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1  | INTRODUC TION

Living cover of reef-building corals has declined on Caribbean reefs 
by 50% to 80% since systematic monitoring began in the late 1970s 
(Gardner et  al.,  2003; Jackson et  al.,  2014) with many reefs al-
tered from coral- to algal-dominated habitats (Hughes et al., 2007; 
Jackson et  al.,  2014). Coral declines have been attributed to 
multiple anthropogenic stressors including fishing, land-based 

sedimentation and pollution from agriculture and coastal devel-
opment, and global warming as well as epizootics afflicting corals 
and urchins (Aronson & Precht, 2001; Hughes et al., 2007; Jackson 
et  al.,  2014). The mass mortality of the long-spined sea urchin 
Diadema antillarum in the early 1980s removed the last abundant 
herbivore from reefs that were largely devoid of herbivorous fish 
after decades to centuries of overfishing (Jackson, 1997; Jackson 
et  al.,  2001; Lessios, Cubit, et  al.,  1984; Lessios, Robertson, 
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Abstract
The mass die-off of Caribbean corals has transformed many of this region’s reefs 
to macroalgal-dominated habitats since systematic monitoring began in the 1970s. 
Although attributed to a combination of local and global human stressors, the lack 
of long-term data on Caribbean reef coral communities has prevented a clear under-
standing of the causes and consequences of coral declines. We integrated paleo-
ecological, historical, and modern survey data to track the occurrence of major coral 
species and life-history groups throughout the Caribbean from the prehuman period 
to the present. The regional loss of Acropora corals beginning by the 1960s from local 
human disturbances resulted in increases in the occurrence of formerly subdomi-
nant stress-tolerant and weedy scleractinian corals and the competitive hydrozoan 
Millepora beginning in the 1970s and 1980s. These transformations have resulted in 
the homogenization of coral communities within individual countries. However, in-
creases in stress-tolerant and weedy corals have slowed or reversed since the 1980s 
and 1990s in tandem with intensified coral bleaching and disease. These patterns re-
veal the long history of increasingly stressful environmental conditions on Caribbean 
reefs that began with widespread local human disturbances and have recently culmi-
nated in the combined effects of local and global change.
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et  al.,  1984; Pandolfi et  al.,  2003), precipitating an explosion of 
macroalgae on reefs across the Caribbean (Jackson et  al.,  2014). 
Outbreaks of White Band Disease appeared on many reefs around 
this same time, eventually killing over 80% of the remaining elk-
horn coral Acropora palmata which previously dominated reef crest 
zones and staghorn coral Acropora cervicornis which previously 
dominated midslope zones (Bruckner, 2002; Bythell et  al.,  2004; 
Gladfelter,  1982). These events were followed by regional coral 
bleaching in the 1990s, leading to further increases in coral dis-
eases and in some instances a further replacement of corals by 
macroalgae (Eakin et al., 2010). These factors acted synergistically 
to rapidly transform coral communities. A recent Caribbean-wide 
analysis of Acropora presence and dominance from the prehuman 
period to the present revealed that the loss of these corals initially 
began in the 1950s and 1960s, decades before the first recorded 
observations of coral disease and bleaching (Cramer, Jackson 
et  al.,  2020). These changes are historically unprecedented—
paleoecological studies show that modern Caribbean coral com-
munity composition, devoid of major framework building corals 
Acropora and Orbicella (Jackson et  al.,  2014), is unlike anything 
in the previous 220,000  years (Jackson,  1992; Mesolella,  1967; 
Pandolfi & Jackson, 2006).

While the long-term decline of acroporid corals has been doc-
umented across the Caribbean, long-term regional trends in the 
full reef coral community have not been assessed. Although iso-
lated surveys of altered reefs have found an increase in the relative 
abundance of low relief “weedy” species such as Porites and Agaricia 
over the past few decades (Aronson et  al.,  2004, 2005; Cramer 
et  al.,  2012; Green et  al.,  2008), the magnitude and geographic 
extent of community change are unresolved. Reconstructing long-
term change in the full reef-building coral community will shed light 
on the anthropogenic causes and ecological consequences of re-
cent coral declines and can help guide management interventions 
by providing accurate baseline data from which to set appropriate 
recovery targets. We compiled an extensive dataset on the occur-
rence of common hermatypic coral species and genera at thou-
sands of individual reef sites across the Caribbean spanning the 
Late Pleistocene epoch (~131,000  ybp)—when humans were ab-
sent from the Americas (Cooke, 2005)—up to 2011. By pinpointing 
the initial timing of major community transformations, we inferred 
general anthropogenic causes of change (i.e., local human stressors 
and/or climate change). To provide additional insight into the eco-
logical context of change, we also tracked change in (a) major coral 
ecological guilds based on several life-history traits and (b) inter-
site community heterogeneity.

2  | METHODS

2.1 | Coral community composition database

Data on coral species composition from the prehuman period to 
the present were compiled from semi-quantitative, quantitative, 

and qualitative records from the primary peer-reviewed scientific 
literature, government reports, and historical literature and were 
extracted from text, tables and figures, and maps. These data were 
collected via surveys of uplifted fossil reefs, analysis of coral fos-
sils in reef matrix cores, qualitative field notes from boat-based or 
snorkel surveys, high-resolution aerial photographs and underwater 
field surveys using SCUBA. Most of the coral species composition 
data since the 1980s were received directly from contributors or 
gleaned from peer-reviewed literature to construct the Global Coral 
Reef Monitoring Network (GCRMN) database that assessed trends 
in Caribbean reef benthic communities from 1970–2011 (Table S1; 
Jackson et al., 2014).

