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Abstract

An in situ survey of deep reef environments (20 and 30 m) was conducted to determine the degree to which the
community structure of live reef coral assemblages was faithfully represented in the adjacent death assemblages
accumulating on the sea floor. Relative abundance of species was significantly different between life and death
assemblages, and zonation patterns (in species relative abundance, coral growth form, and diversity) present in the
life assemblages showed both similarities and differences to those found in the death assemblages. The difference
in species distribution patterns between life and death assemblages is shown by a striking growth form bias in the
death assemblage: species with massive growth forms are underrepresented in the death assemblages in both en-
vironments, whereas branching, encursting, and plate growth forms are overrepresented in the death assemblages.
Several factors may be involved in the life and death assemblage differences: greater degrees of time averaging
than in previously studied reef settings, changes in the life assemblage such that death assemblages record previous
life assemblages more faithfully than present ones, and undersampling of massive corals in death assemblages.
Comparison of species richness and the Shannon—-Wiener index of diversity between life and death assemblages
produced unexpected results. In general, death assemblages showed higher diversity than did life assemblages, more
in accordance with previous studies of shelly molluscan faunas of temperature and tropical level-bottom marine
communities than with those of shallow-water coral reef communities. Because our results differ from previous
studies of community preservation in coral reefs, we recommend that paleoecological studies of aquatic ecosystems
be accompanied by preservational assemblages from the same or similar environments. Our results point to the
subtleties involved in interpreting coral death assemblages and suggest that these assemblages may contain as much
or more information on recent changes in the living reef as they do on the future composition of the fossil reef

assemblages.

The fossil record is the sole database from which studies
of the ecological response of living aquatic communities to
environmental change over geological time scales can be
made (Allmon et al. 1996; Buzas and Culver 1994; Jackson
1992; Jackson et al. 1996; Pandolfi 1996; Pandolfi and Jack-
son 1997). It is therefore important to ascertain the degree
to which communities preserved in the fossil record repre-
sent the once living community. There are two major tran-
sitions that lead from the life assemblage to the fossil as-
semblage, and each involves a number of biological and
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physical processes that may alter the amount and kind of
ecological information eventually preserved in the fossil as-
semblage. The first is the transition between the life assem-
blage and the adjacent death assemblage in the aquatic hab-
itat. Death assemblages are the remains of dead organisms
accumulating in the same area, regardless of where the or-
ganisms spent their lives. Death assemblages may be of very
short duration, such as occurs when a living assemblage is
buried instantaneously in sediment, or may last thousands of
years, as has been recorded in some marine coastal deposits
(Flessa and Kowalewski 1994). The degree of information
loss may depend on the actual amount of time spent as a
death assemblage (Greenstein and Moffat 1996).

The second transition is from the death assemblage to the
fossil assemblage. The fossil assemblage is that sampled by
paleoecologists, usually entombed in rocks or sediments. Bi-
ological and physical processes that act to bias the final fossil
assemblage have been reviewed elsewhere (Kidwell and
Bosence 1991; Parsons and Brett 1991).

In this paper, we address the issue of how much infor-
mation is lost in the transition from the life to the death
assemblage within the zone of active degradation (“‘taphon-
omically active zone” of Davies et al. 1989) in the coral reef
ecosystem. We assume that an assemblage of dead corals
accumulating in close proximity to a living coral reef (in-
cluding the dead portions of living colonies) provides a rea-
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sonable proxy for the material that potentially becomes fos-
silized (Greenstein and Pandolfi 1997). However, it is
important to recognize that death assemblages have a long
period before they become the preserved fossil assemblages
we associate with Quaternary reef deposits. Further destruc-
tive processes will in some cases increase the potential for
fossil assemblages to distort the original ecological infor-
mation present in the life assemblages. On the other hand,
it is also true that death assemblages may better resemble
their original communities over a broader time scale than
any particular life assemblage sampled at a single time, and
that fossil assemblages have the potential to mimic their life
assemblages more than death assemblages do, especially
when the transition from life to death to fossil assemblage
happens very quickly (Greenstein and Curran 1997) or when
human factors have resulted in alteration of the previous
community structure.

We perform a systematic comparison of the species abun-
dance, taxonomic composition, and diversity in reef coral
life assemblages with those of death assemblages accumu-
lating in 20- and 30-m water depth at Conch Reef (adjacent
to Key Largo) in the Florida reef tract. We assess the mag-
nitude of preservational bias inflicted during the transition
from the living assemblage to the death assemblage, i.e. ““‘the
first step back” into the fossil record. Our results suggest:
(1) life and death assemblages differ according to their spe-
cies distribution patterns with a tendency for massive coral
growth forms to be underrepresented and other coral growth
forms to be overrepresented in the death assemblages rela-
tive to their original life assemblages; (2) death assemblages
seem to reflect communities that may have typified Conch
Reef prior to the degradation of the 1980s and 1990s; and
(3) the ecological zonation (in species relative abundance,
presence/absence, diversity, and growth form) of coral life
assemblages shows some similarities to that of the death
assemblages. Many of these results are similar to earlier
studies of shallow reef habitats from the Florida reef tract
(Greenstein and Pandolfi 1997). In contrast to previous shal-
low-water coral reef studies, however, the diversity of 20-
and 30-m-deep death assemblages was significantly greater
than that for life assemblages, indicating the possibility of
greater temporal mixing of cohorts in these deeper water reef
zones and(or) recent changes in the life assemblages within
the study area.

