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ABSTRACT.—As coral reefs decline globally, the need for
an objective approach to quantify the status and trends of
corals has become increasingly important. Empirical data
on predisturbance conditions are rare, and integrating data
from multiple and disparate survey designs and methods
can be analytically challenging. Our goal was to conduct a
holistic, data-driven evaluation of the status of corals and
benthic communities in US Atlantic coral reef jurisdictions:
Florida, Flower Garden Banks, Puerto Rico, and the US Virgin
Islands. A quantitative approach based upon standardized
data was used to compare the change in multiple indicators
of coral condition (hard coral, macroalgae, and crustose
coralline algae cover, coral density, and old mortality) from
historic to current conditions in each geographic region.
For each indicator, historic, reference baseline conditions
from long-term monitoring data or literature data were first
identified, reviewed, and classified on a categorical scale
from Very Good to Critical by regional experts to account for
condition changes that pre-dated current monitoring data. A
reference-centering approach then allowed for categorization
of statistical changes from historic to current conditions on
the same scale to produce results that could be communicated
to a broad audience. Our findings show continued declines
for multiple indicators in all regions except Flower Garden
Banks, illustrate particularly dire declines from regions
that had been impacted by Stony Coral Tissue Loss Disease
at the most recent monitoring included in this study, and
demonstrate the increasingly critical need for effective coral
reef conservation.
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Ecosystem status assessments play an important role in the conservation of the
world’s coral reefs. Global stressors, including increasing ocean temperature and
acidification, and local stressors, such as overfishing and poor water quality, have all
contributed to a decrease in live coral and reef accretion globally (Hoegh-Guldberg
et al. 2007, Perry et al. 2013). Recently, an emergent coral disease in Florida and the
Caribbean known as Stony Coral Tissue Loss Disease (SCTLD) has accelerated de-
cline on many reefs (Walton et al. 2018, Brandt et al. 2021). The continued degrada-
tion of coral reef ecosystems has increased the need to clearly communicate their
current condition to the public and policy makers, prompting the need to assess
and succinctly report current reef conditions more frequently. Effective reporting
for policy makers and managers must be clearly communicated and comparable to
benchmarks that allow evaluation of their efficacy. This underlies the urgency with
which managers and policy makers need to understand ecosystem status so they can
implement science-based conservation actions (Fletcher et al. 2014). Furthermore,
the efficacy of management actions can be more easily evaluated by demonstrating
progress over time when compared to a standardized status benchmark at a refer-
ence time point (Messer et al. 1991, Carruthers et al. 2013).

Evaluating the status of an ecosystem is complex (Fletcher et al. 2014) and relies on
key indicators that not only represent a healthy, functional ecosystem (Landres et al.
1988, Lindenmayer 1999), but are also sensitive enough to accurately detect change
between reference baselines and current conditions (Messer et al. 1991, Walz 2000).
Ecosystem status assessments typically rely on qualitative expert opinion to select
condition datasets, indicators, sites, and/or metric scoring to determine change from
idealized reference conditions to current conditions (McField and Kramer 2007,
Fletcher et al. 2014, Montenero et al. 2021, Santavy et al. 2022). An approach that
engages local expertise is particularly helpful to steps that are inherently qualita-
tive (e.g., identification of data, indicator selection) and can increase the efficacy of
conservation efforts (Pretty 1995, Freebairn and King 2003). However, qualitative
approaches introduce bias, such as by shifting baselines of users’ perceptions that can
skew historical knowledge of the natural world (Pauly 1995, Knowlton and Jackson
2008). Inclusion of historical records can help overcome the problem of shifting base-
lines (Moore et al. 1999, McClenachan 2009, McClenachan et al. 2017). Application
of a quantitative approach for analyses and scoring should minimize bias to produce
results that are more objective.