Temporal changes were tracked for 14 common coral taxo-
nomic groups that were consistently recorded within each time 
bin (henceforth termed “species groups”: A.  cervicornis, A.  pal-
mata, Agaricia spp., Montastraea cavernosa, Colpophyllia spp., 
Pseudodiploria spp., Madracis spp., Meandrina spp., Millepora spp., 
Orbicella spp., branching Porites spp., Porites astreoides, Siderastrea 
spp., and Stephanocoenia spp.). To provide sufficient temporal res-
olution and ensure adequate sample sizes for assessing change 
over the full time series, data were grouped into eleven time bins: 
Late Pleistocene (~131,000–12,000 years ago, which encompasses 
the period prior to human settlement in the Caribbean region), 
Holocene (~9,100 years ago-1500 AD, which encompasses the pre-
historic period prior to European contact), 1500–1959, 1960–1969, 
1970–1979, 1980–1984, 1985–1989, 1990–1994, 1995–2000, 
2001–2004, and 2005–2011. Bins were reduced to 5-year incre-
ments after 1980 (except for a 6-year increment for the most recent 
bin) due to the large increase in reef survey effort following the 
mass die-off of the urchin D. antillarum. The prehuman Pleistocene 
bin encompasses a period of high-magnitude fluctuations in sea 
level and climate (during which Acropora coral dominance persisted 
in the Caribbean; Pandolfi & Jackson,  2006), whereas the pre-
historic Holocene and subsequent bins encompass a period with 
higher stability in climate and sea level than the Pleistocene (Khan 
et al., 2017). Please see Table A1 for a timeline of major events af-
fecting Caribbean reefs within each time bin.

Qualitative data were included in the database if, in addition to 
presence/absence information for at least one coral species, the fol-
lowing information was also available: (a) age of fossil data or year of 
observation of modern data, (b) original source of data, (c) country 
and island, coastline, or reef site, and (d) water depth or reef zone. 
Data were recorded at the survey level, with a survey constituting a 
unique combination of reef site, depth zone, and year. For surveys 
which included multiple replicates (i.e., transects or quadrats) at the 
same site, depth zone, and year/period, an overall value was com-
puted for all replicates. Surveys constituted individual reef “sites” 
and in some cases encompassed more extensive areas such as entire 
reef tracts, bays, or banks.

We analyzed data from “reef crest” and “midslope” reef zones 
separately. Generally, the reef crest data spanned 0–6  m water 
depth and midslope data spanned between 6–20 m, as 6 m was the 
depth at which dominance typically transitioned from A.  palmata 
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to A.  cervicornis in the semi-quantitative and quantitative data. 
However, the reef crest/midslope zone delineation was made on a 
location-by-location basis by first considering water depth and, when 
available, additional environmental characteristics such as wave ex-
posure and reef morphology. For some offshore locations with pre-
sumably higher water clarity, the cutoff was closer to 10 m. When a 
precise water depth was not available, we utilized Acropora species 
presence and/or dominance in addition to environmental charac-
teristics to delineate between zones (Cramer, Jackson et al., 2020). 
When not reported in the papers from which data were extracted, 
paleo water depths were determined using the procedure outlined 
in Cramer, Jackson et  al.  (2020). Surveys from backreef habitats, 
reef flats, and reef pavements were excluded from our database, as 
these reef zones are not the preferred environments for Caribbean 
Acropora (Milliman, 1969).

Change in coral community composition was assessed using coral 
species presence/absence data, extracted from species rankings, 
presence/absence, percent living coral cover, number of individual 
colonies, and percent weight or volume of coral fossils. Only species 
included in the 14 commonly occurring species groups were consid-
ered in our analyses. Data recorded as “Porites spp.” were assumed 
to be branching Porites spp. because species within this complex are 
difficult to distinguish, were not consistently recognized as distinct 
until the 20th century (Jameson & Cairns, 2012), and were often re-
corded as a single species, “P. porites” in our database, whereas the 
morphologically distinct Porites astreoides was consistently recorded 
in our database and was therefore assigned to a separate category in 
our analyses. Data recorded as “Montastraea spp.” were assumed to 
be Orbicella spp. because species within this complex are difficult to 
distinguish and were not recognized as separate species until 1992 
(Knowlton et  al.,  1992). The morphologically distinct M.  cavernosa 
was consistently recorded in our database and was therefore as-
signed to a separate category in our analyses. Pseudodiploria clivosa, 
Pseudodiploria strigosa, and Diploria labyrinthiformis were assigned to 
Pseudodiploria spp., as these species were placed within the same 
genus until 2012 (Budd et al., 2012).

2.2 | Coral life-history strategies

To infer potential environmental changes driving coral community 
shifts, we also tracked trends in coral life-history groups. We utilized 
a trait-based classification approach that grouped scleractinians into 
four life-history strategies separated primarily by colony morphol-
ogy, growth rate, and reproductive mode (Darling et al., 2012). This 
configuration roughly follows Grime’s arrangement of plant spe-
cies into three basic life-history strategies: competitive species that 
maximize growth, stress-tolerant species that maximize survival, 
and ruderal or weedy species that maximize fecundity (Grime, 1977, 
2006). A fourth category, generalist species, represents a mixture 
of these strategies. However, because the generalist group was 
composed primarily of corals that are less common in the Caribbean 
and their presence and absence was not consistently noted in our 

dataset, this group was not included in our analyses. To add eco-
logical context to these groupings, we collated from the literature 
taxon-specific, qualitative measures of additional life-history char-
acteristics including sexual reproductive output (larval recruitment), 
asexual propagation via colony fragmentation, interspecific aggres-
sion, and susceptibility to disturbances such as sedimentation and 
bleaching (Table 1 and Table A2). Although larval recruitment rep-
resents the end-point of fecundity, fertilization, dispersal, and early 
postsettlement mortality and is not a life-history characteristic per 
se, this metric is closely linked to life-history strategy (Smith, 1992) 
and provided valuable ecological insight into observed community 
change. Our life-history groupings followed those determined via 
quantitative analyses in Darling et al. (2012) and Hardt (2007), with 
the addition of the hydrozoan Millepora described below. This ad-
dition was based on qualitative similarities in ranked values of life-
history traits described in Table 1; methods for assigning life-history 
trait rankings are described in Table A2.