Materials and methods

Study sites—Our ability to rigorously sample in detail
such deep reef environments was made possible through the
use of the underwater habitat Aquarius, where we spent 9.5
d living underwater. Fieldwork was completed at two 20-m
and two 30-m sites at Conch Reef on the Florida reef tract
(24°57'00"N, 80°27'13"W; Fig. 1). We dove 4 h each day at
the 30-m sites and 3 h each day at the 20-m sites. Two sites
were sampled: between 200 and 400 m north of the habitat,
and between 200 and 300 m south of the habitat. At each
site eight 40-m transects were laid along each of the 30-m
and 20-m depth contours. In practice, transects were con-
strained to water depths varying between 29 and 32 m and
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Fig. 1. Map of study area. Index map: The Aquarius underwater

laboratory/habitat is located on Conch Reef, adjacent to the National
Undersea Research Center on Key Largo, Florida. Map detail: The
Aquarius is situated between the 15- and 20-m depth contours on
Conch Reef. Reef coral species abundances were censused from
eight transects 40 m in length, laid at each of four sites: along the
20- and 30-m contours north of the Aguarius (N20 and N30) and
along the 20- and 30-m contours south of the Aquarius (S20 and
S30). Both live and dead coral assemblages were censused. Depths
in meters; contour interval is 5 m. See fext for further discussion.

18 and 22 m, respectively. Our sample areas are thus denoted
as north 30 m (N30), north 20 m (N20), south 30 m (S30),
and south 20 m (S20).

N30. This site was located at the base of a steep slope
that starts at the 22-m isobath and ends in a sandy level
bottom at ~32 m. The steep slope between 22 and 27 m is
a hard rock substrate covered by soft and hard corals and
locally abundant Halimeda. At the base of the slope, the hard
rocky substrate breaks up into a series of spurs and grooves
mainly, but not exclusively, perpendicular to the slope. The
grooves were sandy and in places full of coral rubble. Hard
and soft corals characterize the spur and hard rock bottom.
Hard rock bottom locally replaced the spur and groove sys-
tem. The sandy bottom shallows gradually to the north; thus,
the final transect at this locality was placed in 27-29 m of
water. Transects were placed parallel to the slope along the
intermittent rocky bottom and spur and groove structures.
Eight transects were placed end to end, with ~20 m between
the end of one transect and the beginning of the next.

N20. This site was established on a locally level rocky
bottom in 17-18 m of water. The reef in this area is com-
posed of hard and soft corals arranged locally in low-relief
spur and groove topography that is generally perpendicular
to shore. Sand or rubble was locally abundant in the grooves.
Transects were constructed parallel to each other with ~20
m spacing between them. The seaward end of each transect
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terminated close to the break in slope that characterized the
beginning of the deep reef assemblage (described above).

S30. This site was situated at the base of a steep wall that
dropped from 18- to 30-m depth. The wall at this site makes
a 90° turn, trending N-S and then W-E at a site known
locally as ““The Pinnacle.” The reef at this depth consists of
‘large overgrown rocky blocks with hard corals and deep-
water gorgonians prevalent. Sand and locally abundant rub-
ble occur between the large blocks. Other portions of the
reef along which transects were constructed mark a contin-
uation of the slope of the dropoff rather than isolated blocks.
Small caves occur locally at the base of the dropoff in these
areas. Current action (predominantly SSW) was occasionally
severe at this locality. Four transects were laid essentially
end to end along the base of the W-E portion of the wall
(i.e. west of The Pinnacle) with the remaining four transects
laid end to end along the N-S portion of the wall (i.e. north
of The Pinnacle). Approximately 20 m separated each tran-
sect.

S20. This site was situated immediately above the deeper
site in ~20 m of water. Spur-and-groove topography was
less well developed here and rubble was noticeably sparse.
Four transects were constructed on the 20-m shelf immedi-
ately above the W-E portion of the wall (i.e. west of The
Pinnacle). The first transect was laid parallel to the dropoff
(i.e. in a W-E direction); the remaining three were perpen-
dicular to the dropoff (N-S). The reef here was composed
of sponges and hard and soft corals that rise 1-1.5 m above
the sand- and rubble-dominated grooves. Montastrea cav-
ernosa was locally very abundant. The remaining four tran-
sects were constructed parallel to each other above the N-S
portion of the wall (i.e. to the north of The Pinnacle). All
transects were separated by ~20 m.

Sampling—To census the live coral assemblages, linear
point intercept (LPI).sampling was used on the eight tran-
sects (Lucas and Seber 1977) at each site and depth. To
estimate cover adequately for the widest range of coral
growth forms and colony sizes, transects were 40 m long
(Mundy 1991). The following observations were recorded at
20-cm intervals along each transect: transect intercept, spe-
cies, colony size, colony orientation, growth form, whether
the colony was alive or dead, and whether the colony was
whole or fragmented.

The death assemblage is defined as in situ dead coral ma-
terial accumulating adjacent to and within the live reef
framework. Dead coral colonies encountered along the tran-
sect were identified to the species level only if we could
recognize them without breaking them apart or peeling off
any algae or other overgrowths. Rubble composed of dead
coral was sampled at the 5-, 15-, 25-, and 35-m marks of
each transect. Samples were taken by hand over a 1-m? area,
down to a depth of up to 25 cm below the sediment—water
interface. Each rubble sample was collected in a 5-mm mesh
bag constrained by a ~10-liter bucket. Thus, coral species
and growth form were recorded for each specimen >5 mm
in size that preserved colony structure sufficient to allow for
an identification. Taxonomic data obtained from the rubble
samples were pooled with data obtained from dead corals
encountered along each LPI transect.
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Originally we estimated that four 10-liter samples would
provide us with ~200 specimens (data points)—roughly
comparable to the number of points censused along the tran-
sects for the live fauna. In practice, where branching coral
rubble dominated the substrate, collections often contained
many more than 200 specimens. In addition, not all 200
points along the transects fell upon live coral. We were able
to allow for the discrepancy in sample size between the two
sampling techniques by standardizing the data before ana-
lyzing it (see below).

Out of a possible 64 samples (eight transects X two en-
vironments [20 m and 30 m] X two sites [south and north]
X two assemblages [life and death]) our data contain 58
samples and 37 reef coral species. We included two species
of the hydrocoral Millepora as reef coral species; the re-
maining 35 species were stony corals (Scleractinia). The cu-
mulative number of species encountered in each sample was
plotted for life and death assemblages at each site.

