind ha-1) and of 
the sea urchin Diadema mexicanum (ind m2) at each reef surveyed in 1987 and 2002, Cocos Island, Costa Rica (adapted from Tables 3 
and 4 in Guzman and Cortes 1992) 

Reef Depth Acanthaster Arothron Diadema 

1987 2002 1987 2002 1987 2002 

1-Pacheco 3-18 15.0(1.4) 12.5 (4.8) 7.9 (1.1) 45.7 (6.1) 15.5 (0.2) 1.4 (0.4) 
n = 4 n = 4 n = 5 n = 4 » = 98 » = 150 

2-Chatham 3-18 11.7 (4.2) 10.8 (3.7) 7.5 (1.6) 189.2 (14.7) 16.7 (0.3) 1.3 (0.2) 
n = 4 n = 6 n = 4 n = 6 « = 80 » = 150 

3-Pajara 3-18 ND 0.0 (0.0) 
« = 3 

ND 255.0 (32.5) 
n = 3 

ND 0.3 (0.2) 
n = 90 

4-Presidio 9-24 4.6 (1.7) 3.7 (1.2) 9.3 (1.1) 90.0 (28.6) 11.4 (0.3) 0.1 (0.03) 
n = 4 n = 4 n = 4 n = 4 « = 72 » = 150 

5-Gissler 3-18 ND 10.0 (0.0) 
« = 3 

ND 183.3 (43.7) 
n = 3 

ND 1.0 (0.3) 
n = 90 

Grand 10.4 (3.1) 7.4 (2.3) 8.2 (0.5) 152.6 (37.5) 14.5 (1.6) 0.84 (0.3) 
Mean « = 3 n = 5 n = 3 n = 5 « = 3 n = 5 

No data are available for sites 3 and 5 in 1987 (ND). Sample size units (n) are number of censuses for corallivores, m2   for Diadema, 
and number of reefs for grand mean 

bioerosion, observed in some reefs in 1987. By 2002, the 
reef structure at Punta Pacheco had collapsed and the 
remaining structure was composed of fragments of mas- 
sive corals of various sizes and a large amount of empty 
spaces or pockets with coral sand at all depths. More- 
over, in that reef we recorded the lowest percentage 
(<3%) of live coral cover (Table 1) and the lowest num- 
ber of recruits (Fig. 4). A reef-tract larger than that at 
Punta Pacheco and located along Weston Bay (south of 
Pajara Island, Fig. 1) with a vertical build-up of 3.1 m 
(Macintyre et al. 1992) showed a similar degree of dete- 
rioration, but more coral recruits were observed there. 
The reef in Chatham Bay, which is at the center of 
important recreational and commercial activities (e.g., 
mooring and anchoring for fishing and tourist vessels), 
presents an intermediate situation, with parts of the 
upper slope and reef base collapsed but with more live 
coral (predominantly colonies of P. lobata and P. ele- 
gans) than before. The other reefs studied (Pajara 
Island, Punta Presidio and Punta Gissler) have not col- 
lapsed, illustrating that this outcome, structural col- 
lapse, is valid only for some reefs or sections of others. 
D. mexicanum is responsible for the physical destruc- 
tion of the reefs; their densities were higher in Punta 
Pacheco and Weston Bay (Table 2), but decreased sig- 
nificantly in all the reefs by 2002. It seems that Diadema 
is not playing a significant role in the erosion of the reef 
at present (sensu Glynn 1990; Guzman and Cortes 
1992). However, at such low densities it probably fulfills 
the role of key herbivore. This would allow the settle- 
ment of opportunistic and encrusting coral species that 
may help in the initial consolidation of the reef struc- 
ture, as observed by the recruitment of P. varians and 
L. scabra, which are already cementing other reefs. 

The second idea we discussed was the possibility of 
recovery initiated by sexually produced larvae from 
resident populations or surviving individuals in deeper 
coral communities. The recorded increases in live coral 
cover, number of new and middle-sized colonies, and 
diversity of species in the reefs (not only in rocky 
areas) for 2002 suggest that recruitment may have 
started locally for some species that were already rela- 
tively abundant in 1987 (e.g., P. lobata, P. varians), but, 
likewise, recruits may have come from remote reefs, 
carried by currents for hundreds or thousands of kilo- 
meters. Evidence of this long-distance dispersal pro- 
cess, which was our third and last idea, suggested in 
1992, may be the presence of some species of coral that 
had not been reported before the mid-1990s for Cocos 
Island, such as L. scabra, P. maldivensis, P. frondifera, 
P. chiriquensis, and P. inflata. The last two species have 
been recently described as endemic to the eastern 
Pacific; however, a recent report suggested that P. 
inflata is present in the central Pacific at Phoenix 
Islands (Obura 2002). The others are supposed to be 
from the Indo-Pacific and are moderately distributed in 
the region so far, but they are common at present in 
Cocos Island, except P. inflata, which is rare. 

