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Synorsis. Two studies from the Pleistocene coral reef fossil record demonstrate
the sensitivity of reef communities to both local environmental parameters and
habitat reduction. In the first study, Pleistocene reef coral assemblages from Papua
New Guinea show pronounced constancy in taxonomic composition and species
diversity between 125 and 30 ka (thousand years). Spatial differences in reef coral
community composition during successive high stands of sea level were greater
among sites of the same age than among reefs of different ages, even though global
changes in sea level, atmospheric CO, concentration, tropical benthic habitat area,
and temperature varied at each high sea level stand. Thus, local environmental
variation associated with runoff from the land had greater influence on reef coral
community composition than variation in global climate and sea level. Proportional
sampling from a regional species pool does not explain the temporal persistence
and local factors likely played a major role. Examination of coral reef response to
global change should not only involve regional diversity patterns but also local
ecological factors, and the interactive effects of local and global environmental
change.

In the second study, Pleistocene extinction of two widespread, strictly insular
species of Caribbean reef corals, Pocillopora cf. palmata (Geister, 1975) and an
organ-pipe growth form of the Montastraea “annularis” species complex, was nat-
ural and did not involve gradual decrease in range and abundance, but was sudden
(thousands of years) throughout the entire range. One explanation is that sea level
drop at the Last Glacial Maximum (LGM-—18 ka) resulted in a threshold of hab-
itat reduction, and caused disruption of coral metapopulation structure. Threshold
effects predicted by metapopulation dynamics may also explain the apparent par-
adox of the large amount of degraded modern reef habitat without any known
modern-day reef coral extinctions. The rapid extinction of widespread Pleistocene
species emphasizes the vulnerability of reef corals in the face of present rapid

environmental and climatic change.

INTRODUCTION

Environmental change has had a pro-
found effect on the Earth’s biota throughout
the history of life. Some of these changes
have occurred on the very grandest of
scales, such as the coalescence and subse-
quent breaking up of huge super-continents
(Erwin, 1992), or the decimation of the di-
nosaurs by extra-terrestrial impacts (Raup,
1991). Reefs are not immune to such pro-
cesses, and the history of their diversity
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throughout the past 600 million years of the
Phanerozoic has been enormously affected
by environmental changes in ocean chem-
istry, sea level and climate (Copper, 1994;
Fagerstrom, 1987; Kauffman and Fager-
strom, 1993). Indeed, climate change has
been an integral part of the development of
reefs, both coral and non-coral, for almost
the entire Phanerozoic Era. The recent past
history of living species resident on today’s
reefs has been affected by multiple cycles
of global environmental change throughout
the past 2 million years (Ma) of the Qua-
ternary.

Here, 1 provide two examples from the
Pleistocene fossil record of coral reefs that
illustrate the way in which an understand-
ing of the history of reefs might provide
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relevant information to the ecology of liv-
ing reefs in the face of environmental
change. 1 follow the distinctions made by
Buddemeier and Smith (1999) and use ““cli-
mate change” to denote variation in sea
level, atmospheric CO, concentration, in-
habitable tropical benthic area, and possibly
temperature associated with glacial cycles;
“local environmental change” to denote
variation at point sources in sediment load,
turbidity, light etc., including anthropogenic
influences such as pollution, nutrient con-
tent, overfishing etc. ‘““Cumulative chang-
es’” are confined to local reefs, but have
global importance because they occur at a
number of discrete locations. I also use the
terms ‘“‘local” and ‘‘regional’” when I dis-
cuss the importance of various ecological
controls occurring in coral reef communi-
ties. Local controls include biotic interac-
tions, niche diversification, and disturbance,
whereas regional influences include species
dispersal capabilities and colonization po-
tential related to size of the species pool.
Finally, in this paper I use the term local
for distances < 20 km, regional for dis-
tances from 200—4,000 km, and continental
to global for distances > 4,000 km.

In the first example, local environmental
differences had a greater influence on Pleis-
tocene Indo-Pacific reef coral communities
from Papua New Guinea than environmen-
tal variations associated with different cli-
mate stages. Local environmental differenc-
es produced locally distinct coral commu-
nities, but these different communities con-
sistently reoccurred throughout a 95 ka
(thousand years) interval which included
major changes in global climate and sea
level. Moreover, the communities do not
appear to be dispersal-limited (Pandolfi and
Jackson, 1997), so local processes were im-
portant in their community dynamics. The
importance of local controls on both local
composition and regional diversity (as sug-
gested in PNG), and regional controls on
local composition and diversity (as sug-
gested in both coral reefs and rain forests—
Hubbell, 1997 a, b; Cornell and Karlson,
1996; Karlson and Cornell, 1998, 1999,
Caley and Schluter, 1997) means that both
local and global environmental change can
play important roles in altering coral spe-

JOHN M. PANDOLFI

cies distribution patterns. Future study
needs to be geared toward understanding
how environmental changes on different
scales will impact reef communities in var-
ious habitats.

In the second example, the sudden ex-
tinction of two widespread Pleistocene cor-
al species may have occurred as habitat re-
duction reached a critical value. The poten-
tial for threshold effects in species extinc-
tion and the consequences for surviving
lineages need to be considered in assessing
reef responses to environmental change.
This is especially apparent in the Caribbean
where the recent, rapid, and extreme reduc-
tion in abundance of two widespread coral
species (Acropora palmata and A. cervicor-
nis) has occurred during severe habitat deg-
radation (Hughes, 1994).

