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Decadal-scale time series highlight the role
of chronic disturbances in driving ecosystem collapse
in the Anthropocene
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Biome degradation characterizes the Anthropocene Epoch, and modemn ecology

E;Z:E;pgdnﬂ?:z;: is deeply involved with describing the changes underway. Most research has
Email: peter.edmunds@csun.edu focused on the role of acute disturbances in causing conspicuous changes in eco-

system structure, which leads to an underappreciation of the chronic effects caus-
ing large changes through the cumulative effects of small perturbations over
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structure are profound, yet the data to quantify these effects are usually insuffi-
cient to evaluate the relative roles of different disturbance types. Here, four
decades of surveys from two coral reefs (9 and 14 m depth) off St. John, US Virgin
Islands, are used to quantify the associations of acute and chronic events with the
changes in benthic community structure. These reefs profoundly changed over
36 years, with coral death altering species assemblages to depress abundances of
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the ecologically important coral Orbicella spp. and elevating the coverage of
macroalgae and crustose coralline algae/turf/bare space (CTB). Linear mixed
models revealed the prominent role of chronic variation in temperature in
accounting for changes in coverage of corals, macroalgae, and CTB, with rising
temperature associated with increases in coral cover on the deep reef, and
declines on the shallow reef. Hurricanes were also associated with declines in
coral cover on the shallow reef, and increases on the deep reef. Multivariate ana-
lyses revealed strong associations between community structure and temperature,
but weaker associations with hurricanes, bleaching, and diseases. These results
highlight the overwhelming importance of chronically increasing temperature in
altering the benthic community structure of Caribbean reefs.
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INTRODUCTION dominant drivers of change (Kidwell, 2015). Through

the engineering of planetary features, consumption of
The Anthropocene Epoch marks an era in the global  resources, and increases in atmospheric CO, in the
history of biota in which humans have become the  pursuit of energy assets (Syvitski et al., 2020), humans
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have altered the ecology of every biome (Parmesan &
Yohe, 2003). Ecologists are focusing on documenting
these effects (Poloczanska et al., 2013), with efforts
often dominated by acute events, such as forest fires,
floods, diseases, and storms (Lafferty, 2009; Turner,
2010; Ummenhofer & Meehl, 2017). Acute events usu-
ally appear to have substantial ecological significance
when they are captured in studies spanning only a few
years, but as studies extend to multiple decades, it is more
likely that they will reveal the ecological significance of
chronic events (Luo et al.,, 2011). Underappreciation of
chronic events causing communities to change can lead to
inaccurate projections of a future state, and a mismatch of
conservation efforts intended to alleviate the effects of the
putative drivers of change.

Coral reefs provide an interesting case in which to
consider these issues, because they have been studied for
centuries, with the last few decades underscoring the
large changes that have occurred relative to the 1960s
(and earlier) (Cramer et al., 2021). Acute events have
prominently featured in these studies, including storms
(Woodley et al, 1981), outbreaks of corallivores
(Chesher, 1969), diseases (Aronson & Precht, 2001), and
more recently, bleaching (Hughes, Kerry, et al., 2017),
new coral diseases (Brandt et al., 2021), and ocean acidifi-
cation (Doney et al., 2009). The capacity of acute distur-
bances to cause profound changes in coral communities
supported the emergence of the alternative stable state
theory positing that large disturbances can transition a
community into an alternative stable state under identical
background conditions (Dudgeon et al., 2010). Together,
the aforementioned effects have promoted a narrative
emphasizing that coral reef degradation (Hughes, Kerry,
et al, 2017), particularly in the Caribbean (Roff &
Mumby, 2012), is strongly associated with acute distur-
bances (e.g., Hughes et al., 2010).

With ecological analyses of coral reefs extending
decades (e.g., Jackson et al., 2014), the roles of chronic
versus acute events in changing these communities can
objectively be evaluated. Because chronic effects require
decades to detect, it is reasonable to expect that they will
only be identified in the longest studies. The reefs of
St. John, US Virgin Islands, provide a record of suitable
length for this purpose, because they have been studied
since the 1980s, thereby capturing replicated acute events
acting against a backdrop of chronically changing envi-
ronmental conditions. Because this project began in
1987, the study reefs have been dominated by the corals
Orbicella annularis, Orbicella faveolata, and Orbicella
franksi, and while most colonies of these species were
alive in 1987, by 2022 many had died leaving their skele-
tons dead in place. Prior to this project, thickets of
Acropora cervicornis were common at ~16 m depth

adjacent to the Tektite reef (Lee et al., 1975), and stands
of Acropora palmata were growing ~3 km away at John’s
Folly Bay. A. cervicornis probably was killed by disease
in the 1980s (Aronson & Precht, 2001) and was not
seen when this study began, but the A. palmata at
John’s Folly Bay persisted until 1989, when it was
destroyed by Hurricane Hugo. It is reasonable to infer,
therefore, that the history of the present reefs is simi-
lar to that of other Caribbean reefs in comparable hab-
itats where Acropora spp. have been absent for
decades and the reef is dominated by a framework of
Orbicella spp.

Here a 36-year record is used to compare the roles of
different environmental conditions in statistically
explaining changes in coverage of corals and other ben-
thic space holders on the reefs of St. John. The study tests
the hypothesis that chronically changing conditions are
strongly associated with community degradation. I follow
previous literature in considering hurricanes, bleaching,
and disease outbreaks as acute events, and seawater tem-
perature and rainfall regimes as chronic events
(Ceccarelli et al., 2020; Hughes & Connell, 1999), but rec-
ognize that the distinction between the two types of con-
ditions is qualitative.