The competitive life-history group included A. cervicornis, A. pal-
mata, and Millepora spp. This group is distinguished by fast growth 
rates, large branching morphologies that can outcompete other 
corals for light and/or space, medium to high levels of aggression, 
a spawning mode of reproduction but low rates of sexual recruit-
ment, high propensity for asexual reproduction via fragmentation, 
and low tolerance to disturbances such as sedimentation and ther-
mal stress (Table 1 and Table A2). This combination of traits his-
torically allowed Acropora corals to dominate shallow, high-energy 
reef environments prior to local and global anthropogenic stressors 
(Hughes & Jackson, 1985; Jackson, 1992; Pandolfi & Jackson, 2001). 
Although not included in the previous analyses of coral life-history 
guilds, we included Millepora in the competitive category because of 
its Acropora-like ability to preempt space on reefs due primarily to 
fragmentation and fast growth and its high susceptibility to bleach-
ing (Table 1 and Table A2, Dubé, 2016; Loya et al., 2001).

The stress-tolerant life-history group includes Colpophyllia na-
tans, Pseudodiploria spp., Meandrina spp., Montastrea cavernosa, 
Orbicella spp., Siderastrea spp., and Stephanocoenia spp. This group 
is distinguished by slow to moderate growth rates, large and domed 
morphologies with higher ability to clear sediment and other parti-
cles and resistant to storm damage, a spawning mode of reproduction 
with low to moderate sexual recruitment, low to high interspecific 
aggression, and relatively higher tolerance for sedimentation and 
thermal stress (Table 1 and Table A2). Although some stress-tolerant 
corals have a higher susceptibility to bleaching, colony survival rates 
are typically high within this group (McClanahan & Muthiga, 1998). 
This combination of traits historically allowed these species to persist 
and dominate in environments subject to frequent, low-magnitude 
disturbances such as sediment resuspension and temperature stress 
(Geister, 1977; Pandolfi & Jackson, 2001; Rutzler & Macintyre, 1982). 
Because the three extant Orbicella species were until recently clas-
sified as Montastrea annularis (Knowlton et al., 1992), we assigned 
Orbicella spp. to the stress-tolerant category in accordance with the 
classification for M.  annularis (Darling et  al.,  2012). However, this 
genera’s historical dominance on midslope zones on many Caribbean 
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reefs and its high levels of interspecific aggression via mesenterial 
filaments (Lang, 1973) suggests this coral also has characteristics of 
the competitive life-history group.

The weedy life-history group includes Agaricia spp., Madracis 
spp., branching Porites spp., and P.  astreoides. This group is dis-
tinguished by lower-relief plating, foliose, branching, and domed 
morphologies with slow to fast growth rates, a brooding mode of 
reproduction that allows for rapid colonization at low population 
densities, generally high rates of sexual recruitment, high to low oc-
currence of asexual reproduction via fragmentation, low interspe-
cific aggression, generally high susceptibility to bleaching, and high 
tolerance of sedimentation (Table 1 and Table A2). This combina-
tion of traits historically allowed these early-successional species to 
opportunistically and rapidly colonize open spaces cleared by high-
magnitude acute disturbances (Bak & Engel,  1979; Hughes,  1985; 
Hughes & Jackson, 1985).

2.3 | Analyses of coral community change

To estimate the proportion of reef sites containing each coral life-
history and species group in each time interval, we utilized binomial 
generalized linear mixed effects models that predicted the propor-
tion of sites containing each life-history group as a function of time 
bin, coral species group, and their interaction as fixed effects and 
country as a random effect. The interaction term was included to 
allow for varying temporal trends across individual taxonomic and 
functional groups. The random effect of country was included to ac-
count for uneven geographic sampling across time bins. To ensure 
equal numbers of surveys were included for each species group 
within a life-history group, only surveys with presence/absence 
values for the entire complement of coral species within a given 
life-history group were included in each model. Models were fitted 
using the “glmer” function in the R package “lme4.” Mean fitted val-
ues and 95% confidence intervals of the proportion of sites with a 
coral life-history group and its constituent species groups were plot-
ted for each time bin using the “plot_model” function in the R pack-
age “sjPlot.” Significant changes in mean fitted values relative to the 
Pleistocene baseline and subsequent peak values were assessed via 
a Tukey post hoc test using the “emmeans” function in the R package 
“emmeans.”

For the time series analyses, model performance was assessed via 
diagnostic plots of model residuals (quantile–quantile plots, pooled 
residuals vs. predicted values, and residuals of random and all signif-
icant fixed effects vs. predicted values) and via goodness-of-fit tests 
on pooled residuals (uniformity, outliers, and dispersion). Diagnostic 
plots and goodness-of-fit tests were produced for each model using 
the “DHARMa” package in R. Tests were carried out via a simulation-
based approach that transformed model residuals to a standardized 
scale. For each test, 1,000 simulations were conducted.

To assess the effects of coral community change on regional di-
versity patterns, we tracked temporal changes in community dissim-
ilarity. We utilized species presence/absence matrices to compute 

Jaccard’s dissimilarity index (Jaccard,  1912). To account for the 
higher number of reef sites and countries added since the 1990s, 
we restricted our analysis to change in coral community dissimilar-
ity within individual countries only. Within each time bin, the dis-
similarity was computed between all possible combinations of reef 
sites located within the same country. For each country and time bin 
combination, a mean dissimilarity value was computed. To equalize 
the influence of each country and to avoid giving undue influence 
to countries with a larger number of surveys, mean dissimilarity 
values were computed for each country prior to computing the 
overall mean for a time bin. Uncertainty estimates were obtained 
via a bootstrap procedure that sampled with replacement from the 
distribution of mean within-country dissimilarity values for each 
time bin n times (with n  =  number of countries for that bin). This 
resampling procedure was performed 1,000 times for each time bin; 
95% confidence intervals were determined from the 5th and 95th 
quantiles of the resampled distributions. Significant differences in 
mean within-country coral community dissimilarity values were de-
termined by pairwise comparisons performed via permutation tests 
(with 1,000 iterations) using the “pairwise.perm.t.test” function in 
the “RVAideMemoire” package in R. All statistical analyses were per-
formed using the program Rv3.4 (R Core Team, 2018), and all p-value 
corrections for multiple testing were computed using the method 
outlined in Benjamini and Hochberg (1995).