THE PLEISTOCENE REEF CORAL
FossiL RECORD

The vast fossil record of Quaternary cor-
al reefs has the potential to be an enor-
mously valuable historical database for the
ecological, taxonomic and evolutionary
study of living reefs. First, a great number
of reef coral species can be identified in the
fossil record with a comparable degree of
accuracy as in the modern, and this even
includes sibling species complexes (Pan-
dolfi and Jackson, 1997). This is not to say
there is no species problem in fossil corals,
but the latest data are revealing that under-
lying genetic differences, more often than
not, translate into quantifiable morphologi-
cal differences among reef corals, and thus
should be preserved in the fossil record
(Knowlton et al., 1992; but see Miller and
Benzie, 1977 for counter example). Second,
although cloning and partial mortality may
blur their genetic distinctness, coral colo-
nies tend to represent discrete individuals
from which relative abundance data can be
easily obtained. Moreover, in many instanc-
es, reef corals can be found to accumulate
upright, whole and in life position, accu-
mulating within the fabric of the reef as the
reef builds through time (Fig. 1). Thus, al-
though averaged over a longer time inter-
val, the relative abundance of fossil corals
should in some way reflect the species rel-
ative abundance patterns of the original cor-
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colonies of the Montastraea ‘‘annularis” sibling spe-
cies complex censused along transects in the Pleisto-
cene shallow fore-reef (8—12 m; top panel) and deep
fore-reef (25-30 m; bottom panel) environments of
Barbados. In both environments, the overwhelming
majority of censused corals were in growth position
(upright) and whole.

al community that lived on the reef (Green-
stein and Pandolfi, 1997; Pandolfi and
Greenstein, 1997; Greenstein et al.,, 1998).
Fossil reef coral assemblages are amenable
to rigorous ecological sampling design and
statistical inquiry of both relative abun-
dance and species presence and absence
data. Third, through recently developed
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high resolution radiometric age dating tech-
niques it is possible to determine the age of
individual coral colonies, with a resolution
of 20-30 per 1,000 years. Thus, we have
good control on the time period represented
in the fossil coral assemblages. Lastly, be-
cause corals have hard calcareous skeletons,
the potential recovery of species inhabiting
the original reefs is very high, though this
may diminish where fragile branching spe-
cies were common.

The two studies of Pleistocene reef corals
presented below have a number of desirable
features in common (Table 1):

1) Both are based on well-preserved reef
deposits that contain the vast majority of
species that are still thriving on today’s
reefs (Table 1).

2) They document community patterns
over long time periods and large dis-
tances (Table 1).

3) The temporal resolution is on the order
of a few hundred to a couple of thou-
sand years, so the studies of reef coral
dynamics extend to a scale appropriate
for their colony longevity, generation
time, and other aspects of their biology
and life history. This temporal resolu-
tion is necessarily lacking in ecological
studies of reef corals that describe coral
community structure through time,
based upon only a few years or decades
of data. Because many corals commonly
live for many hundreds of years (Done
and Potts, 1992), ecological structure
develops over decades to centuries in
coral reefs. Our understanding of this
temporal scale of ecological processes
on reefs, though critical, has been lim-
ited in studies of coral reef community
ecology because most studies are limited
to small areas on single reefs and rarely
encompass more than a few years or de-
cades (Jackson, 1991).

4) The studies are of biological systems in
the absence of human perturbation, so
comparisons of truly “pristine” coral
reefs can be made. This is especially im-
portant because so many living coral
reefs have suffered major degradation
during the past 500 years, especially
since the industrial revolution (Jackson,
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TABLE 1. Characteristics of the two studies of Pleistocene reef corals, one from the raised reef terraces of the
Huon Peninsula, Papua New Guinea, and the other from the raised reef terraces of Barbados, West Indies,
Caribbean Sea.

PNG Barbados
Species preservation? fossil > modern fossil = modern
Temporal scale 95 ka >600 ka
Spatial scale 35 km 30 km
Temporal resolution® 200-2,000 years 200-2,000 years
Human influence* from 40-30 ka none

* A greater number of fossil coral species (Pandolfi, 1996) than living coral species (Nakamori et al., 1994)
have been reported from the reefs on the Huon Peninsula, Papua New Guinea. However, a greater number of
fragile branching acroporid corals were reported in the modern. Species diversity from the Pleistocene of Bar-
bados (Pandolfi, unpublished data) is similar to that reported from Barbados and elsewhere in the Caribbean
from similar habitats.

® Estimate is based on 2 meters of sampled reef deposit with an accretion rate of 1-10 m per 1,000 years.

¢ Human occupation in PNG dates back to at least 40 ka (Groube er al., 1986), whereas the peopling of the

Americas was probably no earlier than 13—14 ka ago (Meltzer, 1997).

1997). Such degradation makes it diffi-
cult to examine the natural causes of
species distribution using only living
reefs.

5) Both studies encompass environmental
conditions that are beyond values re-
corded by man but within the range of
projected global changes (Foster et al,
1990). For example, Pleistocene sea lev-
el curves indicate that predicted rates of
sea level change over the next century
are near the lower end of the range that
has occurred during the past 125 ka (Pit-
tock, 1999).

COMMUNITY RESPONSE TO PLEISTOCENE
GLOBAL CHANGE

I previously documented persistence in
the community structure of Indo-Pacific
Pleistocene reef corals from geological sec-
tions showing repeated reef development
between 125 and 30 ka, located on the
Huon Peninsula, Papua New Guinea (Pan-
dolfi, 1996). The northern coastline of Pap-
ua New Guinea, along the Huon Peninsula,
is a region actively undergoing tectonism,
and this has resulted in the uplift of a spec-
tacular set of fossilized terraces, built main-
ly from raised coral reefs (Chappell, 1974;
Pandolfi and Chappell, 1994). These fossil
coral reefs contain an extraordinarily well
preserved fauna (Zhu et al., 1990, 1992) in
a wide range of environments. The raised
coral reef terraces of the Huon Peninsula
are ideal for study of ecological issues in-
volving long temporal scales. They pre-

serve a sequence of reef development dur-
ing high sea level stands (though only min-
imally during sea level fall) from at least
340 ka to the youngest preserved Holocene
deposits (Chappell, 1974, 1983; Hearty and
Aharon, 1988). Papua New Guinea lies in
the western Pacific Ocean where (1) reef
coral diversity is greatest, (2) conditions for
reef development are optimal, resulting in
a large diversity of reef habitats, and (3) the
species composition of the reef coral fauna
has remained relatively constant for at least
3-5 Ma. (Veron and Kelley, 1988). Thus,
any ecological changes in community com-
position are not the result of taxonomic
turnover on an evolutionary scale.