Data analyses—Comparisons of taxonomic composition
were made using the Bray—Curtis dissimilarity coefficient
(Bray and Curtis 1957) that has been shown to be one of
the most robust coefficients for the analysis of taxonomic
composition data (Faith et al. 1987). Dissimilarity values
range from O (for a pair of samples with identical taxonomic
composition) to 1 (for a pair of samples with no taxa in
common). Abundance data were transformed to their square
roots prior to the analysis to reduce the influence of occa-
sional large abundance values for some taxa (Field et al.
1982). In addition, the transformed abundance values for
each taxon were standardized by the maximum attained by
that taxon. This standardization equalizes the potential con-
tributions of taxa to the overall dissimilarity in composition.
Without standardization by taxon, the Bray—Curtis values are
dominated by those taxa that attain high abundance (Faith
et al. 1987). This is in general undesirable, but it would have
been even more so in the comparisons between the life and
death assemblages when sampling logistics occasionally re-
sulted in the sample size of the death assemblages being
greater than that of the life assemblages (see above). The
Bray—Curtis dissimilarity coefficient was computed for every
possible pair of samples, resulting in a dissimilarity matrix.

To test for statistical differences in taxonomic composition
among environments and assemblages (live vs. dead) we
used the analysis of similarity (ANOSIM) procedure devised
by Clarke (1993) and fully explained in Pandolfi and Min-
chin (1995). Briefly, the ANOSIM computes a test statistic
reflecting the observed differences among replicates between
sites, contrasted with differences among replicates within
sites. The ANOSIM procedure uses the rank values of the
Bray—Curtis dissimilarity matrix.

Ordination was used to provide a visual summary of the
pattern of Bray—Curtis values among the 58 samples. The
technique used was global nonmetric multidimensional scal-
ing (GNMDS, Kruskal 1964) that has been shown to be one
of the most effective methods available for the ordination of
taxonomic composition data (Minchin 1987). The GNMDS
was run with 30 random starting configurations and pro-
ceeded through 400 iterations for each of six dimensions.
The stress value in a GNMDS measures the degree to which
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the distances among samples depart from a perfect rank-
order fit. The lower the stress value, the better the represen-
tation of the samples in the multidimensional space (stress
values <0.2 generally result in interpretable results). Our
stress values decreased minimally after the 3-dimensional
analysis, thus we present plots of dimension 1 and 2 from
the 3-dimensional analysis. This plot was qualitatively no
different, however, from that of the 2-dimensional analysis.
The minimum stress value for the 3-dimensional analysis
was 0.11.

To understand the differences in species composition be-
tween groups of samples, we calculated similarity percent-
ages (SIMPER; see Clarke and Warwick 1994). The SIM-
PER results indicate specifically which coral taxa are
responsible for the results obtained from the ANOSIM tests
and the ordinations by comparing the average abundance of
taxa between assemblages. The average dissimilarity be-
tween all pairs of samples within a group of samples is com-
puted. The average is then broken down into separate con-
tributions from each species, resulting in an average term.
Species that have large values of the average term and large
values of the ratio of the average term to its standard devi-
ation are important in characterizing assemblages and(or)
differentiating different assemblages.

Patterns of diversity between environments and between
life and death assemblages were examined by computing
two diversity metrics: species richness (S) and the Shannon—
Wiener index of diversity (H'). Species richness is calculated
by counting the number of species in each sample. The
Shannon—Weiner index is

H, = _Epzln pz’

where p, is the proportion of individuals found in the ith
species (n,/N) for each sample.

Finally, we calculated fidelity indices for each depth. Kid-
well and Bosence (1991) defined fidelity of death assem-
blages to life assemblages in terms of three variables: the
percentage of species in the life assemblage found in the
death assemblage, the percentage of species in the death as-
semblage found in the life assemblage, and the percentage
of individuals of species found in the death assemblage that
are also found in the life assemblage. Fidelity indices are
presented for individual sites and the average of sites for
both the 20- and 30-m environments and the average ob-
tained from the entire study area. Analysis of variance was
undertaken on the arcsine-transformed values of the indices
for the Conch Reef deep-water assemblages.

Results

Visual inspection of the sampling curves illustrated that,
in general, four to five transects were sufficient to account
for >90% of the coral species diversity in life and death
assemblages at Conch Reef (Fig. 2). Differences in diversity
values shown by the sampling curves are explained below.

The ANOSIM tests showed significant differences in tax-
onomic composition between life and death assemblages.
These differences were expressed in the overall analysis and
in the analysis at each site and depth (Table 1). There were
also significant differences between 20- and 30-m assem-
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Fig. 2. Sampling curves for life and death assemblages cen-
sused in the (A) 20-m and (B) 30-m depths. Curves generally level
off by at least the four or fifth transect, implying an adequate sam-
pling strategy. See text for sampling methodology.

blages. These differences were also expressed in the overall
analysis and in the analysis of each of the life and death
assemblages (Table 1).

Ordination of the Bray—Curtis dissimilarity matrix graph-
ically illustrates the results from the ANOSIM tests (Fig. 3).
The taxonomic composition of reef coral life assemblages is
clearly separated from that of death assemblages along di-
mension 1. Dimension 2, however, shows a gradation in
depth of assemblages from 30 m at the top of the figure to
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Table 1. Analysis of similarity (ANOSIM) results for differ-
ences in taxonomic composition within and between live and dead
reef coral assemblages at different depths. R is the ANOSIM statis-
tic, based on the rank of the Bray—Curtis values.

Main effect R-stat P-value
Live vs. dead Overall 0.997 <0.0001
20 m (sites combined) 0.690 <0.0001
North 20 m 1.0 0.001
South 20 m 1.0 0.001
30 m (sites combined) 0.147 0.015
North 30 m 1.0 <0.0001
South 30 m 1.0 0.001
20 vs. 30 m Overall 0.162 0.002
Live 0.280 0.001
Dead 0.443 <0.0001

20 m at the base. This gradation occurs for both life (samples
on the left) and death (samples on the right) assemblages.
The main point from the ordination is that although the life
and death assemblages differed in taxonomic composition,
taxonomic differences between depths present in life assem-
blages also occurred in the death assemblages.