3  | RESULTS

3.1 | Species community database

Coral species presence and absence data were compiled from 2,396 
reef sites from 26 countries for the reef crest zone and 5,091 reef 
sites from 30 countries for the midslope zone (Figure 1). Full commu-
nity data (containing a 0 or 1 value for all 14 common coral species 
groups) were available for all time periods and were compiled from 
1,569 reef sites from 24 countries for the reef crest and 3,207 sites 
from 27 countries for the midslope zone (Tables A3 and A4).

3.2 | Long-term change in coral community 
composition

Since the mid-20th century, shallow water reefs across the Caribbean 
have transformed from systems dominated by competitive corals to 
systems dominated by stress-tolerant and weedy corals (Figures 2 
and 3). At both the reef crest and midslope zones, coral community 
change occurred via three stages: (a) significant declines in competi-
tive corals relative to the prehuman baseline occurring by the 1960s, 
(b) significant increases in stress-tolerant and weedy corals occur-
ring by the 1970s and 1980s, and (c) significant declines or leveling-
off of stress-tolerant and weedy corals since the 1980s or 1990s 
(Table  2, Figures  2 and 3). These trends were consistent whether 
Millepora was included or excluded from the competitive life-history 



     |  10103CRAMER et al.

group (Figures  2 and 3). For competitive corals in both zones and 
stress-tolerant and weedy corals in the midslope zone, the first sig-
nificant change relative to the prehuman baseline occurred in the 
Holocene, reflecting contrasting environmental conditions and/or 
data types between the Pleistocene and Holocene (Figures 2 and 3).

The assessment of trends for individual species groups revealed 
that at both reef zones, the occurrence of competitive A.  palmata 
and A. cervicornis declined significantly between the Pleistocene and 
Holocene periods. After the Holocene, the next significant decline in 
competitive Acropora corals occurred in the 1960s; the occurrence 
of these corals remained significantly lower than prehuman levels 
from this point forward (Table 2, Figures 2a and 3a). In contrast, oc-
currence of the competitive hydrozoan Millepora increased signifi-
cantly across the full time series, peaking in the late 1990s (crest) 
or early 2000s (midslope). At the reef crest zone, Siderastrea was 
the only stress-tolerant taxon that increased significantly from the 
prehuman period to present, while at the midslope zone all stress-
tolerant taxa except for Pseudodiploria and Orbicella increased sig-
nificantly across the full time series (Table  2, Figures  2b and 3b). 
The post-1980s declines in the occurrence of stress-tolerant cor-
als that occurred at the reef crest zone were driven by declines in 

Colpophyllia, Pseudodiploria, Montastrea cavernosa, and Siderastrea 
while post-1990s leveling-off in the occurrence of this group at the 
midslope zone was driven by declining or consistent occurrence of 
Colpophyllia, Pseudodiploria, and Montastrea cavernosa. At both reef 
zones, all weedy taxa increased significantly across the full time 
series with the exception of Madracis in the reef crest (Table  2, 
Figures 2c and 3c). Initial significant increases in individual weedy 
coral species primarily occurred in the 1980s (crest) and in the 1970s 
(midslope). Significant post-1980s declines in the weedy group at the 
reef crest reflect contemporaneous declines in Agaricia, branching 
Porites, and P. astreoides, while significant post-1990s declines in the 
weedy group at the midslope reflect declines in Agaricia and branch-
ing Porites.

3.3 | Community dissimilarity

Within-country community dissimilarity declined significantly from 
the historic period to present at both reef zones; the decline was 
more striking in the latter (Figure 4). Because the Pleistocene and 
Holocene communities at both reef zones were more variable and 

F I G U R E  1   Distribution of presence/
absence data for common Caribbean coral 
taxa. Size of circle proportional to total 
number of surveys across both reef zones 
and all bins combined (range = 1–541)
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500
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slope
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F I G U R E  2   Occurrence of coral species (a-c) and life history groups (d-f) since the pre-human period at reef crest zone. Vertical bars are 
95% confidence intervals (not included for individual species for clarity of plot interpretation)
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F I G U R E  3   Occurrence of coral species (a-c) and life history groups (d-f) since the pre-human period at midslope zone. Vertical bars are 
95% confidence intervals (not included for individual species for clarity of plot interpretation)
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had notably lower average dissimilarity values compared to sub-
sequent periods—likely due to time-averaging of the fossil data 
which comprise these time bins—we designated the historical time 
bin (1500–1959) as the baseline for this community metric. At both 
the reef crest and midslope zones, pairwise comparisons of mean 
within-country dissimilarity values showed significant declines from 
the baseline historical period (1500–1959) to most recent period 
(2005–2011), with the first significant decline relative to the baseline 
occurring in 2000–2004 at the reef crest and in 1985–1989 at the 
midslope zones (Figure 4).

4  | DISCUSSION

4.1 | The transformation of coral communities from 
prehuman period to present

Our 131,000-year record of coral community composition reveals 
that since humans arrived in the Caribbean, coral reefs throughout 
this region have transformed from systems dominated by competi-
tive Acropora corals typified by fast growth, large and structurally 
complex colonies, high rates of reproduction via fragmentation, 

TA B L E  2   Trends in occurrence of coral life-history and taxonomic groups. Trends deemed significant at the p < .05 level

Zone
Life-history 
group Taxon

Overall change
(* = sig)

Earliest sig. change 
relative to Pleistocene

Peak in 
occurrence

Earliest sig. 
decline from peak

Crest Competitive (without Millepora)
(with Millepora)