Study sites and Methods

Reef coral communities were censused
from the raised reef terraces of Papua New
Guinea along 35 km of the Huon Peninsula
coastline (Pandolfi, 1996). Coral species
presence/absence were recorded from 3 rep-
licate sites (Sialum, Kanzarua, and Hube-
gong), nine separate reef-building episodes
(125-30 ka), and two reef environments
(reef crest and shallow fore-reef slope). The
three sites were initially chosen as repli-
cates, each within a similar distance from a
river and each with approximately the same
orientation to the prevailing winds. How-
ever, sampling proceeded over a three year
interval and during this time it became ap-
parent that the Tewai river at Kanzarua
transported significantly greater amounts of
fine particulate matter to the modern reef
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TABLE 2. Summary of metrics used to assess the degree of similarity among Pleistocene reef communities from
different reef environments, and times form the Huon Peninsula, Papua New Guinea (after Pandolfi, 1996).

Reef crest Shallow fore-reef

Species pool (total number of species): 77 109
Mean (SD)* species per reef community:
All species included 18.3 (8.1) 31.4 (16.3)
Rare species included 15.4 (6.8) 28.1 (14.1)
Analysis of similarity (ANOSIM) test: (Time) R = -03; P =099 R = -0.1; P = 0.83
Kruskal-Wallis test: (Time)
All three sites K-W = 3.69; P = 0.055 K-W = 0.34; P = 0.561

mn

Sialum and Hubegong only K-W = 0.77; P = 0.380 K-W = 0.31; P = 0.576
Kruskal-Wallis test: (Site)
All three sites K-W = 2241; P < 0.00001 K-W = 293; P =0.087
Sialum and Hubegong only K-W = 1.48; P = 0.223 K-W = 0.06; P = 0.815
Kruskall-Wallis test: (Environment)
Reef crest vs. shallow fore-reef K-W = 12.37; P = 0.0004
Null model of random sampling of species pool:
Expected number of species in common (S,) 4.3 (SD = 2.9) 10.2 (SD = 8.0)
Observed number of species in common (S,) 83 (SD = 4.1) 159 (SD = 10.2)
Two sample #-test —-5.95 -3.33
Degrees of freedom (unequal variances) 101 108
Probability of incorrectly rejecting null model <0.00001 0.0013

* SD = standard deviation.

there than did the other rivers near Hube-
gong and Sialum. Thus environmental dif-
ferences occurred between Kanzarua and
the other two sites. A total of 122 fossil
coral species was found from two reef en-
vironments.

Data analyses were restricted to within
environment comparisons of associations to
ask whether or not communities so restrict-
ed are similar or different over time and
space. To address this question I used a se-
ries of methods developed for testing com-
positional differences among marine com-
munities. Species presence/absence of reef
coral assemblages was compared using the
Bray Curtis dissimilarity index (Bray and
Curtis, 1957) with comparisons made be-
tween every combination of samples; Krus-
kal-Wallis non-parametric analysis of vari-
ance, and analysis of similarities (ANO-
SIM, Clarke, 1993) were used to test the
significance of time, site and environment
on species composition; and global non-
metric multidimensional scaling (GNMDS,
Kruskal, 1964) was used to visually capture
the results of the ANOSIM. Where signifi-
cant differences could not be detected a null
model was applied to determine if the sim-

ilarity was any more or less than that pre-
dicted by chance alone. Details of sampling
and data analysis can be found in Pandolfi
(1996).

Results

Both the Kruskal-Wallis and the analysis
of similarity (ANOSIM) tests showed no
significant differences in taxonomic com-
position among assemblages from different
times in either the reef crest or shallow
fore-reef slope environments, regardless of
whether the Kanzarua site was included
(Table 2). A null model showed the simi-
larity through time to be greater than that
expected by chance sampling of the region-
al species pool. Site differences, however,
were significant within the reef crest, and
nearly so within the shallow fore-reef slope
environment (Table 2). This effect was re-
moved when the Kanzarua site was exclud-
ed (Table 2).

Ordination of the taxonomic composition
of Pleistocene reef coral communities
shows no appreciable changes within either
of the two reef environments through the
nine reef-building episodes (Fig. 2a, b). For
both the reef crest and shallow fore-reef
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Ordination of Pleistocene reef crest and shallow fore-reef slope coral assemblages from 9 reef-building

episodes from 3 sites along the Huon Peninsula, Papua New Guinea. A) Plot of assemblages from reefs of
different ages for the reef crest and B) shallow fore-reef slope environments with samples denoted by time.
Each number represents a separate reef-building episode; assemblages from up to 3 sites per reef-building episode
are plotted (Reef 1 is the youngest, Reef 9 the oldest). In both graphs, note the greater dissimilarity exhibited
by assemblages within a single reef-building episode versus that between reef-building episodes. For example
in the reef crest, assemblages from Reef 1 are more dissimilar to one another than they are to those from Reef
9, and they are separated in time by 95 ka. In addition, there doesn’t appear to be any temporal grouping or
linear changes of assemblages; instead they appear scattered throughout the plot. C) Same plot of assemblages
from reefs at different sites for the reef crest and D) shallow fore-reef slope environments but with samples
denoted by site (S = Sialum; K = Kanzarua; H = Hubegong). Note the separation of assemblages from Sialum
and Hubegong versus those from Kanzarua. Global non-metric multi-dimensional scaling (GNMDS) plots of
dimension 1 and 2 from the 3-dimensional analysis. The ordination was run with 20 random starting configu-
rations, and proceeded through 200 interations for each of 4 dimensions. The minimum stress value for the 3-
dimensional analysis was 0.12 for the reef crest and 0.10 for the shallow fore-reef. (after Pandolfi, 1996).

slope environments, the dissimilarity be-
tween communities from different times is

respect to site, Hubegong and Sialum plot
in close proximity to one another, whereas

less than that for communities from sepa-
rate sites during the same time (Fig. 2a, b).
In the reef crest, for example, communities
from Reef 1 are more dissimilar to one an-
other than they are to those from Reef 9,
but they are separated in time by 95 ka. In
addition, there does not appear to be any
temporal grouping or linear changes of
communities; instead communities appear
scattered throughout the plots. Similar re-
sults were obtained when the Kanzarua site
was excluded from the analysis.