METHODS

The study began in December 1987 to evaluate the effects
of coral bleaching. Three, 10-m long, permanently
marked transects were established at 14-m depth at the
Tektite reef, and at 9-m depth at Yawzi Point. These reefs
were selected because of their high percentage cover of
Orbicella spp. and ease of access from a field station with
small boats.

Each transect was sampled using 10 contiguous
photoquadrats (1 X 1 m), recorded annually between
May and December beginning in December 1987 and
ending in July 2022 (Appendix S1: Table S1). The reefs
were sampled twice each year in 1988, 1989, and 2017 to
evaluate the effects of hurricanes, and initially were
recorded using color slide film, and from 2001, digitally
(Appendix S1: Table S1). A strobe was used with all cam-
eras, each image contained a scale bar, and slides were
digitized (4000 dpi) for analysis. Images were analyzed
using CPCe (Kohler & Gill, 2006) or CoralNET (Beijbom
et al., 2015) software, with 200 randomly located
points image ' that were manually annotated to resolve
coral (scleractinians and Millepora), macroalgae, and
crustose coralline algae + algal turf + bare space (CTB).
Objects to ~5 mm diameter were identified, although the
taxonomic resolution was occasionally restricted by
shadows, leading to a consensus list of 23 space holders
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that were quantified (Appendix S1: Table S2) for percent-
age cover (mean + SE).

Environmental conditions were quantified through
continuous measures of seawater temperature and rain-
fall, and nominal measures of hurricanes, bleaching, and
diseases. From 1989, temperature was measured at 9-m
depth at Yawzi Point using mostly Hobo temperature log-
gers (+0.2°C), with occasional gaps in the record filled
with measurements from the same model of logger at
14-m depth at Tektite (9% of 11,995 daily records).
Loggers were recorded at 0.001 Hz, and values were aver-
aged by day. Temperatures for 1987 and 1988 were
obtained from remote sensing of monthly SST in the
NOAA global coral bleaching monitoring database with a
5-km resolution (version 3.1, accessed through ERDAPP,
2 January 2023, for an ~11km grid centered at
18.2537° N, 295.2265° E). The comparison of in situ (9-m
depth at Yawzi Point) and SST temperatures for 1989
revealed a strong correlation between the two
(Appendix S1: Figure S1). Because discrepancies between
the two were trivial, SST for 1987 and 1988 were com-
bined with in situ temperature for 1989-2022 without
adjustment. Daily records were summarized as annual
means (+SE), the means (+SE) of the 12 monthly values
between August and July, and the mean (+SE) of the hot-
test 3 months of each year. Rainfall (in centimeters) was
obtained from the southeastern regional climate center
(SERCC) using rain gauges on St. John for 1987-2011,
and from 2012, using a rain gauge on the north shore
(station VI-SJ-3, https://wys.cocorahs.org). Daily rainfall
was summarized by month and expressed as the mean
(£SE) by year, as well as for the 12 months between
August and July of each year.

Hurricane impacts were evaluated on a nominal scale
through storm intensities and tracks (https://www.nhc.
noaa.gov), and anecdotal descriptions of local impacts.
Evaluations of their underwater effects from wind speed,
proximity, and diameter proved unreliable. Storms were
assigned a value of 1 when they impacted St. John, with
other years assigned a zero (Appendix S1: Table S3).
Because hurricanes occurred after annual samplings, their
effects were registered in the year following their occur-
rence. The effects of bleaching were assigned a value of
1 (bleaching) or 0 (no bleaching) based on published and
anecdotal records (Appendix S1: Table S3), as well as
records of high temperature. Bleaching occurred after
annual sampling (except 1987 when the photoquadrats
were recorded in December), and its impacts were regis-
tered in the year following occurrence. Coral diseases were
chronic (Edmunds, 1991), but three acute disease events
were evaluated on a nominal scale (1 = disease, 0 = no
disease): the effect of white pox and other diseases in late
2005 (Miller et al., 2009) were registered in the following

year; stony coral tissue loss disease (SCTLD) appeared
around St. Thomas in early 2019 (Brandt et al., 2021), and
its effects were registered in 2019 and 2020; and in 2022,
the sea urchin Diadema antillarum declined 98% in popu-
lation size through disease (Levitan et al., 2023), and the
effects were registered in that year.

Statistical analyses

Differences over time in the cover of each benthic group
were evaluated from contrasts of means and non-
overlapping SEs. Linear mixed models (LMM) were used
to test for the effects of time, average annual temperature
(in degrees Celsius), rainfall (in millimeters), hurricanes
(0 or 1), disease (0 or 1), and bleaching (0 or 1) (fixed
effect) on the percentage cover of corals, macroalgae, and
CTB. Quadrats were averaged by transect within each site
(n = 3) because transects were haphazardly selected and
repeatedly surveyed; transects were introduced as a ran-
dom factor. Models were fitted using restriction maxi-
mum likelihood methods (REML), and were also run in
simplified forms with nonsignificant fixed effects
excluded. Models were evaluated using the corrected
Akaike information criterion for small sample sizes
(AIC,) (Burnham & Anderson, 2004). Interaction terms
were not included because of the potential for multicol-
linearity among predictors. The influence of the fixed
effects was evaluated through the model estimates and
95% CI about these values.

Multivariate changes were displayed with 2-dimensional
ordinations using nonmetric multidimensional scaling
(MDS) with Bray-Curtis dissimilarities based on
square-root transformed data and 999 permutations until
stress stabilized. MDS plots were prepared for community
structure (coral, macroalgae, and CTB), and coral taxa
(Appendix S1: Table S2), with significance tested using
SIMPROF.