87%–13%*
54%–38%*

Holocene
1960–1969

Pleistocene
1500–1959

Holocene
1960–1969

Acropora cervicornis 69%–9%* 1960–1969 Pleistocene 1960–1969

Acropora palmata 89%–24%* Holocene Pleistocene Holocene

Millepora spp. 8%–88%* 1500–1959 1995–1999 –

Stress-tolerant 22%–37%* 1985–1989 1985–1989 1990–1994

Colpophyllia natans 23%–28% – 1995–1999 2005–2011

Pseudodiploria spp. 65%–58% Holocene 1985–1989 1995–1999

Meandrina spp. 8%–7% – 1980–1984 –

Montastrea cavernosa 34%–33% Holocene 1995–1999 –

Orbicella spp. 69%–55% 1990–1994 Pleistocene 1990–1994

Siderastrea spp. 15%–73%* 1980–1984 1985–1989 2000–2004

Stephanocoenia spp. 2%–27% 1985–1989 1985–1989 1995–1999

Weedy 1%–48%* – 1985–1989 1990–1994

Agaricia spp. 20%–57%* 1980–1984 1985–1989 1995–1999

branching Porites spp. 33%–69%* 1970–1979 1985–1989 1995–1999

Madracis spp. >1%–6% – 1980–1984 1985–1989

Porites astreoides 17%–78%* 1960–1969 1985–1989 –

Slope Competitive (without Millepora)
(with Millepora)

80%–4%*
44%–12%*

Holocene
1960–1969

Pleistocene 
1500–1959

Holocene
Holocene

Acropora cervicornis 87%–8%* Holocene Precontact Holocene

Acropora palmata 58%–1%* Holocene 1500–1959 Holocene

Millepora spp. 5%–66%* 1995–1999 2005–2011 N/A

Stress-tolerant 8%–71% Holocene 1500–1959 –

Colpophyllia natans 6%–55%* 1970–1979 1995–1999 2005–2011

Pseudodiploria spp. 57%–68% 1980–1984 1960–1969 –

Meandrina spp. 6%–43%* 1985–1989 1995–1999 –

Montastrea cavernosa 19%–82%* 1970–1979 2005–2011 N/A

Orbicella spp. 96%–86% 1985–1989 1500–1959 –

Siderastrea spp. 30%–87%* 1980–1984 2000–2004 –

Stephanocoenia spp. 1%–59%* Holocene 2005–2011 N/A

Weedy 9%–70%* 1960–1969 1990–1994 decline

Agaricia spp. 6%–77%* Holocene 1990–1994 2005–2011

Branching Porites spp. 12%–66%* 1970–1979 1990–1994 1995–1999

Madracis spp. 6%–40%* 1970–1979 1990–1994 –

Porites astreoides 18%–87%* 1970–1979 2000–2004 –
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and lower tolerance to human disturbances to systems dominated 
by stress-tolerant and weedy scleractinian corals with relatively 
slower growth, lower-relief colony forms, and higher tolerance to 
human disturbances (Figures 2 and 3). Initial significant declines in 
Acropora occurred by the 1960s, a decade before the first recorded 
instances of White Band Disease and two decades before the die-
off of the Diadema urchin and widespread coral bleaching. From the 
prehuman period to the time of the first incidence of White Band 
Disease in the 1970s, A. palmata occurrence had already declined 
from ~90%–65% of sites at the reef crest and A. cervicornis occur-
rence had already declined from ~85%–30% of sites at the midslope 
zone (Figures 3 and 4). These early Acropora declines were related 
to local human stressors but not regional stressors including climate 
change (Cramer, Jackson et  al.,  2020), although more recent out-
breaks of White Band Disease since the 1990s have been linked to 
climate change (Randall & van Woesik, 2015). The initial mid-20th 
century loss of Acropora was followed by a lagged increase in the 
occurrence of stress-tolerant and weedy corals that began in the 
1970s and 1980s. By 2005–2011, these community shifts culmi-
nated in previously subdominant stress-tolerant and weedy coral 
taxa being present at 2–3 times more sites than Acropora, the genus 
which had continuously dominated shallow reef zones across the 
Caribbean throughout the Pleistocene and Holocene up until the 
mid-20th century (Cramer, Jackson et  al.,  2020; Jackson,  1992; 
Pandolfi & Jackson,  2006). The loss of Acropora also appears to 
have facilitated an increase in the occurrence of Millepora, a non-
framework building hydrozoan with a competitive life-history strat-
egy (Figures 2a and 3a, Table A2).

Our time series suggests that the Caribbean-wide loss of 
Acropora corals opened up both physical substrate and niche space 
for formerly subdominant corals with stress-tolerant and weedy 
life-history strategies and Millepora to occupy. The uniform rarity 
of Acropora and consistently high occurrence of weedy and stress-
tolerant species (particularly Siderastrea, Agaricia, and Porites) 
have greatly reduced the distinctiveness of modern coral commu-
nities at larger geographic scales, resulting in a Caribbean-wide 

homogenization beginning in the 1960s at the midslope zone and in 
the 1980s at the reef crest zone (Figures 2–4). The homogenization 
of reef coral communities following the loss of Acropora and Orbicella 
has been reported for the Florida reef tract (Burman et al., 2012), 
Mexico (Estrada-Saldívar et al., 2019), Belize and Panama (Aronson 
et  al.,  2005). However, our study confirms that coral communi-
ties have become more homogeneous across the entirety of the 
Caribbean. Although overall community distinctiveness has declined 
since the baseline historical period (1500–1959), this trend leveled 
off by the 1990s as increases in the occurrence of stress-tolerant 
and weedy corals were halted following climate change-related 
bleaching and disease (Figure 4).

Although broadly similar compositional changes occurred in 
coral communities at the reef crest and midslope zones, subtle dis-
tinctions in the trajectories of change between zones provide insight 
into their varying susceptibilities to different stressors. Declines 
in community dissimilarity were more striking at the midslope, re-
flecting the more precipitous decline of A.  cervicornis at this zone 
compared to the decline of A. palmata at the reef crest (Figures 2a 
and 3a). This pattern may reflect declines in reef water quality from 
runoff, as increased turbidity would most likely have a greater effect 
on deeper reef zones due to increasing light attenuation with depth. 
However, the significant post-1980s declines in the occurrence in 
stress-tolerant and weedy corals that occurred at the reef crest (but 
not midslope) zone may reflect higher coral mortality from (a) an-
thropogenic bleaching in shallower zones that experience greater 
thermal stress (Baird et al., 2018; Bridge et al., 2013) and/or (b) the 
die-off of the Diadema urchin that prefers shallower reef zones 
(Lessios, Cubit, et al., 1984; Lessios, Robertson, et al., 1984).