When the same ordination is plotted with

Kanzarua generally occupies a separate
space (Fig. 2c, d). This pattern is pro-
nounced in both the reef crest (Fig. 2c) and
shallow fore-reef slope (Fig. 2d) environ-
ments, with Kanzarua consistently grouped
away from the other two sites. Again, site
differences disappear when the Kanzarua
site is removed from the analysis.
One-way analysis of variance of species
richness (common taxa only) showed no
significant differences between reefs of dif-
ferent ages for both the reef crest (Fg,,, =
0.87, P = 0.5664) and shallow fore-reef
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TABLE 3. Significance test for degree of geographic commonness of dominant versus non-dominant coral
species from the Pleistocene of Papua New Guinea (PNG) and Curagao. Total diversity refers to the total
number of species occurring within each environment where Indo-Pacific (40 sites from Red Sea to Central
America) and Caribbean distribution data were avatlable. Indo-Pacific data source is Veron (1993). The Ca-
ribbean sites and data sources are Curacao (Bak, 1977), Jamaica (Goreau and Wells, 1967), San Andrés
(Geister, 1973; Kocurko, 1977; Pandolfi, unpub. data), Barbados (Lewis, 1960), Florida (Pandolfi and Green-

stein, unpub. data), the Bahamas (Sullivan et al., 1994) and Panamd (Holst and Guzmdn, 1993).

Total Number Median Number Median Mann-Whitney
Environment diversity of species  occurrences of species  occurrences U stat I

PNG

Reef crest 66 11 15 55 15 276.0 0.64

Shallow fore-reef slope 92 23 14 69 14 764.5 0.79
Curagao

Windward reef crust 24 7 7 17 7 56.0 0.73

Windward back reef 19 7 7 12 7 41.0 0.89

Leeward reef crust 24 7 7 17 7 65.0 0.62

slope (F7,5 = 0.80, P = 0.5998) environ-
ments. Thus, there appears to be constancy
in the species richness as well as species
composition of the reefs through at least 95
ka.

The persistence of coral community com-
position is due, in part, to the consistent
dominance of the same few species in the
Late Pleistocene reefs that are also domi-
nant on the living Huon Peninsula reefs
(Nakamori et al., 1994; Jackson et al.,
1996). It is possible that measures of com-
munity similarity are unduly biased by a
few widespread species that may dominate
most local communities within a particular
environment while other species are limited
in their dispersal capability (i.e., ‘‘dispersal
limitation hypothesis’ of Hubbell, 19975b).
If dispersal were the only process govern-
ing the community composition of the
Huon reef coral communities, the dominant
members of the community should be more
regionally widespread than the non-domi-
nant members. To test this prediction, I
compiled present-day geographic occur-
rences for all of the Late Pleistocene PNG
coral species encountered on the fossil ter-
races. In the reef crest environment, 11 of
66 species (17%) occurred in more than
half of the Late Pleistocene samples and
were considered dominants. However, these
11 species were no more or less widespread
throughout the Indo-Pacific than the re-
maining 55 non-dominants (Table 3). Sim-
ilarly, 23 of 92 species (25%) occurred in
more than half of the shallow fore-reef

slope samples and were considered domi-
nants; but again their Indo-Pacific geo-
graphic distributions were the same as for
the remaining 69 non-dominants (Table 3).
I found similar results in Late Pleistocene
communities of Curagao that were of the
same age (Pandolfi and Jackson, 1997).
Here, the same few species dominated three
different shallow reef environments up to a
42 km distance. Again, the Caribbean rang-
es of the spatially dominant coral species
were no greater than for non-dominants,
which were also extremely widespread (Ta-
ble 3). Widespread geographic distribution
within the metacommunity simply does not
explain the recurrence of the same few
dominant taxa over time and space in the
local reef communities in PNG and Cura-
¢ao, respectively.

PLEISTOCENE SPECIES EXTINCTION

Two species of reef corals (organ-pipe
Montastraea and Pocillopora cf. palmata
{Geister 1975, 1977}), widespread through-
out the oceanic islands of the entire Carib-
bean and each with a broad habitat speci-
ficity, went extinct sometime between 82
and 10 ka (Fig. 3) (Pandolfi et al., 1999).
Because of the long generation times of
corals (often > 100 years), 72 ka would
represent a ‘‘sudden’ extinction interval.
Both species had large population sizes, at
least somewhere in their distribution, and in
the case of the organ-pipe Montastraea, vir-
tually everywhere in its distribution. Thus,
these species were not rare corals 125 ka
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FiG. 3. Fossil record of two extinct Pleistocene cor-
als, organ-pipe Montastraea and Pocillopora cf. pal-
mata. Dashed lines above solid lines indicate the time
interval when no known Caribbean fossil reef deposits
are preserved (82-10 ka). Neither species occurs from
any known deposits less than 10 ka. Dashed lines
bounded by question marks indicate possible but un-
discovered records.

ago, by any definition of the word (Rabi-
nowitz, 1981), and each had a clear ecolog-
ical role in the communities in which they
inhabited. The extinctions had to have been
natural—they occurred well before human
occupation of the Americas, (ca. 13-14 ka
[radiocarbon years; Meltzer 1997])- or at
least well before human populations were
large (Fig. 3). Below, I examine temporal
patterns of abundance among species of the
Montastraea ‘‘annularis” species complex
(Knowlton et al., 1992) at Barbados, among
Pleistocene reef assemblages.

Methods

The relative abundance of each of the
members of the Monrastraea ‘‘annularis™
species complex, the extinct organ-pipe

JOHN M. PANDOLFI

form, columnar Montastraea annularis
(sensu stricto), massive M. faveolata, and a
sheet growth form of Monrastraea was
measured using 40 m transects on rocky ex-
posures of the Pleistocene reef on Barbados
aged between 82 and >600 ka.