To test for associations between the environment and
multivariate benthic community (by both functional
groups and coral genera) environmental conditions were
screened for collinearity using Pearson correlations, and
where a significant association was detected (at p < 0.05
with 7 > 0.341 and 35 years of data), one member of each
pair was excluded based on weak clarity of interpretation
of the environmental condition. The association of bio-
logical and environmental ordinations was tested using
the BEST routine in Primer 7.0 software (Clarke & Gorley,
2015), in which Spearman rank correlation (p) identified
the best match within a permutational framework. One
analysis was completed with the biological and environ-
mental data calculated by year, and one using a centered
3-year running mean to smooth variation. Environmental
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data were square-root transformed and converted to a
resemblance matrix using Gower distances (Gower, 1971).
BIO-ENV detects multiple associations, sometimes with
different combinations of variables, among which the rela-
tive role of each variable in causing changes in community
structure was evaluated using distance-based linear model-
ing (DISTLM). This procedure distinguishes among associ-
ations identified through the BEST routine using AIC, and
it attributes variance to components in the model
(Burnham & Anderson, 2004).

Descriptive statistics and LMMs were completed using
Systat 13 (Inpixon, San Jose, CA), and multivariate tests
were completed using Primer 7.0 and PERMANOVA+
(Clarke & Gorley, 2015). Statistical assumptions of LMM
were evaluated through graphical analyses of residuals.
Although MDS, SIMPROF, and DISTLM make no explicit
assumptions about the distribution of the data, attention
was paid to stress and avoidance of collinearity in the
DISTLM (Clarke & Gorley, 2015). Data are available in
Dryad (Edmunds, 2024 at https://doi.org/10.5061/dryad.
x0k6djhtl) and Appendix S1: Table S3.

RESULTS
Community structure at Yawzi Point

In 1987, mean (+SE) coral cover was 44.6 + 3.4%
(n =29), macroalgae cover was 2.2 + 0.4%, and CTB
cover was 35.4 + 3.7%. Coral cover declined by 39% from
April to October 1989, and a protracted decline began
after 1994. From 1994 to 1999, mean coral cover dec-
lined by 67%, and then to 3.8 + 1.2% (n = 30) in 2022

(a 92% loss cf. 1987). Concurrently, macroalgal cover rose
to 40.0 +2.8%, and CTB to 43.0+2.6% in 2022
(Figure 1A), and there was a weak trend for reciprocal
variation in cover between these space holders, with dis-
similar effects between ~1987-1999 and ~2000-2022
(Appendix S2: Figure S1). From 1987 to 2022, the reef
was affected by 11 hurricanes (Hugo in 1989, Marilyn
and Luis in 1995, Bertha and Hortense in 1996, Georges
in 1998, Lenny in 1999, Debbie in 2000, Earl in 2010, and
Irma and Maria in 2017), three bleachings, and three dis-
ease outbreaks, with the largest declines in coral cover
occurring 1-5 years after hurricanes in 1989 and in the
late 1990s. LMM showed that the coverage of each of the
space holders changed (Table 1), but their responses to
the other fixed effects varied. Coral changed in associa-
tion with hurricanes and temperature; macroalgae
changed in association with hurricanes; and CTB margin-
ally changed in association with bleaching (Table 1;
Appendix S2: Table S1). The plots of effects estimates
(Figure 2) showed that coral cover declined with rising
temperature and hurricanes, and that hurricanes were
followed by an increase in macroalgal cover (Appendix S2:
Table S1). The random effect of the transect was not signif-
icant, and models excluding nonsignificant fixed effects
were less good fits (Appendix S2: Table S1). Most of these
results did not change when the LMM was repeated with
hurricanes scored as absent (0) present (1) and severe
(2 =Hugo in 1989 and Irma/Maria in 2017), and the
effects of SCTLD were extended through 2021; in this
model, there was no association between CTB and
bleaching (Appendix S2: Table S2).

Multivariate analysis created a robust ordination
(stress = 0.06), revealing the transition from coral
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FIGURE 1 Coral reef community structure at Yawzi Point (A) and Tektite (B) from 1987 to 2022. Mean (+SE, n = 18-30
photoquadrats year ') with percentage cover of coral, macroalgae, and crustose coralline algae/turf/bare space (CTB) shown, and
environmental events indicated as gray bars (B, bleaching, D, disease; H, hurricanes).
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TABLE 1 Results of linear mixed models analysis of percentage cover of coral, macroalgae, and crustose coralline algae/turf/bare space
(CTB) in which year, rainfall, temperature, hurricanes, bleaching, and diseases were fixed effects, and transect was a random effect.