4.2 | The role of local and global human stressors

Although climate change is currently imperiling reef ecosystems 
globally (Hughes et al., 2018), the early timing of the initial declines 
in Caribbean Acropora corals suggests that climate change was 

F I G U R E  4   Within-country dissimilarity of Caribbean coral communities since the prehuman period. Horizontal lines are 95% confidence 
intervals. Orange lines indicate first-documented instances of White Band Disease; blue lines indicate first-documented instances of 
widespread coral bleaching and the period following the die-off of keystone herbivore urchin Diadema antillarum. Stars indicate earliest 
significant change relative to baseline period 1500–1959
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not responsible for this first phase of Caribbean coral community 
transformation. In the Caribbean, anthropogenic ocean warming 
did not become significant until the 1970s (Knutson et al., 2006; 
Sheppard & Rioja-Nieto, 2005), and warming-related coral bleach-
ing was not observed until the late 1980s (Glynn, 1993). Our re-
cent analysis of long-term trends in the dominance of A. cervicornis 
and A. palmata showed that initial declines in the 1950s and 1960s 
were unrelated to regional or global stressors (i.e., anthropo-
genic temperature stress or hurricane exposure; Cramer, Jackson 
et al., 2020).

Instead, the early timing of initial changes in Caribbean coral 
communities implicates long-standing local stressors such as fishing 
and land-based pollution. However, the paucity of long-term data on 
fishing effort/reef fish abundance or reef water quality precludes 
a quantitative assessment of the role of these activities in recent 
Caribbean-wide reef ecosystem change. Consequently, despite the 
well-established relationships between hermatypic coral persistence 
and abundant herbivorous reef fish populations and low-sediment, 
low-nutrient waters (Cramer et  al.,  2017; Fabricius,  2005; Hughes 
et al., 2007; Randall, 1961), historical fishing, and land clearing have 
been largely ignored in most analyses of Caribbean coral declines 
(Abelson, 2019). Fortunately, a few longer-term datasets on water 
quality at various Caribbean reefs provide valuable insights into the 
role of land-based runoff in coral community change. An analysis 
of seawater and macroalgae nitrogen content since the 1990s from 
the Florida Keys implicates land-based nutrients from agriculture 
and development in the decades-long coral declines within that reef 
tract (Lapointe et  al.,  2019). Studies based on historical and pale-
ontological data also suggest that early reef ecosystem declines in 
Barbados and Panama may be attributed to increases in coastal run-
off from historical land clearing for agriculture (Cramer et al., 2012; 
Cramer, O'Dea et al., 2020;  Lewis, 1984). Last, the increase at both 
reef zones in the occurrence of Millepora and Siderastrea, corals that 
are particularly tolerant of high sedimentation and high turbidity 
conditions (Loya,  1976; de Weerdt,  1981), strongly indicates that 
declining water quality is a major driver of coral community change 
across the Caribbean.

Although initial declines in Acropora predate regional distur-
bances, subsequent changes bear a clear imprint of anthropogenic 
climate change. For instance, while the occurrence of stress-tolerant 
and weedy corals is significantly higher today than the prehuman 
period, increases generally leveled off or reversed beginning in the 
late 1980s. The slowdown of increases in these corals is likely a re-
sponse to the rapid explosion in benthic macroalgae following the 
die-off of the keystone herbivore D. antillarum (Jackson et al., 2014) 
and increases in bleaching-related mortality from anthropogenic 
temperature stress (Eakin et al., 2010). The more marked declines 
in Agarcia compared to branching Porites and P.  astreoides at the 
reef crest likely reflect the relatively higher sensitivity of Agaricia 
to thermal stress: Agaricia experienced widespread bleaching epi-
sodes during thermal anomalies in the 1980s and 1990s (Aronson 
et al., 2000; Gates, 1990; Lasker et al., 1984). The post-1980s de-
clines/plateaus in stress-tolerant and weedy species shown in this 

study are also a reflection of the increasingly frequent epizootics 
affecting these corals over the past 2–3 decades and that are linked 
to a combination of local and global anthropogenic stressors (Vega 
Thurber et al., 2020).

In contrast to the early transformation of Caribbean coral com-
munities following the initial loss of Acropora in the 1950s/1960s, 
more recent changes since the 1980s/1990s demonstrate the 
heightened effects of local stressors and climate change acting 
on reefs simultaneously. Although our study suggests that White 
Band Disease was not the cause of initial Acropora declines, it con-
firms that it has unequivocally contributed to the loss of this genus: 
the second significant Acropora decline observed in our time se-
ries in the early 1980s immediately followed the first instances of 
this disease reported in the late 1970s (Gladfelter,  1982). Land-
based runoff has been shown to exacerbate coral bleaching and 
disease (Bruno et  al.,  2003; Lapointe et  al.,  2019; Wiedenmann 
et al., 2013), suggesting that reef eutrophication played a role in 
the emergence of these morbidities. Similarly, the region-wide pla-
teaus/declines in stress-tolerant and weedy corals we observed 
since the 1980s/1990s reveal that local and global stressors are 
making Caribbean reef environments less suitable for those corals 
with the hardiest of life-history strategies. Indeed, recent moni-
toring efforts have documented declines in several stress-tolerant 
taxa from bleaching and disease that were initiated two decades 
ago (Edmunds & Elahi, 2007; Harvell et  al., 2007) and show that 
several stress-tolerant species are currently rapidly succumbing 
to the highly lethal Stony Coral Tissue Loss Disease that does not 
affect Acropora (Precht et al., 2016; Weil et al., 2009; van Woesik 
& Randall,  2017). Monitoring efforts are also documenting de-
clines in weedy corals such as Agaricia due to recent Caribbean-
wide bleaching events (Walton et al., 2018). Finally, thermal stress 
and algal overgrowth are causing recruitment failure in Caribbean 
coral species regardless of life-history guild (Arnold et  al.,  2010; 
Hughes & Tanner, 2000; Randall & Szmant, 2009). Thus, the shifts 
documented in our 131,000-year record indicate a long history of 
increasingly stressful environmental conditions on Caribbean reefs 
that began with local human disturbances and have culminated in 
the combined effects of local and global change.