Recovery of Cocos Island reefs may have been 
enhanced by a contribution of larvae of several species 
from remote sources. In particular, Punta Presidio reef 
presented signs of recovery by 1987, with numerous P. 
varians recruits; moreover, at present it is also where 
the largest number of L. scabra colonies was observed 
in 2002. The first record of this conspicuous species in 
the reefs occurred in the mid-1990s and the nearest 
populations are thousands of kilometers away. It has 
been suggested that Cocos Island is on the entrance 
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route of marine organisms to the eastern Pacific from 
the western and central Pacific, flowing with the North 
Equatorial Countercurrent (NECC) (Glynn and Wel- 
lington 1983). Moreover, coral larvae may complete 
this trip in about 100 days or travel as adult colonies 
adhered to floating debris (Jokiel 1989; Richmond 
1990). Recent studies on coral biogeography and exist- 
ing oceanographic models that explain major patterns 
of regional currents support this hypothesis (Glynn 
et al. 1996, 2003; Glynn 1997, 2003; Glynn and Ault 
2000; Victor et al. 2001). Although L. scabra has a wide 
distribution in the Indo-Pacific and western and central 
Pacific, it is rated 'uncommon' in most of those reefs 
(Veron 2000). For Cocos Island, L. scabra may be con- 
sidered common in almost all reefs, and its presence 
there and in the rest of the region may be associated 
with an initial easterly long-distance transport of larvae 
and afterwards from well-established local populations. 
However, genetic studies are necessary to elucidate this 
situation. Likewise, Pavona chiriquensis and P. inflata, 
eastern Pacific endemics, may present a wider distribu- 
tion, as do most species of Pavona and Pocillopora. 

Our data suggest that corallivores have not limited 
the recovery of the reefs or impaired growth, to the 
extent that they have in other regions of the eastern 
Pacific (Guzman and Robertson 1989; Glynn 1990; 
Reyes-Bonilla 2003). The density of A. planci did not 
vary significantly in Cocos reefs, even though an 
increase was observed in the number and diversity of 
their favorite prey (G. planulata, P. varians). But, A. 
planci may have partially reduced the recovery poten- 
tial in Punta Pacheco reef, which is the most deterio- 
rated of all and the one that presented the highest 
density of the seastar in 1987. Likewise, the density of 
A. meleagris increased considerably between 1987 and 
2002, but this does not seem to be affecting at present 
the recruitment or growth of any coral species, includ- 
ing its favorite prey, P. lobata (Guzman and Robertson 
1989), which in 2002 had the highest number of small 
and large colonies (Fig. 4). 

The partial survival of small patches of coral tissue 
over the colony may be important for the recovery of 
massive species (Glynn and Fong 2004). We found evi- 
dence of this process in colonies of P. lobata that 
apparently had fully recovered from partial mortality 
since our first survey in 1987, and where colonies no 
larger than 36 cm (average 5.3 cm, n = 194 colonies) 
were observed (Guzman and Cortes 1989). Further- 
more, several large (>1 m) live colonies drilled in 1994 
showed a growth hiatus at 8-12 cm (partial mortality 
below surface), which corresponds to the 1982-1983 El 
Nino event based on published growth rates (Guzman 
and Cortes 1989). 

Core data (Macintyre et al. 1992) and direct obser- 
vations from the early 1970s (Bakus 1975) to the pres- 
ent indicate that Cocos Island reefs have remained 
dominated by the long-living massive coral P. lobata, 
which suggests that for a few centuries before the El 
Nino events the reef structure had not been affected. 
No phase shifts in reef structure occurred, as reported 
for the Caribbean (Hughes 1994; Aronson et al. 2004). 
To the contrary, these reefs have the capacity to 
recover from severe disturbances and to a certain 
extent to increase their diversity. We conclude that for 
Cocos Island (Guzman and Cortes 1992) and for most 
areas of the tropical eastern Pacific (Glynn 1990; Glynn 
et al. 2001; Guzman et al. 2004) there are recovery pro- 
cesses (e.g., reproduction, larvae dispersion, recruit- 
ment) and possibly short-term thermal adaptation, that 
ensured the recovery of the more degraded reefs. 
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