Type III test of fixed effects
Site and DV Fixed effect F df P (1) AIC. (2) AIC.
Yawzi Point
Coral Time 122.628 1,104 <0.001 752 [0] 758 [6]
Hurricanes 14.848 1,104 <0.001
Temperature 5.950 1,104 0.016
Macroalgae Time 32.495 1,103 <0.001 865 [0] 880 [16]
Hurricanes 13.728 1,103 <0.001
CTB Time 10.999 1, 103 0.001 862 [0] 876 [15]
Bleaching 3.938 1,103 0.050
Tektite
Coral Time 48.402 1,104 <0.001 724 [0] 724 [0]
Hurricanes 8.770 1, 104 0.004
Bleaching 4473 1, 104 0.037
Temperature 10.770 1,104 0.001
Macroalgae Time 78.974 1, 104 <0.001 791 [0] 803 [12]
Disease 7.277 1, 104 0.008
CTB Time 19.938 1, 104 <0.001 854 [0] 858 [4]
Temperature 4.706 1, 104 0.032
Disease 3.962 1, 104 0.049

Note: Significant effects shown with full results in Appendix S2: Table S1. Refer to Figure 2 for effects estimates for the best model.
Abbreviations: AIC,, corrected Akaike information criterion for the full (1) [AAIC,] and simplified (2) model; DV, dependent variable.
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FIGURE 2 Fixed effects estimate from linear mixed models for the percentage coverage of coral (A, D), macroalgae (B, E), and crustose
coralline algae/turf/bare space (CTB) (C, F) at Yawzi Point and Tektite from 1987 to 2021 (Figure 1). Values shown for time, hurricanes,
bleaching, rain, and temperature (small central symbol) with 95% CI (flanking and joined larger symbols).
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(Figure 3A) in the first decade, to macroalgal and CTB
co-dominance in the final decade. The largest differences
occurred from 4/1989 to 10/1989, 1990 to 1991, 2004 to
2005, and 2018 to 2019 (Figure 3A), and were associated
with Hurricane Hugo (1989), and macroalgae and their
encroachment on/off of CTB. The ordination revealed a
change from the 1980s and 1990s to the 2010s and 2020s,
with SIMPROF identifying five clusters of years
(p >0.44, n =999, p <0.015) that highlight differences
in community structure around 2000, and over the fol-
lowing 20 years. 2022 clustered with nine other years,
revealing decadal-scale homogeneity of community struc-
ture (Figure 3A). Multivariate analysis by coral genera
(Appendix S2: Figure S2) revealed a stringent ordination
(stress = 0.09) with the largest differences from 1998 to
1999, 2005 to 2006 and 2011 to 2012, which corresponded
to bleaching, disease, and hurricanes, respectively
(Appendix S1: Table S3). The ordination revealed a sepa-
ration of years associated with the transition between

Yawzi Point

1998 and 1999, with SIMPROF identifying four clusters
(p>1.13, n =999, p < 0.003), three prior to 1999, and
one from 1999 to 2022 (Figure 3).

Community structure at Tektite

In 1987, mean (+SE) coral cover was 32.2 + 2.5% (n = 30),
macroalgae cover was 5.9 +0.7%, and CTB cover was
25.8 + 3.0%. Over 15 years, mean coral cover increased by
52% to 48.8 +2.9% (n = 30) in 2002, mean macroalgal
cover tripled to 15.5 + 2.0%, and the mean cover of CTB
declined by 30% to 18.2 + 1.9%, all while these reefs were
affected by six hurricanes and bleaching in 1998
(Figure 1B). There was reciprocal variation in abundance
between CTB and macroalgae, with the effect intensify-
ing between 1987-2004 and 2005-2022 (Appendix S2:
Figure S1). By 2022, mean coral cover had declined by
69% to 15.3 + 1.0% (n = 30), macroalgal cover increased

Tektite
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FIGURE 3 Multidimensional scaling displaying changes in community structure at Yawzi Point (A, C) and Tektite (B, D).
Functional groups (A, B) based on coral, macroalgae, and crustose coralline algae/turf/bare space (CTB); (C, D) based on analysis by

coral genera. Vectors link sequential samplings, which are labeled where feasible for clarity. Sectors of symbols scaled (differentially by

taxon) and colored to show the percentage cover of the dominant space holders ([A, B] = coral, macroalgae, and CTB, [C,
D] = Orbicella, Siderastrea, and Porites at Yawzi Point, and Orbicella, Siderastrea, Colpophyllia, and Porites at Tektite). Blue contours

show significant clusters.
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2.8-fold to 43.9 + 1.9%, and CTB increased 1.7-fold to
30.2 + 1.4%. From 2002 to 2022, the reef was affected by
three hurricanes (with two in 2017), two bleachings, and
three disease events. Coral diseases in 2005 and 2019
were followed by the largest 3-year declines in coral cover
recorded at this site: 35% from 2005 to 2007, and 43%
from 2019 to 2022. LMM showed that the coverage of
each of the space holders changed (Table 1), but their
responses to the other fixed effects varied. Coral cover
changed in association with hurricanes, bleaching, and
temperature; macroalgae changed in association with dis-
eases; and CTB changed in association with temperature
and diseases (Table 1; Appendix S2: Table S1). The plots
of effects estimates (Figure 2) showed that coral cover
was elevated in association with hurricanes and rising
temperature, with a stronger effect for temperature, but
declined in association with bleaching. Diseases were
associated with increased cover of macroalgae and
depressed coverage of CTB, and elevated temperature
was associated with reduced cover of CTB (Figure 2). The
random effect of transect was not significant, and models
excluding nonsignificant fixed effects were less good fits
(Appendix S2: Table S1). Some results changed when
the LMM was repeated with hurricanes scored as absent
(0) present (1) and severe (2, as described above), and the
effects of SCTLD were extended through 2021. In these
models, coral cover was no longer associated with
bleaching, macroalgal cover was additionally associated
with rainfall, and CTB was additionally associated with
hurricanes (Appendix S2: Table S2, cf. Table 1).
Multivariate analysis of coral, macroalgae, and CTB
created a robust 2-D ordination (stress = 0.07), revealing
a transition from coral dominance (Figure 3B) in the first
decade, to co-dominance by macroalgae and CTB ~2005,
to macroalgal dominance in the final four samplings. The
largest differences occurred from 2004 to 2005, 2015 to
2016, and 2016 to July 2017 (Figure 3B), and were associ-
ated with macroalgae and their spread onto/off CTB. The
ordination revealed a transition from the 1980s and 1990s
to the 2010s and 2020s, with SIMPROF identifying four
clusters of years (p > 0.49, p < 0.025) that highlighted dif-
ferences associated with the new millennium and the
following 20 years (Figure 3B). Multivariate analysis by
coral genus (Appendix S2: Figure S1) created a less strin-
gent ordination (stress = 0.12), in which the largest dif-
ferences occurred from 2005 to 2006, 2010 to 2011, and
2020 to 2021 (Figure 3D). These were associated with
bleaching and diseases (2005-2006), Hurricane Earl and
heavy rain (2010-2011), and SCTLD (2020-2021)
(Appendix S1: Table S3). SIMPROF revealed transitions
in coral community structure (Figure 3D), first around
2000 (p =0.96, n =999 permutations, p = 0.001), and
second, between 2020 and 2021 (p=1.68, n =999