Results of the analyses of similarity percentages (the SIM-
PER procedure from the PRIMER software package; Clarke
and Warwick 1994) are presented in Tables 2-5. In terms of
average abundance, the 20-m life assemblages were domi-
nated by four reef coral species: Siderastrea siderea, M. cav-
ernosa, Montastrea annularis, and Millepora alcicornis (Ta-
ble 2). Agaricia agaricites can also be considered a typical
life assemblage species. The death assemblage was domi-
nated by Acropora cervicornis, Madracis mirabilis, M. al-
cicornis, Eusmilia fastigiata, Porites divaricata, and Agari-
cia agaricites (Table 2). When average abundances of corals
are compared between the life and death assemblage, a strik-
ing trend emerges: species with branching and plate growth
forms were more abundant in death assemblages than they
were in life assemblages (Table 3). Alternatively, species
with a massive growth form were more abundant in life as-
semblages than they were in death assemblages.

Also in terms of average abundance, life assemblages
from 30-m depth were dominated by Stephanocoenia inter-
septa, Madracis decactis, S. siderea, and M. cavernosa,
while a variety of coral taxa were present in lower abun-
dances (e.g. M. annularis, M. alcicornis, and A. agaricites)
(Table 4). Death assemblages were dominated by M. mirab-
ilis and E. fastigiata. Additional typical corals included M.
alcicornis, P. divaricata, Agaricia grahamae, and A. agari-
cites (Table 4). Comparison of average abundances of coral
species between 30-m life and death assemblages revealed
the same underrepresentation of massive corals and overrep-
resentation of branching and plate corals in the death assem-
blages (with respect to life assemblages) as that which oc-
curred in the 20-m environment (Table 5).

A comparison of the dominant live taxa (Tables 2, 4, and
6) between depths shows the major differences to be the
absence of Porites porites along transects taken at 30 m
(abundant at 20 m); the greater abundance of Millepora com-
planata, M. alcicornis, M. annularis, M. cavernosa, and S.
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Fig. 3. Ordination of modern life and death coral assemblages
from 20- and 30-m water depths at Conch Reef in the Florida reef
tract. Note the displacement of the life assemblages from the death
assemblages along the horizontal axis, suggesting differences in
community composition between them. Differences in the relative
abundance of reef coral species between 20 m and 30 m are dis-
played along the vertical axis in both life and death assemblages.

Table 2. Contributions of individual reef coral species to the
overall similarity within the life and death assemblages in the 20-
m environment. Species shown are those with high ratio values and
are typical for the assemblage from which they come (SIMPER
procedure from PRIMER software package) (Clarke and Warwick
1994). Growth forms are M, massive; E, encrusting; Br, branching;
and PI, plate.

Avg
abun- Avg
Species (growth form) dance* termf Ratio}

Life assemblages

Siderastrea siderea (M) : 10.71 10.6 5.11
Millepora alcicornis (E/Br) 9.57 10.1 7.60
Montastrea annularis (M) 12.36 9.5 3.26
Montastrea cavernosa (M) 11.57 8.2 2.67

Agaricia agaricites (M/P1) 4.86 6.3 3.64
Porites porites (Br) 4.50 55 295
Millepora complanata (Br) 2.86 4.7 1.97
Stephanocoenia intersepta (M/E) 2.79 32 1.16
Madracis decactis (Br) 1.29 3.1 1.19

Death assemblages
Acropora cervicornis (Br)
Madracis mirabilis (Br)
M. alcicornis (E/Br)
Eusmilia fastigiata (Br)
Porites divaricata (Br)

A. agaricites (M/P1)

15446 125 234
97.62 11.7  2.54
80.23 86 416
32.38 83 201
50.77 7.8 3.63
15.46 48 453

Agaracia grahamae (Pl) 3.62 33 2.73
M. annularis (M) 5.31 2.6 1.88
S. siderea (M) 4.69 1.9 1.52
P. porites (Br) 4.00 1.8 1.75

* The mean abundance for each species over all 20-m death or life assem-
blage samples.

1 The average contribution for a particular species to the overall similarity
(among all species) within either the life or death assemblages.

1 Ratio of average term to its standard deviation. Species with higher ratio
values relative to other species are more typical of the assemblage.
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Table 3. Contributions of individual reef coral species that dis-
tinguish the life and death assemblages in the 20-m environment.
Species shown are those with large discrepancies in average abun-
dance and high ratio values and are responsible for the differences
illustrated by the ordination (SIMPER procedure from PRIMER
software package) (Clarke and Warwick 1994). Growth forms are
M, massive; E, encrusting; Br, branching; and Pl, plate.

Pandolfi and Greenstein

Table 4. Contributions of individual reef coral species to the
overall similarity within the life and death assemblages in the 30-
m environment. Species shown are those with high ratio values and
are typical for the assemblage from which they come (SIMPER
procedure from PRIMER software package) (Clarke and Warwick
1994). Growth forms are M, massive; E, encrusting; Br, branching;
Pl, plate; and S, solitary (free-living).

Avg abundance*

Death Life
assem- assem- Avg
Species (growth form) blage  blage termf Ratiof
Madracis mirabilis (Br) 97.62 064 1135 2.07

154.46 2.36 894 234
32.38 0.71 6.94 245
50.77 0.21 646 3.01
80.23 9.57 394 1.66

Acropora cervicornis (Br)
Eusmilia fastigiata (Br)
Porites divaricata (Br)
Millepora alcicornis (E/Br)

Montastrea cavernosa (M) 346 11.57 248 1.32
Siderastrea siderea (M) 469 10.71 231 140
Agaricia grahamae (P1) 3.62 0.50 221 1.65
Millepora complanata (Br) 0.00 2.86 1.99 221
Agaricia lamarckiana (Pl) 3.31 0.07 198 1.30

* The mean abundance for each species over all 20-m samples.

1 The average contribution for a particular species to the overall dissimilarity
(among all species) between the life and death assemblages.