4.3 | Challenges with assessing long-term trends

To track Caribbean coral community change prior to and since the 
arrival of humans, we used data from multiple sources, including 
uplifted fossil reefs, reef matrix cores, qualitative historical data, 
and underwater survey data, which may have led to uneven detec-
tion of particular coral taxa across different data types. For exam-
ple, we observed conspicuously lower within-country community 
dissimilarity observed within the fossil versus nonfossil time bins, 
likely due to the greater time-averaging within the former (Figure 4). 
We also found significant differences in the occurrence of multiple 
coral taxa between the Pleistocene and Holocene, including declin-
ing occurrence of A. cervicornis at the midslope zone and increased 
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occurrence of a number of stress-tolerant and weedy taxa at both 
zones (Table 2, Figures 2 and 3). These differences could reflect de-
clining rates of sea level rise during the late Holocene, which would 
favor increased dominance of more slowly growing species with 
massive colony forms (Hongo, 2012)—a trend we observe in our data 
from the midslope zone (Figure 3b). The relatively low occurrence of 
several species with massive colony growth forms in the Holocene 
period could also be due to the difficulty of sampling these colony 
types in the narrow-diameter Holocene reef matrix cores that com-
prise much of the data from this time bin. Lower A. cervicornis oc-
currence in the Holocene compared to the Pleistocene could also 
be a result of inaccurate paleodepth estimates and/or underestima-
tion of A. cervicornis abundance from the Holocene cores. However, 
A. palmata dominance increased slightly at the reef crest between 
the Pleistocene and Holocene, demonstrating that there was no 
bias against sampling this coral in the Holocene reef cores (Cramer, 
Jackson et al., 2020). Despite these discrepancies between the fos-
sil time bins, Pleistocene coral communities were generally similar 
to those in the historical and early modern period (Figures  2 and 
3), in agreement with other studies from the Caribbean Sea that 
showed remarkable comparability in Pleistocene and modern coral 
communities despite variation in growth rates among coral species, 
the higher degree of time-averaging in fossil assemblages, and pos-
sible transport and mixing of fossil material (Jackson, 1992; Pandolfi 
& Jackson,  2001). Importantly, when data from the Pleistocene 
and Holocene periods are combined, overall trends in occurrence 
of coral functional and species groups are largely identical to those 
with these time periods separated: Declines in Acropora occurrence 
first occurred in the 1960s, followed by increases in stress-tolerant 
and weedy species in the 1970s and 1980s (Table A5, Figures A1 
and A2).

Although abundance data allow for a more robust assessment 
of community composition than presence/absence data, the excep-
tionally broad temporal, taxonomic, and geographic scales covered 
in this study necessitated the utilization of the latter. We recognize 
that occurrence does not equal abundance; although we found 
that the current occurrence of stress-tolerant and weedy corals 
is higher than that from the prehuman and historical periods, the 
total abundance of living coral has declined by 50%–80% across the 
Caribbean since the initiation of quantitative surveys in the 1970s 
(Gardner et  al.,  2003; Jackson et  al.,  2014). However, ecological 
studies show that, on large spatial scales, trends in occurrence (pro-
portion of sites occupied) are correlated with trends in abundance 
(MacKenzie et  al.,  2005; Weber et  al.,  2004), suggesting that the 
long-term trends shown in this study are reliable proxies of qualita-
tive trends in relative abundance. The occurrence trends observed 
in this study also correspond to recent trends in absolute abundance: 
The increasing occurrence of some stress-tolerant and weedy corals 
(Agaricia, P. astreoides, branching Porites) over the past four decades 
in the midslope zone corresponds to trends in percent living cover 
from modern localized surveys of Caribbean coral communities 
(Green et al., 2008, Estrada-Saldívar et al., 2019, González-Barrios 
et al., 2021).

4.4 | Conservation implications

The anthropogenic transformation of Caribbean coral communi-
ties into their novel configuration has widespread consequences 
for reef ecosystem functioning. First, the loss of competitive 
Acropora and stress-tolerant Orbicella corals represents a mas-
sive simplification of reef architectural structure and loss of 
carbonate production that will likely compromise the ability of 
Caribbean reefs to keep pace with anthropogenic sea level rise 
(Alvarez-Filip et  al.,  2009; Perry et  al.,  2014). Second, the loss 
of habitat complexity has the potential to reduce the diversity, 
biomass, and abundance of reef fish communities, the fisheries 
productivity of reefs, and the diversity of coral-associated inver-
tebrates (Cramer et  al.,  2012; Paddack et  al.,  2009; Richardson 
et al., 2018; Rogers et al., 2014). Third, coral community turnover 
has reduced the recovery potential of these reefs by selectively 
removing coral species with a spawning mode of reproduction and 
high larval dispersal rates (Acropora and Orbicella) and replacing 
them with species with a brooding mode of reproduction and low 
larval dispersal rates (Agaricia and Porites), limiting the ability of 
relatively intact reefs to re-seed degraded ones (Knowlton, 2001). 
Although now-dominant weedy corals such as Porites and Agaricia 
may still provide a reduced level of ecological benefits such as 
fine-scale habitat complexity, protection from bioerosion of 
reef framework, and sediment and rubble production (González-
Barrios et al., 2021), the hastening decline of even these hardiest 
of species over the most recent decades is further diminishing the 
geo-ecological functioning of Caribbean reefs. As climate change 
impacts accelerate on Caribbean reefs and exacerbate the effects 
of long-standing local human disturbances, the simultaneous miti-
gation of both local and global stressors is the only viable path 
to reef persistence. Indeed, recent studies from the Caribbean 
and Great Barrier Reef highlight the prospect of enhanced reef 
resiliency (but not resistance) to climate change impacts when 
land-based nutrification and overfishing are alleviated (Lapointe 
et  al.,  2019; MacNeil et  al.,  2019; Mellin et  al.,  2016; Steneck 
et al., 2019).
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APPENDIX 