Age of Pleistocene reefs at Barbados in-
creases with elevation for most reefs that
have been dated by radiometric methods. I
therefore used elevation as a proxy for age
in the analyses of temporal abundance. This
allowed sampling of a much greater spatial
and temporal range of localities than would
have been possible if sampling were con-
fined to only reefs or localities that had ac-
tually yielded radiometric age dates. The
assumption that terrace height above sea
level is linearly related to terrace age in-
evitably introduces some temporal error be-
cause the terrain and geological history of
Barbados is complex, and because dense
human settlement on the island may ob-
scure faults and other geological features.
However, because these errors were con-
fined to narrow temporal ranges relative to
the total range of the study and involved
very few of the transects, they were judged
to be small for the purposes of analyses of
overall temporal trends.

Forty-nine transects came from the shal-
low fore-reef environment, commonly re-
ferred to as the ‘‘buttress zone” by Meso-
lella (1967) and others. Transects range in
age from >600 ka (at an elevation of 300
m) to 82 ka (at sea level or 0 m elevation).
The results of these surveys are reported as
bivariate plots of species abundance against
elevation (i.e., through time), and were an-
alyzed using regression analysis. A Pearson
product-moment correlation matrix was
used to evaluate the abundance through
time of each species versus every other spe-
cies. Details of sampling, study sites, and
data analysis are found in Pandolfi et al.
(1999).

Resulits.—The abundance of the Monras-
traea ‘‘annularis’ species complex in the
shallow fore-reef environment remained
constant throughout the history of Barbados
(Fig. 4). However, the organ pipe coral
gained significantly in abundance through-
out the majority of the 500+ ka interval
(Fig. 5). The decline in abundance from 125
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FiG. 4. The abundance of all species combined from
the Montastraea ‘“‘annularis” species complex from
the Pleistocene terraces of Barbados. Overall abun-
dance remained the same within the shallow fore-reef
environment. Terrace elevation is used as a proxy for
time with lower elevations denoting younger reef-
building events.

ka onward (=50 m elevation) may be an
artifact of less sampling effort in terraces
=125 ka old (Fig. 5). In contrast, the mas-
sive form showed a steady and significant
decrease in abundance through time; the co-
lumnar species showed a nearly significant
decrease in abundance through time; and
the sheet form showed constant, but low,
abundance through time (Fig. 5). None of
the species of the Montastraea “‘annularis”
species complex actually went extinct dur-
ing the sampled interval (>600-82 ka), and
there is no fossil record of coral reefs <82
ka that is preserved on Barbados.

The Pearson product-moment correlation
matrix of abundance per meter of transect
showed significant inverse correlations be-
tween the extinct organ-pipe form and both
the massive and sheet forms of the Mon-
tastraea ‘‘annularis’ species complex (Ta-
ble 4). These correlations may point to in-
terspecific competition among members of
the sibling species complex. Competition
among living members of the species com-
plex has been well documented (van Veghel
and Bak, 1994). A significant positive cor-
relation occurred between the sheet and
massive growth forms, perhaps reflecting

121

similar ecological preferences for these two
taxa.

DiIScuUsSION

Community response to Pleistocene
environmental change

Pleistocene reef coral communities with-
in the same environment are more distinct
between reefs of the same age from differ-
ent places along the Huon Peninsula coast
than between reefs formed at different times
(Fig. 2). Elsewhere, I have discussed much
of the ecological implications of this per-
sistence through time (Pandolfi, 1996; Jack-
son et al., 1996; Pandolfi and Jackson,
1997). Here I would like to concentrate on
two implications of finding site differences
maintained throughout the 95 ka interval.

1) The existence of differing species as-
semblages at Hubegong and Sialum ver-
sus Kanzarua (Fig. 2) was probably due
to the influence of the Tewai River at
Kanzarua. A milky cloud of fine sedi-
ment sometimes blankets the nearshore
environments at Kanzarua, whereas at
Hubegong and Sialum nearby rivers
don’t normally produce such fine sedi-
ments in close proximity to the devel-
oping reef. These site differences were
maintained through several glacial cy-
cles (Fig. 2), even though global climate
change associated with glacial cycles
meant differing conditions during the
successive high sea level stands. Differ-
ent reef building episodes experienced
different atmospheric CO, levels, differ-
ent sea levels and hence different poten-
tial inhabitable benthic areas (0-30 m)
between 30°N and 30°S (Table 5). Sea
surface temperatures surely fluctuated as
well, but exact values in the tropics re-
main controversial. The maintenance of
community structure through time at
each site during fluctuations in global
climate variables suggests that local en-
vironmental parameters, such as reef
physiography and terrigenous input,
played a greater role in determining the
taxonomic composition of Pleistocene
reef coral assemblages than global en-
vironmental differences associated with
glacial/interglacial cycles (Table 5).
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F1G. 5. The transformed abundance per meter {arcsin ((log x+1))} in relation to elevation for each individual
species of the Montastraea “annularis” species complex. Abundances were taken from the shallow fore-reef
environment of the Pleistocene terraces of Barbados. The extinct organ pipe coral gained in abundance through-
out the history of the island; columnar Montastraea annularis (sensu stricto) was relatively constant through
time; massive Montasiraea faveolata decreased significantly through time; and sheet Monrastraea was relatively
constant through time, with low abundance compared to the other species. Results of regression analyses are
given as R? values and p-values. Terrace elevation is used as a proxy for time with lower elevations denoting
younger reef-building events.

2) Ecologists have long debated the rela- Hurd, 1993; Tilman, 1997). Clearly,
tive influence of local ecological pro- both sets of processes are important. For
cesses, such as disturbance, niche diver- example, although the size of the species
sification, and biotic interaction, versus pool is correlated with species diversity
regional influences such as size of the in local reef communities (Caley and
species pool and dispersal capabilities of Schluter, 1997; Hubbell, 19974, b; Karl-
the component species, on species main- son and Cornell, 1998, 1999), a signifi-

tenance in communities (Karlson and cant amount of variation is attributable
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TABLE 4.
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Pearson product-moment correlation matrix of species abundance between species pairs in the Mont-

astraea ‘‘annularis’ species complex from the Pleistocene shallow fore-reef of Barbados. Results are from 49
40-meter transects of assemblages ranging in age from >600-82 thousand years.