I Ratio of average term to its standard deviation. Species with higher ratio
values relative to other species better discriminate between the life and
death assemblages.

siderea at 20 m; and the greater abundance of S. intersepta,
M. decactis, A. grahamae, and A. agaricites at 30 m. We
also found an additional 10 species at 20 m that we did not
find at 30 m in the life assemblages, and 4 species we found
at 30 m, but not at 20 m (Table 6). Although coral species
with massive growth forms appear to dominate in the life
assemblages at both water depths, species from the genus
Agaricia with platy growth forms were more abundant at
30- than 20-m water depth. Moreover, with the exception of
Cladocora debilis, M. mirabilis, and M. decactis, branching
corals were more abundant in 20-m than in 30-m water
depth.

Species abundance patterns in death assemblages also
show differences between 20- and 30-m water depth (Tables
2, 4). Acropora cervicornis was the most dominant coral
species at 20 m but was of minor importance at 30 m. As
with life assemblages, M. alcicornis was very abundant at
20 m and less so at 30 m. In contrast, M. mirabilis was the
dominant coral at 30 m but of less importance at 20 m. In
addition, E. fastigiata showed much greater abundance in 30
m than in 20 m, and, as with life assemblages, all species
of Agaricia increased in abundance in the deeper water
depth.

The Shannon—-Wiener diversity index was significantly
higher overall in death (mean, 1.08; SE, 0.01) than life
(mean, 1.03; SE, 0.01) assemblages (F,s5, = 9.62; P =
0.003). The difference appears in the 30-m and not the 20-
m environment, where life and death assemblages showed
equal diversity (Fig. 4A). The statistical difference may not
be so biologically important however, given the small dif-
ference between life and death assemblages in the value of
the index. Species richness also was significantly greater in

Avg
abun- Avg
Species (growth form) dance* termt Ratio}
Life assemblages
Madracis decactis (Br) 7.37 1050 2.56
Montastrea cavernosa (M) 11.00 10.10 4.30
Siderastrea siderea (M) 8.62 9.70 6.45
Stephanocoenia intersepta (M/E) 11.12 9.60 3.32
Agaricia agaricites (M/P1) 6.06 820 431
Millepora alcicornis (E/Br) 5.12 6.10 2.60
Montastrea annularis (M) 5.75 450 120
Agaricia grahamae (Pl) 1.81 350 1.06
Death assemblages

Madpracis mirabilis (Br) 265.86 1890 3.43
Eusmilia fastigiata (Br) 10343 1440 5.06
M. alcicornis (E/Br) 53.29 6.80 4.74
Porites divaricata (Br) 61.71 6.70 497
Agaricia grahamae (Pl) 1543 520 5.86
A. agaricites (M/P1) 30.29 5.00 4.06
Agaricia lamarckiana (P1) 8.79 3.80 496
Acropora cervicornis (Br) 7.21 2.60 3.51
S. siderea (M) 6.29 240 5.07
Oculina diffusa (Br) 4.79 200 144

Manicina areolata (S) 4.14 1.80 3.83
M. cavernosa (M) 4.29 1.70 2.79

* The mean abundance for each species over all 30-m death or life assem-
blage samples.

+ The average contribution for a particular species to the overall similarity
(among all species) within either the life or death assemblages.

1 Ratio of average term to its standard deviation. Species with higher ratio
values relative to other species are more typical of the assemblage.

death (mean, 16.9; SE, 0.43) than life (mean, 12.1; SE, 0.32)
assemblages from all sites and depths (F,, 55, = 108.54; P <
0.0001), although the difference was more pronounced in the
deeper 30-m assemblages (Fig. 4B). Some examples of spe-
cies occurring in death assemblages but absent from life as-
semblages at 20 m include Favia fragum and Oculina dif-
fusa, and at 30 m include Diploria labyrinthiformis, Porites
furcata, Diploria strigosa, Mycetophyllia lamarckiana, Man-
icina areolata, Favia fragum, Diploria clivosa, and O. dif-
fusa (Table 6).

For the life assemblages, the Shannon—Wiener diversity
index was significantly higher overall in 20 m (mean, 1.05;
SE, 0.02) than in 30 m (mean, 1.01; SE, 0.01) assemblages
(Fu., = 5.03, P = 0.033). Species richness was also sig-
nificantly higher overall in 20 m (mean, 12.9; SE, 0.52) than
in 30 m (mean, 11.4; SE, 0.30) assemblages (F, ,,, = 6.43,
P = 0.017). In contrast, the Shannon—Wiener diversity index
in the death assemblages was greater in 30 m (mean, 1.11;
SE, 0.01) than in 20 m (mean, 1.05; SE, 0.02) assemblages
(Fy.7, = 9.31, P = 0.005). Again, the statistical difference
may not be so biologically important however, given the
small differences, both between depths and between life and
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Table 5. Contributions of individual reef coral species that dis-
tinguish the life and death assemblages in the 30-m environment.
Species shown are those with large discrepancies in average abun-
dance and high ratio values and are responsible for the differences
illustrated by the ordination (SIMPER procedure from PRIMER
software package) (Clarke and Warwick 1994). Growth forms are
M, massive; E, encrusting; Br, branching; and P, plate.

Avg abundance*

Death  Life
assem- assem- Avg
Species (growth form) blage blage term{ Ratio}
Madracis mirabilis (Br) 265.86 075 17.72 345
Eusmilia fastigiata (Br) 10343 062 11.73 441

61.71  0.00 621 4.15
5329 5.12 4.07 2.39
1543 181 327 260

Porites divaricata (Br)
Millepora alcicornis (E/Br)
Agaricia grahamae (P1)

Agaricia lamarckiana (P1) 8.79 0.56 290 2.80
Acropora cervicornis (Br) 721 0.06 241 297
Agaricia agaricites (M/P1) 30.29 6.06 237 179
Oculina diffusa (Br) 479 0.00 228 1.72

* The mean abundance for each species over all 30-m samples.

+ The average contribution for a particular species to the overall dissimilarity
(among all species) between the life and death assemblages.

i Ratio of average term to its standard deviation. Species with higher ratio
values relative to other species better discriminate between the life and
death assemblages.

death assemblages, in the value of the index. Species rich-
ness was also significantly higher overall in 30 m (mean,
18.2; SE, 0.47) than 20 m (mean, 15.6; SE, 0.53) assem-
blages (F(,,; = 13.14, P = 0.001). There were no overall
site or depth effects for either diversity index.