permutations, p = 0.001). These trends were associated
with a reduction in cover of Orbicella spp. and
Colpophyllia spp., and an increased cover of Porites spp.

Association between biological and
environmental variation

Records of some environmental conditions extended from
1987 to 2022, but not rainfall, and tests for association with
biological data excluded 2022 (Appendix S1: Table S1).
Tests for collinearity reduced environmental data to mean
temperature by calendar year, mean rainfall by calendar
year, hurricanes, bleaching, and diseases. Mean tempera-
ture increased over time (F=29.415 df=1,
33, p < 0.001) at 0.2 + 0.1°C decade *, but rainfall did not
linearly vary (F = 4.424, df = 1, 33, p = 0.129).

For all data by year at Yawzi Point, variation in the
multivariate coral community defined by functional
group was best explained by temperature, and both tem-
perature and bleaching (Table 2). DISTLM outputs for
both relationships were indistinguishable (difference in
AIC between models [AAIC] < 2.0), but other associa-
tions were supported by models that fit less well
(AAIC > 2). The linear model with temperature exp-
lained 40.0% of the variation, and the model with tempera-
ture and bleaching explained 43.0% (temperature = 40.0%,
bleaching = 3.0%). In the multivariate community defined
by coral genera, variation was best explained by tempera-
ture, which accounted for 43.3% of the variation (Table 2).
Smoothed biological and environmental data were more
strongly associated (Table 2), and the best associations
explained 67.3%-73.7% of the variation in community
structure. Temperature accounted for most (68.3%) varia-
tion in functional groups, and for coral genera, tempera-
ture, and rainfall accounted for most for the variation
(52.9% and 8.3%, respectively).

For all data by year at Tektite, variation in the multi-
variate coral community defined by functional group
was best explained by temperature, rainfall, and dis-
ease, although several combinations of variables were
also effective at explaining variation (Table 2).
DISTLM provided a best-fit solution using two predic-
tors, of which temperature explained 21.2% and rainfall
2.2% of the variation (Table 2). In the multivariate
community defined by coral genera, variation was not
associated with any combination of environmental
conditions (Table 2). Smoothed biological and environ-
mental data again were more strongly associated
(Table 2), and the best associations explained
55.0%-65.3% of the variation in community structure.
Temperature accounted for most (34.8%) variation in
functional groups, and for coral genera, temperature,
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TABLE 2
BIO_ENV
Data, site, and assemblage type DV p [P
Annual
Yawzi Point
(A) Functional group 1 0.333 0.006
1,5 0.248 0.040
(B) Coral genus 1 0.321 0.011
Tektite
(A) Functional group 1,2,4 0.217 0.008
1,2 0.197 0.018
2,4 0.193 0.021
(B) Coral genus n/a 0.220 0.053
3 years smoothed
Yawzi Point
(A) Functional group 1 0.691 <0.001
1,2 0.587 <0.001
1,2,5 0.482 <0.001
(B) Coral genus 1,2 0.645 <0.001
1 0.618 <0.001
1,2,3 0.534 <0.001
Tektite
(A) Functional group 1,2 0.431 <0.001
1,2,4 0.395 <0.001
1,2,3,4 0.382 <0.001
(B) Coral genus 1,2 0.420 <0.001
1,2,4 0.392 <0.001
1,2,3,4 0.377 <0.001

Multivariate tests of association between community structure and environmental conditions (Appendix S1: Table S3).

DISTLM Contribution to R? (%)
AAIC R*(%) DVl DV2 DV3 DV4 DVs
0 40.0 40.0
0.1 43.0 40.0 3.0
0 43.3 43.3
0.1 23.5 15.1 3.0 9.0
0 23.5 21.2 2.2
3.0 17.3 6.8 10.5
2.7 68.3 68.3
3.0 69.7 69.7 1.5
0 73.7 68.3 1.5 3.9
3.8 61.1 53.0 8.1
7.4 52.9 52.9
0 67.3 52.9 8.3 6.1
8.4 51.5 34.8 16.7
2.6 60.6 34.8 16.7 9.2
0 65.3 34.8 16.7 4.7 9.2
6.5 38.1 27.8 10.3
2.7 48.1 27.8 10.3 10.0
0 55.0 27.8 10.3 6.9 10.0

Note: Analyses tested for associations between community structure and environmental conditions in the preceding year (Annual), and over a running,
centered average of 3 years (3 years smoothed). The strongest associations were revealed by BIO_ENV, with the best-fit and up to the next two best-fits
reported. Analyses were completed with five environmental conditions (dependent variable [DV], 1 = temperature [in degrees Celsius], 2 = rainfall [in
centimeters], 3 = hurricane, 4 = disease, and 5 = bleaching [Appendix S1: Table S3]) and associations between resemblance matrices are reported with the
rank correlations (p) and its probability (n = 999 permutations, pperm). For significant associations, DISTLM was used to fit linear models of environmental
conditions, with the best model identified by AAIC and reported with the proportion of the variance explained (R?), and the contribution of each DV to this
variance. Analyses for: (A) community structure by functional group (coral, macroalgae, and crustose coralline algae/turf/bare space), and (B) coral community

by genus (Appendix S1: Table S2).