Columnar Massive Sheet Organ-pipe
Columnar 1.00
Massive —0.049 1.00
Sheet —0.055 0.377** 1.00
Organ-pipe 0.057 —0.540%** —0.461** 1.00
** P < 0.01.
*x% P < 0.001.

to local aspects of the community such
as depth and habitat (Karlson and Cor-
nell, 1998, 1999), reflecting both phys-
ical aspects of the environment (wave
energy and light), and biological inter-
actions (e.g., competition, overtopping,
and symbiosis).

Both local and regional ecological in-
fluences could account for the persis-
tence through time of the same coral as-
semblages in PNG. When local ecolog-
ical processes are important, the same
environments and interactions result in
the recurrence of similar species com-
position and community structure. Sim-
ilarly, when regional ecological process-
es are important, sampling of the re-
gional species pool will result in species
abundance in proportion to the total

TABLE 5.
projections for 2050 AD.

number of propagules generated by each
species. Hubbell (1997a) referred to this
hypothesis as the “‘dispersal limitation
hypothesis.”” Assuming number of prop-
agules is proportional to geographic
abundance, the most widespread species
regionally should be the most dominant
species locally. But in the Pleistocene
reefs in both PNG and Curacao, locally
dominant species were no more geo-
graphically widespread than locally non-
dominant taxa (Table 3). It is notewor-
thy that similar results were obtained in
the Indo-Pacific and the Caribbean, yet
order of magnitude differences in area
and coral species diversity occur be-
tween them. As shown now in recent
studies of both fish (Ault and Johnson,
1998; Robertson, 1996) and corals (Bab-

Environmental variables during glacial and interglacial cycles during the past 125 ka, including

Age

Sea level

Awm [CO,J* Benthic surface area®

(ka) (m * present sea level) (pmol mol-") (square km’s}
Projection—2050 AD 2050 AD +0.5 500¢ 5.80E+06
Last glacial maximum 18 ~120 194 6.43E+05
Huon Peninsula, Papua New Guinea
Reef terminology
Reef complex age? Sea leveld Atm [CO,]* Benthic surface area®

(this paper) (Chappell, 1974) (ka) (m * present sea level) (pmol mol-") (square km’s)

1 IIa 35-42 —64 to —92 198.5 1.57E+06-1.21E+06

2 1Ib 44.5 -59to —-71 200 1.79E+06-1.57E+06

3 Illa 46-61 —-37t0 —70 207.3 3.12E+06-1.57E+06

4 1Vb ? ? ? ?

5 IVa 65-72 —45t0 —72 227.5 2.79E+06-1.57TE+06

6 Vb ? ? ? ?

7 Va 85 —19 to —44 218 3.03E+06-2.84E+06

8 A\ 107 -12 to =37 244 3.41E+06-3.12E+06

9 VII 125 +4 to +6 267 5.68E+06~5.61E+06

2 From Barnola et al. (1987).

b Estimates are for O to 30 m water depth between 30°N and 30°S latitude (from Kleypas, unpub. data).

¢ From Pittock (1999).
4 From Chappell et al. (1996).



124

cock and Mundy, 1996), successful re-
cruitment is not always directly related
to probability of colonization. Thus, we
need to consider local ecological pro-
cesses in determining community struc-
ture, such as local environments, biotic
interactions and other post-settlement
events.

If local biotic interactions and/or adap-
tation to local environments that occur
within local communities are important
throughout the region, then regional com-
position and diversity will be the summed
effect of local processes. Thus, local envi-
ronmental change could have profound ef-
fects on both local and regional diversity,
and when cumulative, may contribute to
global change. This is not to downplay the
interconnectedness of coral reefs, which can
be viewed as metacommunities (Jackson et
al., 1996). Our best models of metapopu-
lation dynamics involve processes occur-
ring at the local level (Nee and May, 1992;
Jackson et al., 1996), and the maintenance
of metacommunities depends to a large de-
gree on the maintenance of local patches.
Thus, it is urgent we begin to understand
how environmental change, whether local
or global in origin, influences community
dynamics over both local and regional
scales.

Species extinction of organ-pipe
Montastraea

The two extinctions of widespread, in-
sular (neither species occurred along the
coasts of the North, Central, or South
American mainland) Pleistocene reef coral
species (organ pipe Montastraea and Po-
cillopora cf. palmata) were natural, recent,
and sudden. Although extinction is thought
to occur more commonly to species that
support small versus large populations (Di-
amond, 1984), this example and others il-
lustrate that extinction is not confined to
species with small population size. Indeed,
the only modern marine invertebrate ex-
tinction thus far recorded also involved a
widespread and abundant species, the eel-
grass limpet, Lottia alveus, that disappeared
when its primary food source shifted to a
lower salinity habitat after suffering a dis-
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ease (Carlton et al, 1991). Whereas it is
plausible that small population size char-
acterized the final stages of the extinction
of the two Pleistocene coral species, it is
noteworthy that these two abundant species
went extinct while other, rare species sur-
vived. 1 have discussed elsewhere the ef-
fects of the extinction of the organ-pipe
Montastraea on the ecology and morphol-
ogy of surviving species and on the struc-
ture of post-extinction communities (Pan-
dolfi et al., 1999). Here 1 will focus on the
lack of predictability in species extinction
within the Montastraea “‘annularis’ sibling
species complex (Knowlton et al., 1992)
and the severe reduction in global benthic
surface area at 18 ka to address possible
threshold effects in the Pleistocene reef cor-
al extinctions.