Results from the fidelity measures show that the percent-
age of live species also present in the death assemblage was
higher than the percentage of dead species found in the life
assemblage (Table 7). The percentage of live species also
present in the death assemblage was significantly higher in
the 30-m (mean, 86.5%; SE, 2.21) than in the 20-m (mean,
66.5%; SE, 3.57) environment (F, ,,, = 22.34; P = 0.0001).

Discussion

Taxonomic congruence between life and death assem-
blages—In both 20-m and 30-m environments, coral colo-
nies with massive growth forms are underrepresented in the
death assemblage, whereas coral colonies with branching,
encrusting, and plate growth forms are overrepresented in
the death assemblage. We discuss two major factors that may
have biased the Conch Reef coral death assemblages.

The first factor is the degradation of coral reef commu-
nities throughout the Caribbean at least since the early
1980s. For example, there has been a major decrease in the
abundance of A.. cervicornis during the past two decades.
This branching coral has suffered extreme reduction due to
the synergy of a number of factors, including hurricanes
(Woodley et al. 1981), death of sea urchins that once kept
macroalgal dominance down (Lessios 1988), disease in cor-
als and coral bleaching (Brown and Ogden 1993; Littler and
Littler 1996; Miller 1996), and such human-induced effects
as overfishing, eutrophication, pollution, and increased sed-
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imentation near major population centers (reviewed in
Hughes 1994). Acropora cervicornis typically dominated in
5-20 m of water depth in Caribbean reefs. The great abun-
dance of A. cervicornis in the 20-m death assemblages prob-
ably reflects the recent demise of this species in the Florida
reefs. Thus, the overrepresentation of A. cervicornis and oth-
er branching corals in the death assemblages with respect to
their corresponding life assemblages may have more to do
with recent reef degradation than with any preservational
bias, at least at the 20-m depth contour. Intriguing from a
fossil preservation standpoint is that the recent shift in living
coral species abundances means that the present death as-
semblages at 20 m are less similar to the present life assem-
blages than they are to the original life assemblages from
which they were derived two decades ago. Lewis (1984)
described a similar situation with Acropora palmata in Bar-
bados.

The second factor is that large, robust massive corals that
cement directly onto the reef framework from their inception
might have a greater propensity to remain physically in the
taphonomically active zone (Davies et al. 1989)—the zone
where physical and biological agents of degradation are op-
erating—longer than other growth forms. While still exhib-
iting their colony form, the surface of the massive colony
becomes obscured due to a variety of physical, biological,
and chemical agents of destruction (Pandolfi and Greenstein
1997). And once the details of the surface of the colony are
lost, it is difficult to distinguish from other species in the
death assemblage with a similar growth form. Thus, massive
corals might persist less as identifiable forms in death than
in life assemblages.

The way in which we sampled may have accentuated the
significance of this factor to the growth form bias. First, our
rubble samples were biased toward those taxa and growth
forms not cemented directly onto the reef framework (such
as many branching corals). Second, our methods included
no way of identifying in situ massive coral colonies whose
surficial degradation precluded accurate species identifica-
tion. Had we encountered these massive colonies in the fossil
record, however, we could have easily identified them by
breaking them open and studying their internal microstruc-
ture. If we had the logistical flexibility to sample in this
manner, we inevitably would have been able to identify
many more massive coral colonies to the species level in the
death assemblages than we have using the present method-
ology, and indeed the growth form bias would not have been
as severe. Even though our sample size of massive corals
would have increased by breaking the massive corals open,
we still cannot be sure whether the increased identification
of massive corals would have resulted in greater represen-
tation in the death assemblages of the same massive species
found in the life assemblages. This second factor opens up
the possibility that the future fossil assemblage (where coral
internal microstructure is readily available for study) might
be more similar to the original life assemblage than the pres-
ent death assemblage (as we measured it) is to the present
life assemblage (Greenstein and Curran 1997).

Even were the life assemblages at Conch Reef the same
as they always have been, and we had sampled the subsur-
face along our transects for more massive corals, another
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Table 6. Complete species list with raw abundances averaged over all transects at each depth (i.e. sites are pooled). Values are means
and standard deviations (SD). Growth forms are M, massive; E, encrusting; Br, branching; P, plate; S, solitary (free-living); and C, columnar.