Abbreviations: AAIC; difference in Akaike information criterion between models; DISTLM, distance-based linear modeling; n/a, not applicable.

and rainfall accounted for most for the variation (27.8%
and 10.3%, respectively).

DISCUSSION

Rapid changes in ecosystems are defining features of the
Anthropocene Epoch, and while many of these effects
originated with the Industrial Revolution (Kidwell, 2015),
they have only been featured in ecological science for
~20 years (Walther et al., 2002). Causation for these

effects often can be attributed to climate change
(Poloczanska et al., 2013), with the effects of acute distur-
bances garnering strong attention (Hughes, Kerry,
et al, 2017; Turner, 2010). Quantifying the relative
importance of multiple disturbances in causing ecosys-
tems to change is important for accurate assessment of
risks, and to advance solution-oriented science (Miller
et al., 2014), yet the data required for these purposes can
be sparse. Coral reefs have become the poster child for
ecosystem degradation and solution-oriented science
(Hughes et al., 2010, 2023), but changes in this ecosystem
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are often explained through an incomplete set of causes,
for example, through bleaching (Hughes, Kerry, et al., 2017),
storms (Woodley et al., 1981), and diseases (Brandt
et al., 2021). Chronic coral mortality and depressed coral
population growth are less commonly associated with
declining coral abundance (cf. Ceccarelli et al., 2020;
Connell et al., 1997).

Here, two reefs were used to quantify the effects of
chronic and acute events in changing benthic communi-
ties. Although many corals have been killed on these
reefs by acute events (e.g., hurricanes; Edmunds &
Witman, 1991 and white pox disease; Miller et al., 2009),
thus creating distinctive signatures in coral reef commu-
nity structure (Figure 1), the chronic effects of varying
temperature had particularly strong associations with the
ecological trends over 36 years. These effects were exp-
ressed in univariate models through the association of
rising temperature with reduced coral cover at Yawzi
Point, and with increased coral cover and lower cover of
CTB at Tektite. In multivariate models, temperature
explained the greatest proportion of the variance in dis-
similarities of benthic community structure among sam-
plings, with this effect rising to 68% for functional groups
at Yawzi Point when a 3-year running mean was
implemented. Rainfall had little explanatory capacity in
the LMMs, but it accounted for 1.5%-16.7% of the vari-
ance in the multivariate analyses (Table 2), suggesting
chronic variation in rainfall might indirectly affect holis-
tic community structure (Edmunds & Lasker, 2016). In
some years, acute disturbances caused large and rapid
changes in community structure (Figure 1), and while
these effects were revealed in the statistical analysis
through significant effects of hurricanes, bleaching, and
disease (Table 1), they differed between sites, and were
inconsistent among dependent variables (Figure 2).

The types and magnitudes of the changes affecting
the reefs at Yawzi Point and Tektite since 1987 are well
known in the Caribbean (Jackson et al., 2014; Roff &
Mumby, 2012; Steneck et al., 2019), and as is common for
the region, signs of coral community recovery have not
emerged for St. John (cf. Connell, 1997; Steneck
et al., 2019). Yawzi Point and Tektite were dominated by
O. annularis in 1987, like many forereef communities
throughout the Caribbean (Hughes & Tanner, 2000), but
they transitioned from 32% to 45% coral cover in 1987, to
4%-15% by 2022, with increased coverage of macroalgae
and CTB (Edmunds, 2013, 2019). Additionally, the coral
assemblages changed (Figure 3C,D), driven in large part
by the replacement of long-lived, mass spawning, and
framework-building Orbicella spp. by weedy corals with
brooding life history strategies (e.g., Porites spp.), and
stress tolerant (including to elevated temperature) corals
like Siderastrea siderea (Castillo et al., 2012; Darling

et al.,, 2012). Caribbean-wide, these trends began with
Acropora spp. mortality in the 1980s (Aronson & Precht,
2001), which probably affected Acropora spp. thickets
that were growing near the present study sites in the
1970s (Lee et al., 1975), and continued with declining
abundances of Orbicella spp. (Edmunds & Elahi, 2007;
Toth et al, 2019), biotic homogenization (Burman
et al., 2012), and a protracted recruitment failure of mass
spawning corals (Hughes & Tanner, 2000; Williams
et al., 2008). Together with changes in other biotic and
abiotic factors, including a region-wide depression of reef
fish abundances (Paddack et al., 2009), these events have
advanced community transitions to favor weedy corals
(Toth et al., 2019).