The sudden extinction of the organ pipe
Montastraea was not foreshadowed by an
over 500 ka history of species abundance
patterns, at least on Barbados. On the con-
trary, the organ pipe Montastraea increased
in abundance throughout it’s existence on
Barbados while two of the other species ei-
ther decreased (massive) or had consistently
low abundance levels (sheet) (Fig. 5).
Moreover, the increasing abundance in the
organ pipe Montastraea was negatively cor-
related to that in both the massive and sheet
growth forms (Table 4) during an overall
constant abundance of the total M. “‘annu-
laris” complex (Fig. 4). Based on these ob-
servations, and the present-day competitive
interactions among modern members of the
M. “annularis” species complex, it is likely
that the temporal changes in species abun-
dance among the members of the Montas-
traea ‘“‘annularis’ species complex on Bar-
bados were due to a long term competitive
hierarchy. The striking point is that this
competitive hierarchy appears to have fa-
vored the one species which later went ex-
tinct! The Pleistocene extinction of ecolog-
ically important species is consistent with
models predicting that habitat destruction
can cause the selective extinction of the
most successful competitors (Nee and May,
1992; Tilman et al., 1994).

What caused the extinctions?

Determining the cause of extinction of
ancient species is notoriously difficult
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(Raup, 1991). The predominance of the or-
gan pipe coral suggests that the species ex-
tinctions might have occurred in response
to an unusual event that might have taken
place over a short interval of time (3—4 ka).
One hypothesis is that instability in meta-
population structure during Pleistocene sea-
level changes led to the extinction of these
two species. One of the lowest sea levels in
the Pleistocene (120 m below present;
Rohling et al., 1998) occurred sometime
around 18-21 ka. This represented a pro-
found environmental event for coral reefs
worldwide when global carbonate accumu-
lation could have fallen to less than 5-10%
of today’s values for coral reefs and inhab-
itable benthic surface area (0-30 m) be-
tween 30°N and 30°S dropped by an order
of magnitude (Table 5) (Kleypas and
McManus, 1999; Opdyke and Kleypas, per-
sonal communication, 1998). Thus a world
of very much reduced coral reef habitat
(i.e., fewer reefs further apart) characterized
the tropics 18 thousand years ago compared
to any other time during the 82 to 10 ka
interval when the extinctions could have
occurred. Moreover, the reduced habitat
was probably accompanied by large-scale
fluctuations in oceanic circulation patterns,
increased sedimentation, and strong oscil-
lations in biological productivity. The two
corals, Pocillopora cf. palmata and organ-
pipe Montastraea, confined to Caribbean is-
lands with reduced habitable shelf area,
might have suffered greater disruptions in
their spatial distribution patterns than spe-
cies which also occupied continental mar-
gins with their broader habitable shelves.
However, this hypothesis is not based on
data demonstrating a causal link between
Pleistocene reduced habitat area and coral
species extinction. Thus, we are left with a
‘‘strong correlation of environmental and
biological events, but no understanding of
mechanisms” (Jackson and Budd, 1996, p.
10).

Threshold effects

There is a growing body of literature that
addresses how the complexity of ecological
(and other) systems may be due to causes
that are relatively simple, more formally
known as non-linear dynamics (Bascompte
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and Solé, 1995). These causes include, but
are not limited to, the dynamics of meta-
populations (Hanski and Gilpin, 1991; Har-
rison, 1994), and self-organized criticality
(relatively simple critical states lead to
complex spatio-temporal patterns, and such
critical points are naturally reached without
external influences—Bak, 1997). Presently
most extinction scenarios based on meta-
population theory remain untested. Al-
though a wide range of simple and complex
analytical models exist, realistic parameters
in metapopulation models have not been es-
timated for corals or other marine taxa.
Thus, although such models can suggest
possibilities, no data exist to demonstrate
what actually has happened.

One important concept in non-linear dy-
namics that holds promise for both ecolog-
ical and paleoecological studies is how en-
vironmental thresholds might operate over
varying spatial and temporal scales. Envi-
ronmental factors may increase or decrease
with a broad range, but once a certain crit-
ical value is reached, the entire system
might crash. Perhaps the most important en-
vironmental factor for which threshold ef-
fects might operate is habitat reduction, ei-
ther naturally through sea level change, or
anthropogenically through destruction of
existing habitat. The sudden extinction of
organ-pipe Montastraea following its in-
creasing population size through greater
than 500 ka points to the possibility of
threshold effects in the maintenance of reef
coral populations. If Pleistocene reef coral
extinction was related to habitat availabili-
ty, then there may be a threshold of habitat
reduction in reefs that, when crossed, be-
gins to result in the extinction of wide-
spread, competitively superior, and abun-
dant metapopulations of coral reef species.
One theory of metapopulation dynamics
predicts such rapid extinction when habitat
reduction exceeds a threshold (Tilman e
al., 1994).

Implications for conservation biology and
global change

What lesson can reef managers take from
the Pleistocene communities from Papua
New Guinea? There is a fossil record that
gives a measure of what to conserve. The
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repeated occurrence of communities with a
similar ecological structure through time
means that the historical record has provid-
ed us with a measure of the variability we
can expect in natural communities at similar
places and within similar local environ-
ments. Although there was a large amount
of variability in the coral assemblages in
Papua New Guinea, there was not enough
to distinguish them temporally; thus they
provide a fundamental comparison for
modern reef managers wishing to know
what to conserve. We do know what to con-
serve because we have a rich fossil record
that shows us. For example, several studies
are now showing that community changes
in the Caribbean are virtually unprecedent-
ed, especially those involving the collapse
of the Acropora cervicornis dominated
shallow fore-reef communities (Aronson
and Precht, 1997, Greenstein et al., 1998,
Jackson, 1992). Both Pleistocene and pre-
1980°s shallow fore-reef communities
throughout the Caribbean were dominated
by A. cervicornis—for at least 600 ka (Me-
solella, 1967)! While it is clear that modern
coral reefs have suffered enormous degra-
dation in the past 500 years (Jackson,
1997), it is equally true that this decline has
only recently been obvious to reef scien-
tists. Future changes due to either global
climate and/or local natural or anthropogen-
ic disturbances can be calibrated against the
history of reefs found in the Pleistocene and
earlier fossil record.