Growth 20 m live 20 m dead 30 m live 30 m dead
form Species Mean SD Mean SD Mean SD Mean SD
M Montastrea annularis 12.36 7.37 5.73 3.31 5.75 4.96 6.38 4.40
M Montastrea cavernosa 11.57 9.89 3.60 5.15 11.00 4.07 4.25 3.66
M Siderastrea siderea 10.71 3.89 4.87 2.90 8.63 3.61 5.81 2.51
E/Br Millepora alcicornis 9.57 4.47 88.00 60.34 5.13 2.80 56.38 27.64
M/P1 Agaricia agaricites 4.86 1.83 15.67 4.50 6.06 2.29 28.94 12.57
M/E Porites astreoides 4.50 2.59 4.53 3.00 1.13 1.02 1.88 1.26
Br Millepora complanata 2.86 1.92 0.00 0.00 0.50 0.73 0.00 0.00
M/E Stephanocoenia intersepta 2.79 2.12 1.27 1.16 11.13 5.98 4.19 2.07
Br Acropora cervicornis 2.36 3.67 142.53 88.71 0.06 0.25 7.75 431
Br Madracis decactis 1.29 0.91 0.07 0.26 7.38 4.72 1.13 1.20
M Colpophyllia natans 0.86 1.61 0.40 1.06 0.31 1.01 0.19 0.75
M Dichocoenia stokesi 0.79 1.25 0.67 1.18 0.56 0.73 0.69 0.60
Br Eusmilia fastigiata 0.71 0.83 34.73 21.57 0.63 0.72 104.20 39.46
Br Madracis mirabilis 0.64 1.28 101.87 106.96 0.75 1.34 253.44 171.38
M Diploria labyrinthiformis 0.50 0.94 0.07 0.26 0.00 0.00 0.38 1.26
Pl Agaricia grahamae 0.50 0.76 4.20 2.88 1.81 1.83 14.94 7.07
Br Porites furcata 0.36 0.84 3.20 3.00 0.00 0.00 2.63 2.03
M Meandrites meandrina 0.29 0.73 0.27 0.80 0.44 0.63 0.38 0.72
M Isopophyllia sinuosa 0.29 0.47 0.00 0.00 0.00 0.00 0.00 0.00
Br Porites porites 0.21 043 0.53 0.92 0.00 0.00 0.00 0.00
Br Porites divaricata 0.21 0.43 51.13 42.85 0.00 0.00 60.80 26.24
M Solenastrea bourni 0.14 0.36 0.00 0.00 0.00 0.00 0.00 0.00
M Diploria strigosa 0.07 0.27 0.33 0.82 0.00 0.00 0.19 0.54
P1 Mpycetophyllia lamarckiana 0.07 0.27 0.07 0.26 0.00 0.00 0.06 0.25
P1 Mycetophyllia ferox 0.07 0.27 0.00 0.00 0.00 0.00 0.00 0.00
S Manicina areolata 0.07 0.27 2.93 2.22 0.00 0.00 4.19 2.81
P1 Agaricia lamarcki 0.07 0.27 3.07 3.65 0.56 0.81 8.56 4.13
Pl Mycetophyllia aliciae 0.07 0.27 0.00 0.00 0.00 0.00 0.00 0.00
S Scolymia wellsi 0.07 0.27 0.00 0.00 0.06 0.25 0.00 0.00
Pl Mycetophyllia danae 0.07 0.27 0.00 0.00 0.00 0.00 0.00 0.00
M/E Favia fragum 0.00 0.00 1.73 1.98 0.00 0.00 1.31 2.27
M Diploria clivosa 0.00 0.00 0.00 0.00 0.00 0.00 2.06 8.25
M/E Siderastrea radians 0.00 0.00 0.00 0.00 0.19 0.75 0.00 0.00
Br Oculina diffusa 0.00 0.00 0.67 1.29 0.00 0.00 4.38 4.86
Pl Agaricia fragilis 0.00 0.00 0.00 0.00 0.31 1.01 0.00 0.00
Br Cladocora debilis 0.00 0.00 0.00 0.00 0.06 0.25 0.00 0.00
M/C Dendrogyra cylindricus 0.00 0.00 0.00 0.00 0.06 0.25 0.00 0.00

additional and interrelated factor, noted in Florida shallow-
water assemblages (Greenstein and Pandolfi 1997), may also
favor overrepresentation of branching corals in death assem-
blages. Branching growth forms with higher growth rates,
greater susceptibility to mortality during storms, and a great-
er ability to regenerate quickly following disturbance may
accumulate faster to the death assemblage than massive cor-
als that grow slower and are more resistant to storm waves
(Massel and Done 1993). Greater degrees of time averaging
(see below) would accentuate the tendency in death assem-
blages for a greater representation of a variety of species
with less robust growth forms.

Coral zonation patterns—Zonation in coral species dis-
tribution patterns has been well documented in Caribbean
reefs (Goreau 1959). For example, prior to the 1980s
(Hughes 1994; Lewis 1984), the most dominant feature in
very shallow water was the stout branching coral A. palmata
that made enormous wave-resistant structures in water

depths ranging from 1 to 6 m. Further downslope (5-20 m)
the more delicate branching A. cervicornis was the dominant
form. These zonation patterns were also a feature of coral
reefs in the Pleistocene (Geister 1977; Jackson 1992; Jack-
son et al. 1996; Mesollela 1967). Our results indicate that
reef coral zonation, based on species relative abundance,
presence/absence, diversity, and growth form, is also present
in living Conch Reef communities between 20- and 30-m
water depth (Table 1; Figs. 3, 4). Thus, Caribbean reef coral
zonation is not confined to the dramatic species dominance
patterns characteristic of shallow waters.

Of the species that occur at both depths in both the life
and death assemblages, 70% (16 of 23) show the same dif-
ferences in relative abundance between the 20- and 30-m
water depths (Table 6). Interestingly, some of the dominant
species in the life assemblage zonation did not show the
same zonation in the death assemblage. For example, only
four of the eight species that dominate in 20- and 30-m life
and death assemblages show similarity in relative abundance
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Fig. 4. Average diversity of life and death assemblages present
at each site and over all sites and depths, using the (A) Shannon—
Wiener index and (B) species richness. Overall, death assemblages
are more diverse than life assemblages for both the Shannon-Wie-
ner index and species richness. In 20 m, however, Shannon-Wiener
indices are similar between life and death assemblages. Error bars
are standard errors.
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between water depths (A. cervicornis, M. mirabilis, M. al-
cicornis, and A. agaricites), whereas four species do not (M.
annularis, M. cavernosa, S. siderea, and E. fastigiata). Three
of these latter species have massive growth forms, and it is
possible that the increase in these species in deep-water
death assemblages was due to our greater ability to identify
them in deeper water because they were less degraded. We
have noticed subtle differences in degree (and type) of deg-
radation suffered by the coral death assemblages with depth
both here and in the Indo-Pacific (Pandolfi and Greenstein
1997). For example, samples from 30 m show less algal
encrustation than those from 20 m (Greenstein and Pandolfi
unpubl. data).

With respect to zonation in species diversity, life and
death assemblage between-depth diversity patterns are in-
congruent: life assemblages are more diverse in 20 than in
30 m and death assemblages are more diverse in 30 than in
20 m. Again, differences in degree of degradation may en-
hance species diversity in less degraded 30-m death assem-
blages. Alternatively, the greater diversity at 30 m may in-
dicate some local downslope postmortem transport of corals
from 20 to 30 m.