Defining quantitative reference baselines to detect change can be limited by a lack
of monitoring data that are not only representative of current and predisturbance
conditions, but are also comparable and representative across the spatial extent of
the study. Although evidence of human impacts to coral reefs dates back to the 18th
century (McClenachan et al. 2017), limited quantitative data exist on the state of
coral reefs before the 1970s, well after the onset of anthropogenic impacts (Cramer et
al. 2012, Roff and Mumby 2012). In lieu of limited temporal baselines, space-for-time
comparisons have been used for coral reef fish, where spatial reference locations are
available that represent an “ideal” baseline—removed from direct human impacts
or unfished areas (Friedlander and DeMartini 2002, Sandin et al. 2008, Grove et al.
2023). However, coral declines are not only attributed to local stressors, but also to
regional stressors, such as coral disease (Alvarez-Filip et al. 2022), and global climate
stressors. No remote or “ideal” baseline is immune to global climate impacts, such as
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Figure 1. Coral reef jurisdictions in the US Atlantic surveyed by NOAA’s National Coral Reef
Monitoring Program (NCRMP). The Florida jurisdiction includes Southeast Florida, the Florida
Keys, and the Dry Tortugas regions. The US Virgin Islands jurisdiction includes St. Thomas and
St. John region, and St. Croix region.

ocean warming (Bruno and Valdivia 2016), which is why the most objective baseline
is the best-available historical data that exists for a given region.

Multiple programs have been established since the 1990s and 2000s to monitor the
condition of coral reefs in the US Atlantic (inclusive of the US Caribbean and Gulf
of Mexico) states and territories (Fig. 1, Online Table S1). Although these programs
have been invaluable to coral reef management, comparing data between different
programs and across geographic regions has been challenging due to variable meth-
odologies, such as survey design (e.g., fixed sites or stratified random), survey years,
and metrics (Online Table S1). A new evaluation approach was needed to incorporate
multiple disparate benthic datasets in the US Atlantic into larger ecosystem status
assessments.

Here, we describe a repeatable, standardized approach to assess the current status
of coral reef benthic communities in the US Atlantic and to quantify change over
time relative to a historic baseline. This primarily quantitative approach is broadly
applicable to multiple coral reef regions and is sufficiently robust to incorporate re-
gionally variable coral monitoring programs, limited historic data, and regionally-
specific qualitative input.

METHODS

OvEeRrVIEW.—The overall approach was primarily quantitative, informed by re-
gionally specific qualitative input. First, potential indicators were selected to rep-
resent population and community level change for corals in each region. Next, the
most recent available data for each indicator were used to represent current con-
ditions. Then, historic reference conditions (i.e., baseline values) for each indicator
were identified per region according to review criteria. For each indicator, standard-
ized values for the reference conditions were statistically compared to standardized
values for current conditions; a statistically significant difference indicated a change
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Figure 2. The process workflow in which indicators were selected, current conditions were calcu-
lated and standardized, and historic reference baselines were identified, reviewed, categorized,
calculated, and standardized. A Student’s ¢-test was used to test for significant differences be-
tween the standardized values for the reference conditions and current conditions. If the differ-
ence was significant, the degree of significance (P-value) indicated the categorization of the cur-
rent conditions. An asterisk (*) indicates where local experts for each geographic region provided
qualitative input. This example shows a reference baseline of Fair, and a significant difference
between reference and current values categorizes the current condition as Impaired (Table 2).

in the indicator status over time. Expert-driven input was primarily incorporated in
each region to (1) provide feedback on indicators selected to represent ecosystem sta-
tus and trends, (2) identify available baseline data and categorize the condition that
baseline data represent relative to the temporal timing of regional stressors, and (3)
provide feedback on quantitative results relative to expert opinion of ecosystem sta-
tus. Panels of local experts included stakeholders from federal, state, and territorial
resource management agencies, universities, and nongovernmental organizations
specific to each region. Each of these steps is detailed below.

InpicATORS.—Indicators were selected to represent coral reef benthic communi-
ties in the US Atlantic (Figs. 1 and 2). Indicator selections were based on (1) ecologi-
cal value to represent coral reef benthic community status and trends, (2) availability
of data to represent current conditions (Online Table S3), (3) availability of data to
represent the best available historical reference baselines (Online Table S1), and (4)
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vetting by local coral reef experts specific to each region (Fig. 2). Of the benthic met-
rics initially considered for inclusion (Online Table S3), five were ultimately used for
the assessment: cover (%) of corals, crustose coralline algae (CCA), and macroalgae,
density of coral colonies (24 c¢cm colony size; corals x m™), and percentage of old
mortality on coral colonies. Old mortality is considered a proxy for loss of reproduc-
tive biomass within coral populations and defined as the percentage of nonliving
coral colony surface area, or exposed skeletal structure, that could be eroded or colo-
nized by organisms that are not easily removed (e.g., turf algae). For the coral density
and old mortality indicators, reference and current condition values were calculated
from a subset of scleractinian coral species specific to each region (Online Table
S4). Species were considered to be of high ecological value (e.g., reef-building, listed
as threatened in the US Endangered Species Act; Federal Register 2014) and were
selected with input from local experts. Although survey methods for benthic cover
differ by monitoring program, studies have shown that no significant difference ex-
ists in cover values from methods included here (e.g., digital or point-intercept col-
lection methods in either line or belt transects; Nadon and Stirling 2006, Jokiel et
al. 2015). Other metrics of population and community status from monitoring pro-
grams were not included as indicators due to survey design limitations (i.e., survey
timing was independent of episodic disturbances, such as disease and bleaching, and
recent mortality).