As coral cover changed at Yawzi Point and Tektite,
the cover of macroalgae and CTB increased, with their
cover strongly and inversely related at Tektite, and
weakly inversely related Yawzi Point; in both cases, this
relationship differed in intensity between groups of years
separating around the early 2000s (Appendix S2:
Figure S2). At Yawzi Point, the separation corresponded
to the start of a period of low coral cover, and at Tektite,
to the start of declining coral cover. A reciprocal relation-
ship between macroalgae and CTB is well known in the
Caribbean (Aronson et al., 2005; Aronson & Precht, 2000)
where it is mediated by the intensity of herbivory
(Aronson & Precht, 2000). In the present case, the relation-
ship between the coverage of macroalgae and CTB, and its
intensification over time at Tektite, highlights the poten-
tial for interactions between the availability of space on
dead corals, herbivory, and reef flattening (Alvarez-Filip
et al., 2009) to mediate covariance of abundance of these
benthic space holders.

Unlike ecological studies of many Caribbean reefs,
the length and temporal resolution of the present analysis
demonstrate a gradual transition in the community phase
(Figures 1 and 2). Although this transition has been
punctuated by multiple examples of the same acute
events (e.g., hurricanes), statistical analyses highlight the
association of the ecological events with both chronic
and acute events. A 36-year study provides an ecologi-
cally meaningful context within which acute events like
Hurricane Hugo in 1989 (Edmunds & Witman, 1991),
bleaching in 1998 (Rogers et al., 2008), bleaching and dis-
ease in 2005 (Miller et al., 2009), Hurricanes Irma and
Marie in 2017 (Edmunds, 2019), and SCTLD in 2019
(Brandt et al., 2021), can objectively be evaluated. SCTLD
is an interesting example of an acute event, because its
effects extended over at least 2 years in St. John, and
its lethality differed among coral species (e.g., leaving
Siderasterea spp. relatively unaffected), with effects tem-
pered by historical contingencies. For example, earlier dis-
turbances spared some corals (e.g., Dendrogyra cylindrus
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and Colpophyllia natans) only to leave them vulnerable to
SCTLD. It was the death by SCTLD around 2019/2020 of
these corals at Tektite that caused the differences in coral
community structure distinguishing 2021 and 2022 from
other years in this millennium (Figure 3D). Without
decadal-scale insights, it would be tempting to conclude
that the changes in community structure caused by acute
events at Yawzi Point and Tektite were the primary drivers
of the multidecadal community dynamics at these sites.

This conclusion does not capture the complexities of
the statistical analyses of 36 years of associations between
community structure and environmental conditions. The
contrasting trajectories of changing community structure
between sites (Figure 1), as well as the ways in which the
changes are differentially associated with environmental
conditions, highlight the limitations of “single causation”
constructs to explain the state of Caribbean reefs.
Hurricanes significantly affected coral cover at Yawzi
Point and Tektite (Table 1), but their effects were only
strongly negative at Yawzi Point (Figure 1). Shortly after
Hurricane Hugo in 1989, the storm was described as
“severely damaging” to the O. annularis community at
Yawzi Point (causing a 34% decline in cover, Edmunds &
Witman, 1991), yet the ecological importance of this loss
was blunted by the subsequent 23 years of cumulative
damage. Hurricanes in 1995 and 1998, bleaching in 1998,
and decades of small annual reductions in coral cover
culminated in 3.8% coral cover by 2022. Multiple disease
and bleaching events killed corals at Yawzi Point and
Tektite between 1987 and 2022 (P. J. Edmunds, personal
observation; Rogers et al., 2008), but the statistical ana-
lyses showed that declines in coral cover were only asso-
ciated with bleaching at Tektite. The effects of diseases
were not statistically discernible on coral cover at either
site (Table 1), even when the effects of SCTLD were
extended to a third year in the LMM (Appendix S2:
Table S2). In the LMMs using coral cover as the depen-
dent variable, the changes emerged as negative effect esti-
mates at Yawzi Point, largely through the death of corals
during hurricanes, following by macroalgal blooms
(Edmunds & Witman, 1991), which caused positive effect
estimates (Figure 2A,B). Hurricanes appeared to have
positive effects for coral cover at Tektite, indicating that
damage was attenuated in seawater 5 m deeper than at
Yawzi Point. The greater depth reduces the impacts of
storm waves (Davis et al., 2021), and the positive effect
on coral cover probably resulted from the removal of
macroalgae (to expose coral tissue) that emerged as
nonsignificant negative effect estimates at this site
(Figure 2E,F).

The association of temperature with coral cover was
stronger than for hurricanes (Figure 2A,D), with coral
cover declining with rising temperature at Yawzi Point,

but increasing at Tektite. Multiple mechanisms could
generate these outcomes, but because in situ temperatures
typically differ <0.04°C between these sites (Edmunds,
2020), it is parsimonious to suggest they reflect the effect
of deeper water at Tektite in attenuating light. At Yawzi
Point, periods of elevated temperature had a greater proba-
bility of interacting with light to cause bleaching
(Gonzalez-Espinosa & Donner, 2021) and led to reduced
coral cover. In contrast, at Tektite where downwelling irra-
diance is reduced by 40% relative to Yawzi Point (calcu-
lated from the diffuse attenuation coefficient; Edmunds
et al., 2018), the effects of temperature on coral growth
might remain stimulatory (Pratchett et al., 2015). In the
case of CTB at Tektite, the negative effects estimate for
temperature is a plausible outcome of the inhibitory effects
of high temperature on calcification of the crustose coral-
line algae (Comeau et al., 2016), and the reduction in algal
growth that might be expected under reduced irradiances
in deeper water (Tebbett & Bellwood, 2021). Because dis-
eases were associated with enhanced coverage of
macroalgae at Tektite, probably because they preempted
space created by the death of corals, CTB also declined in
abundance in association with diseases.