Diversity and fidelity—Many authors have utilized the rel-
ative differences in diversity between life and death assem-
blages as some measure of the degree to which the deposits
where they are contained are time averaged (Russell 1991;
Kidwell and Bosence 1991; Kidwell and Flessa 1995). Time-
averaged assemblages are those in which the component in-
dividuals were not living at the same time. Where time-av-
eraged death assemblages are represented by many cohorts,
it is likely (though not necessary) that diversity will be great-
er than in the single cohort life assemblage. Comparisons of
diversity between life and death assemblages in both the 20-
m and 30-m reef environments suggest that reef coral death
assemblages are more diverse than their live counterparts
(Fig. 4). It is possible, therefore, that there may be some
degree of time averaging in reef coral assemblages from
deeper reef settings. Due to slower coral growth with de-
creasing availability of light, deeper reef settings may ex-
perience lower sedimentation rates than do their shallower
reef counterparts, where high coral growth rates result in
rapid reef accretion. Lower sedimentation rates mean dead
corals accumulate on the sea floor for longer periods before
they are entombed in sediment, increasing the likelihood of
temporally mixed cohorts in the death assemblage.

There are other alternatives for greater diversity in the
coral death assemblages, including transport laterally or
downslope and(or) local extinction of species that used to
inhabit the area. Downslope transport can be ruled out for
the 20-m sites because assemblages were sampled on top of
a very broad platform far away from shallow waters (Fig.
1). However, the 30-m site might be accumulating material
transported by gravity from shallower zones along a steep
submarine slope. Perhaps the most relevant for the Florida
deep-water corals is the dramatic reduction of A. cervicornis
throughout the Caribbean discussed above. This may also be
the case for other branching species such as P. divaricata,
E. fastigiata, and M. mirabilis that are all very abundant in
both 20- and 30-m death assemblages but rare to absent in
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Table 7. Comparison of three fidelity measures tabulated for 20- and 30-m reef environments
of the Florida Keys with values obtained by Greenstein and Pandolfi (1997) and Pandolfi and
Minchin (1995) and compiled for nonreef marine environments by Kidwell and Bosence (1991).
For Madang Lagoon, values are means (standard errors) of three sites with varying wave energy.
For nonreef environments, left values are for the study area, while right values are for habitat.
Values for the Florida Keys are means (standard errors) of pooled sites within each environment
and means (standard errors) for all sites and environments combined. # = number of transects used

to calculate index.

% live % dead % dead
species species individuals
found dead found live found live
Coral reef environments (corals)
Shallow Florida Keys (Greenstein and Pandolfi 1997)
Overall reef tract (n = 16) 72 (3.7) 50 (2.5) 65 (4.0)
Grecian Dry Rocks (n = 8) 80 (4.1) 51 (3.5) 57 (4.4)
Little Carysfort Reef (n = 8) 65 (5.1) 50 (3.8) 73 (5.6)
Overall patch reef (n = 16) 61 (4.4) 64 (3.3) 74 (4.7)
Horseshoe Reef (n = 8) 60 (7.7) 57 (4.5) 68 (4.3)
Cannonpatch Reef (n = 8) 62 (5.0) 72 (3.2) 79 (8.3)
Mean (n = 32) 67 (3.0) 57 2.4) 69 (3.2)
Deep Florida Keys (this study)
Overall 20 m (n = 13) 66 (3.6) 54 (2.9) 64 (6.4)
North20 m (n = 7) 63 (4.7) 49 (3.5) 59 (11.3)
South 20 m (n = 6) 71 (5.4) 60 (3.3) 70 (4.3)
Overall 30 m (n = 14) 87 (2.2) 54 (2.0) 49 (6.1)
North 30 m (n = 7) 84 (3.6) 55 (2.8) 48 (8.1)
South 30 m (n = 7) 89 (2.6) 53 (2.9) 50 (9.8)
Mean (n = 27) 77 (2.8) 54 (1.7) 56 (4.6)
Papua New Guinea (Pandolfi and Minchin 1995)
Madang Lagoon (r = 30) 54 (4.0) 90 (1.3) 94 (6.1)
Nonreef environments (Kidwell and Bosence 1991)
(mollusks)
Intertidal* 83-90 54-57 90
Coastal subtidalf 95-98 33-42 89
Open marinef 84-75 45-46 83
Nonreef mean 87-88 44-48 83

* Studies from the west coast of North America, the Yellow Sea in Korea, the Seto Sea in Japan, Mugu Lagoon

in California, and the Gulf of California.

T Studies from the Ria de Arosa estuary in Spain, Sapelo Island in Georgia, Copano Bay and Laguna Madre in

Texas, and the Yucatan in Mexico.

‘

¥ Studies from the North Sea, Mannin Bay in Ireland, the English Channel, the Strait of Canso in Nova Scotia
(Canada), and the Gulf of California and Pacific Mexico.

life assemblages. It is a sobering thought to consider that
these species may have once been much greater in abun-
dance than they now are in the living assemblages. Care
should be taken not to make too much of this result because
(1) branching corals typically grow at greater rates relative
to other growth forms, and (2) time-averaging of fast-grow-
ing species can elevate species abundance in death assem-
blages relative to life assemblages. However, our results
from two previous studies where reef degradation appears to
be much less showed no greater diversity in death than in
life assemblages (Pandolfi and Minchin 1995; Greenstein
and Pandolfi 1997). We thus conclude that while some time
averaging of coral populations may be occurring, the dra-
matic differences between Caribbean reefs in the 1950s and
1960s (Goreau and Wells 1967) vs. those found in the Flor-
ida Keys today suggest that reef degradation has played an

important role in the life and death assemblage differences
in coral species distributions in the deep waters of Conch
Reef.

Pandolfi and Minchin (1995) found greater diversity in
reef coral life than in death assemblages from the Indo-Pa-
cific, and Greenstein and Pandolfi (1997) noted a lack of any
clear differences in life and death diversity from shallow-
water reef tract and patch reefs of Florida. These differences
in diversity among studies of the same reef organisms
strongly suggest that preservational processes can differ
markedly even though environmental differences might oth-
erwise be subtle. We suggest, therefore, that aquatic paleo-
ecologists seeking to understand the effects of preservation
processes should undertake preservational studies in as close
an environment as possible to the environments of the fossil
assemblages under study. In other words, fossil preservation