What lessons can reef managers take
from the two Pleistocene extinctions? First,
marine extinctions do not appear to be con-
fined to ‘‘unimportant” species with small
population sizes. Rather, dominant species
appear to be at risk. Prior to the 1980s,
many Caribbean reefs were dominated by
Acropora palmata between 0—5 m, and Ac-
ropora cervicornis between 5 and 20 m.
These two species often formed huge
mono-specific stands in the reef habitats
where they occurred. But today, both of
these species have very reduced population
sizes nearly everywhere in the Caribbean:
in Barbados habitat degradation caused by
terrestrial pollution from sugar plantations
has all but destroyed mono-dominant com-
munities of A. palmata (Lewis, 1984); in
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Jamaica both species were severely reduced
after a number of events dramatically al-
tered their population sizes (Hughes, 1994);
rapid reduction in A. palmata and other cor-
als from Floridian reefs have been related
to habitat destruction (Porter and Meier,
1992; Hughes, 1994); and mono-specific
stands of A. cervicornis, present for the past
2,300 years in Belize, have been recently
altered to Agaricia tenuifolious, obviously
due to present day causes (Aronson and
Precht, 1997). Even though they are not yet
extinct, the metapopulation structure of
these two species must be considerably al-
tered from pre-industrial times. The two re-
cent Pleistocene extinctions provide a pre-
cedent for the notion that dominant reef
coral species are likely to be the first that
go extinct under conditions of habitat re-
duction, and thus deserve special attention
in the conservation of coral reefs.

Second, there exists a general paradox in
coral reef conservation ecology: a large per-
centage of living coral reefs have been de-
graded, yet there are no known extinctions
of any modern coral reef species. If meta-
population structure is an important com-
ponent to the maintenance of reef coral spe-
cies diversity, the lack of known modern
reef coral species extinctions may mean that
the metapopulation structure of reef com-
munities has not broken down sufficiently
for species loss, that is a critical value of
habitat loss has not been reached (or it has,
but effects are somehow delayed). But if
habitat reduction did lead to Pleistocene ex-
tinction when a certain threshold was
passed, we may be increasing our risk of
extinction today as more and more reef hab-
itats are degraded or destroyed. Of major
significance is that the breakdown in com-
munities and/or species may not be detect-
able until it is too late. The maintenance
and/or restoration of local reef health will
aid in the maintenance of the metapopula-
tion structure of coral reefs worldwide.

Third, the recognition of sibling species
complexes in reef animals (Knowlton et al,,
1992) suggests that there may be significant
undiscovered diversity in the Caribbean,
and the Indo-Pacific is much less well
known. Unrecognized extinction may be
common, and it is interesting to note here
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that the organ-pipe Montastraea is a newly
discovered and still undescribed taxon.
How many more unknown taxa might be
going extinct undetected? Reaka-Kudla
(1996) believes that extinction is wide-
spread in the reef meiofauna where the
greatest diversity of reef organisms reside.
A major priority for the conservation and
management of reefs is to understand what
comprises the reef; thus immediate efforts
are needed in the systematics of coral reef
organisms.

Finally, the effects of local habitat de-
struction (mainly anthropogenic) may be
even more severe when it occurs in con-
junction with global climate change, since
the dual stresses acting together will likely
result in more damage than any single one
acting alone. Of major significance here is
that atmospheric CO, levels are projected
to be almost twice as high in 2050 AD as
during any period in the last 125 ka (Table
5). The likely negative effects of global cli-
mate change to coral reefs, such as atmo-
spheric CO, increase and calcium carbonate
saturation rate decrease (Buddemeier and
Smith, 1999; Pittock, 1999; Gattuso, 1999),
and increase in storm frequency and inten-
sity (Knutson et al., 1998), means that the
window of opportunity for exacting effec-
tive management policies on local reefs
may be narrowing, especially if the re-
sponse of reefs to changes in these features
follows the threshold behavior described
above for habitat reduction. The sudden ex-
tinction of the two widespread species in
the Pleistocene emphasizes the vulnerabili-
ty of modern reef coral species in the face
of present rapid environmental and climatic
change.

Future research areas for coral
reef paleoecology

The two studies presented here from the
fossil record of coral reefs suggest that reef
managers can directly benefit from the
study of Quaternary coral reef paleoecolo-
gy. Although a number of fruitful avenues
of research can be explored, the greatest po-
tential will come from studying fossil com-
munities at finer scales of resolution. For
example, whereas reef climax communities
were compared over successive reef-build-
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ing episodes in PNG, there is presently no
real data on the nature and extent of com-
munity change within a reef building event.
Where strict preservational criteria can be
met, fossil reefs can be surveyed at a res-
olution of 50-100 years—almost as fine a
scale as the decadal studies of today (Con-
nell et al., 1997; Done, 1997; Bak and
Nieuwland, 1995). Where such studies can
be undertaken over broad spatial scales, we
can begin to understand the degree to which
local communities persist in space and time,
and how the connectivity of patches on a
regional scale influences that persistence.
Such data is not only vital for reef manag-
ers dealing with recovery in modern de-
graded habitats, but also to theoretical ecol-
ogists needing actual values for models of
metapopulation dynamics. Another interest-
ing avenue for research will be in expand-
ing our paleoecological studies to include
geographically and ecologically marginal
reefs. Here ecological dynamics over time
and space can be studied over steep envi-
ronmental gradients, thus shedding light on
important variables that affect species and
community persistence.

Reef paleoecology can also provide a
significant amount of information we do not
now have to aid in our attempts to under-
stand the effects of global change on coral
reefs. There are many critical questions that
need to be addressed at large scales. How
do ecological relationships among taxa
buffer reef ecosystems against long-term
environmental change? How do time lags
and historical contingency influence reef re-
covery from environmental perturbations?
What is the minimum viable population
size and geographic range for corals with
wide dispersal capabilities? How are coral
reef metapopulations and metacommunities
maintained and what factors influence the
maintenance of their structure? The in-
creased temporal and geographic scales af-
forded by the fossil record portend vital in-
sight into the future fate of living reefs.
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