Coral reefs in the 21st century are different from
those of 50 years ago (Jackson et al., 2014). Despite recog-
nition of the large extent to which coral reefs have
changed, the strong role of anthropogenic factors in driv-
ing these changes (Hughes, Barnes, et al., 2017), and the
high probability of coral extirpations (Jones et al., 2021)
and extinctions (Carpenter et al., 2008), elucidating the
importance of different disturbance events in contribut-
ing to the state of coral reefs remains a research priority
(Castro-Sanguino et al., 2021; Ceccarelli et al., 2020). In
part, this is because disturbances like storms and ble-
aching are easy to document because of their conspicu-
ous effects, whereas the consequences of subtle events
can take decades to emerge (Hughes & Connell, 1999).

Major disturbances cause large changes in coral reef
communities (Hughes, Barnes, et al., 2017; Hughes,
Kerry, et al., 2017; Woodley et al., 1981) and can transi-
tion reefs from one benthic phase (e.g., coral) to
another (e.g., algae) (Dudgeon et al., 2010). However,
there are many chronic factors that can also mediate
large changes in coral reefs that can play dominant
roles in driving ecological states (Ceccarelli et al., 2020).
Untangling the roles of the complex suite of distur-
bances affecting coral reefs is challenging, but progress
in this task has benefited from categorizing distur-
bances as contrasts of abiotic versus biotic events
(Huston, 1985), anthropogenic versus natural phenom-
ena (Pearson, 1981), or chronic versus acute effects
(Connell, 1997). Although disturbances in the natural
world do not correspond well to binary constructs, the
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chronic-acute framework has been particularly useful in
advancing the understanding of coral reefs (Connell
et al., 1997; Hughes & Connell, 1999).

For several decades, studies of the response of coral
reefs to temperature have been dominated by bleaching
(Hughes, Kerry, et al., 2017). While bleaching can have
profound ecological importance, the focus on this stressor
has led to the other implications of rising temperature for
coral reefs being overlooked. For reef corals, these impli-
cations include effects on metabolism (Jurriaans &
Hoogenboom, 2019), reproductive phenology (Shlesinger &
Loya, 2019), pelagic larval dispersal (O’Connor et al., 2007),
and microbial diseases (Miller & Richardson, 2015). As
described here, and elsewhere (Gonzalez-Barrios
et al., 2023), the chronic effects of variation in tempera-
ture can be important long-term drivers of change in
coral reef communities.

Although working with shorter temporal records than
employed herein, several studies have sought to explain
changes in the coral reefs at Yawzi Point and Tektite
through environmental conditions. Gross and Edmunds
(2015) used multivariate autoregression (MAR) models
with 20 years of data to explore community stability with
respect to temperature and hurricanes. They showed these
reefs had responded in a directional manner to sustained
changes in environmental conditions. Both were sensitive
to rising temperature, Yawzi Point (but not Tektite) was
sensitive to hurricanes, and both displayed chronic losses
that could not be attributed to hurricanes or temperature.
Working with results from six nearby sites at 7-9 m depth,
Edmunds and Lasker (2016) evaluated the roles of temper-
ature, rainfall, and hurricanes in mediating changes from
1992 to 2014. They found that changes in the community
structure of scleractinians and octocorals were best
explained by rainfall and, to a lesser extent, hurricanes,
although 39%-80% of the variation remained unexplained.
In Gross and Edmunds (2015) and Edmunds and Lasker
(2016), long-term variation in community structure was
best explained by chronically changing environmental
conditions.

The present study extends these analyses to four
decades over which the reefs were impacted by multiple
acute events. Acute disturbances were associated with
reductions in coral cover, supporting the common narra-
tive that the degradation of many reefs (Roff & Mumby,
2012), has been “driven” by acute events (e.g., Hughes
et al,, 2010). Acute events have conspicuously killed
corals in St. John and throughout the Caribbean (Jackson
et al.,, 2014), but here I reveal the extent to which
long-term changes in community composition have been
associated with both acute and chronic disturbances.
Instead of accounting for the demise of coral reefs solely
by acute events, causation is complex (Hughes &

Connell, 1999) and akin to a “death by a thousand cuts”
(Hughes, Barnes, et al., 2017) as described for insects
(Wagner et al., 2021).

In the 1990s, the concept of self-organized criticality
(SOC) posited that the accumulation of numerous small
events could drive an ecological system to stochastic
instability (Solé et al., 1999), which suggests that a coral
reef dying from a thousand cuts faces impending but
unpredictable collapse (Hughes et al., 2013). While it is
beyond the scope of the present study to test this possi-
bility for the reefs of St. John, it is interesting to note the
lengthy period over which low cover has stabilized
at Yawzi Point (Figure 1), and on nearby sites
(Edmunds, 2018). The long-term stability of a low coral
cover state might indicate that the ultimate collapse of
these coral reefs (i.e., local extirpation of coral) hypothe-
sized through SOC, has been avoided. Alternatively, it is
possible that full “collapse” already has occurred, and
the current low coral cover state is the new persistent
state for these reefs.

Of the environmental factors tested for associations
with changes in community structure, hurricanes and
chronic changes in temperature were effective in
explaining variation, which cautions against
overlooking the chronic effects of temperature on reef
corals (Gonzalez-Barrios et al., 2023). While a more
informed interpretation of the likely causes of reef deg-
radation is provided by 36 years of data, the high por-
tion of the variance in community structure that
remains unexplained highlights the ongoing need for
multidecadal, holistic time series from coral reefs
(Hughes & Connell, 1999). These needs include
extending time series, broadening consideration of
drivers of ecological change, and increasing replication
to enhance the statistical power in tests for the effects
of drivers of ecological change.
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