F I G U R E  A 1   Occurrence of coral life-history and species groups since humans at reef crest zone, with Pleistocene and Holocene 
combined into “precontact” time bin
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F I G U R E  A 2   Occurrence of coral life-history and species groups since humans at midslope zone, with Pleistocene and Holocene 
combined into “precontact” time bin
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TA B L E  A 1   Time bins included in the analysis of long-term change in Caribbean coral communities and significant events affecting reef 
environments and detection of ecological change by researchers. Timeline sourced from Jackson et al. (2014) and Cramer, Jackson et al. 
(2020)

Time bin Significant events

Pleistocene (131,000–
12,000 years ago)

Period prior to human settlement in Caribbean; high-magnitude fluctuations in sea level and climate with 
transitions from glacial to interglacial periods

Holocene (9,100 years ago–
1500 AD)

Humans settle in Caribbean; sea-level rise (following last glacial period) slows and sea level begins to stabilize; 
first European contact in Caribbean

1500–1959 Increasing utilization of reef resources by European colonizers; decline of indigenous populations from genocide 
and disease; first application of synthetic pesticides and fertilizers in Caribbean watersheds in 1950s; first 
widespread application of synthetic pesticides on agricultural crops in the Caribbean in 1950s

1960–1969 Increase in fertilizer use and pesticide imports in Caribbean region

1970–1979 First recorded incidence of White Band Disease in Caribbean Acropora corals; first signal of anthropogenic ocean 
warming in Caribbean; first systematic monitoring of Caribbean reefs

1980–1984 Mass die-off of urchin Diadema antillarum due to disease in 1982–1983; increase in macroalgae on many 
Caribbean reefs

1985–1989 First warming-related coral bleaching outbreaks

1990–1994 First regional-scale coral bleaching in Caribbean; increase in coral disease outbreaks; intensification of region-
wide reef monitoring programs

1995–1999 Extreme heating event resulting in mass coral bleaching in 1998

2000–2004 Massive loss of reef architectural complexity following coral bleaching in 1999

2005–2011 Extreme heating events and coral bleaching outbreaks in 2005 and 2010
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TA B L E  A 3   Number of reef sites with presence/absence data for all 14 common coral taxa at reef crest zone

Country Pleist. Holo.
1500–
1959

1960–
1969

1970–
1979

1980–
1984

1985–
1989

1990–
1994

1995–
1999

2000–
2004

2005–
2011

Antigua & Barbuda 1 2

Bahamas 1 2 3 3

Barbados 6 2 1 3 22 5 1 27

Belize 2 9 7 8 1 1 1 5 4

British Virgin Islands 3

Cayman Islands 17 26 4 1

Colombia 6 1 1 6 9

Costa Rica 6

Cuba 11 1 1 12

Dominican Republic 2 2 1 2

Dutch Caribbean 1 4 6 1 3 7

Florida 3 10 13 1 51 95 180 268

Guadel. & Martinique 1 5 1 1 7

Grenada 4

Honduras 2

Jamaica 7 1 4 4 9

Mexico 2 17 4 23 4 17 7 1 1 4

Panama 4 8 93 101 95 56 89

Puerto Rico 10 5 3 15

St. Lucia 1

St. Vinc. & 
Grenadines

2 2

Trinidad & Tobago 5

US Virgin Islands 17 1 8 6 20 14 3 5

Venezuela 2 5 1

Total 32 63 14 89 79 71 132 175 206 287 421
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TA B L E  A 4   Number of reef sites with presence/absence data for 14 common coral taxa at midslope zone

Country Pleist. Holo.
1500–
1959

1960–
1969

1970–
1979

1980–
1984

1985–
1989

1990–
1994

1995–
1999

2000–
2004

2005–
2011

Bahamas 7 0 1 6 1 10 16 23

Barbados 7 1 3 7 2 11 2 8 4

Belize 12 6 19 3 1 1 52 18 53

British Virgin Islands 2 22 40 40 64

Cayman Islands 32 2 3 39 7 7 8

Colombia 1 5 2 2 4 14 46 7

Costa Rica 7 1

Cuba 7 2 12 25

Dominica 9

Dominican Republic 2 2 4 2 1

Dutch Caribbean 4 4 17 92 15 14 19 52

Florida 1 5 1 45 10 1 68 181 232 509

Guadel. & Martinique 3 27 48

Grenada 3 15

Haiti 2

Honduras 2 2 1 1

Jamaica 2 2 16 9 16 8 4 26

Mexico 1 26 5 30 22 4 14 65

Nicaragua 2 3

Panama 12 72 53 43 84 132

Puerto 1 6 8 13 13 66

St. Kitts & Nevis 2

St. Lucia 2 9

St. Vinc. & 
Grenadines

5 2

Turks & Caicos 1

Trinidad & Tobago 1 10 1 4 5 6

U.S. Virgin Islands 3 5 16 6 22 15 101 164

Total 20 28 7 89 157 181 123 263 413 636 1290

Zone Life-history group
Overall change
(*sig)

Earliest sig. change 
relative to Pleistocene

Peak in 
occurrence

Crest Competitive
(without Millepora)

67–13%* 1960–1969 1500–1959

Competitive
(with Millepora)

51–38%* 1960–1969 1500–1959

Stress-tolerant 14–37%* 1985–1989 1985–1989

Weedy 15–48%* 1970–1979 1985–1989

Midslope Competitive
(without Millepora)

28–4%* 1960–1969 Precontact

Competitive
(with Millepora)

27–12%* 1960–1969 1500–1959

Stress-tolerant 37–71% 1970–1979 2005–2011

Weedy 20–70%* 1970–1979 1990–1994

TA B L E  A 5   Trends in coral life-
history groups with Pleistocene and 
Holocene periods combined into a single 
“Precontact” time bin. Trends deemed 
significant at the p < .05 level