CURRENT CoNDITIONS.—Current conditions were primarily represented by data
from the National Oceanic and Atmospheric Administration’s (NOAA) National
Coral Reef Monitoring Program (NCRMP), which started in 2013, uses survey meth-
ods consistent between geographic regions, and has a statistically robust sample size
(Fig. 2, Online Table S1). All five benthic indicators were represented in NCRMP data
(Online Table S2). In regions where the expert panel recommended inclusion of non-
NCRMP data and indicator data were available, local long-term monitoring (LTM)
data also supplemented NCRMP data to represent current conditions.

For each indicator, the mean of surveyed primary sample units (PSUs; i.e., sampled
sites) within each stratum / (Table 3) was calculated as

_ 1

Yo = " ; Ynj Eq.1
where y, is the stratum-level mean, 7, is the stratum number of sampled PSUs, and
¥,, is the site-level observation (Smith et al. 2011). Next, indicator mean density y,, for
the NCRMP survey domain was calculated as the sum of the weighted means of each
stratum:

s = Y wWhTy, Eq.2
h

where w, is the proportion of stratum area within the sampling domain. The stratum
weighting factor was calculated as

Zh Ny,

Wp

Eq.3
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Figure 3. Review criteria for evaluating data from long-term monitoring (LTM) programs and
historic scientific literature for potential inclusion into the historic reference baseline. At each
step, if data did not meet review criteria, alternate resolutions are described (in gray). At any step,
the baseline reference review process can lead to termination of the dataset for inclusion. If no
baseline reference dataset met all criteria, the indicator was not scored.

where N, is the total possible number of PSUs in stratum k. Associated stratum-level
and domain-level variances were computed following Lohr (2010).
A standardized approach was used to categorize each indicator in each region.
Separately for each indicator, PSU observations y,; of NCRMP data representing
current conditions were standardized by scaling to the reference mean value for a
given stratum.

Unj = Ynj — Unyref Eq. 4

The reference-centered site-level observations y,; were then used to calculate stan-
dardized stratum-level means and standardized domain estimates with Eqgs. 1-3,
substituting y,, for y, . Note that Eq. 4 shifts the mean of the distribution of y, obser-
vations relative to the reference mean but does not affect the sample variance of the
distribution.

REFERENCE BASELINES.—Multiple datasets from local LTM programs were re-
viewed for potential applicability to represent reference baselines in each respective
region (Figs. 2 and 3, Online Table S1). Review criteria for potential reference data
were as follows (Fig. 3):

Indicators were surveyed by LTM programes.

1. Data in each respective region were compatible with the NCRMP sampling
program (i.e., values for current conditions). To test the comparability of data
between LTM programs and NCRMP (i.e., current conditions) for each re-
gion, pairwise ¢-tests with Bonferroni correction of indicator yearly means
were conducted between the NCRMP data and all LTM data for contempo-
raneous sampling years at the jurisdictional or regional spatial scale (Fig. 3).
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Significant results indicated incompatible indicator values between programs,
and those LTM data were not subsequently included. LTM program data were
from sampling programs with a statistically rigorous number of sites in most
regions (Online Table S1).

2. Data included a statistically valid number of sites for the included years and
habitat types. To add additional statistical power when the number of survey
sites were limited, LTM data were combined with early year(s) of NCRMP data
to represent historic baselines (Table 1, Online Tables S1 and S2).

3. Survey site habitat classifications were comparable with habitat data for cur-
rent condition sites (i.e., NCRMP habitat classifications). Site-level data were
classified by habitat type and scored separately to acknowledge ecological dif-
ferences in habitats.

4. Data represented a time period considered by the expert panel to be less af-
fected by anthropogenic pressures, such as rising ocean temperature and land-
based sources of pollution. In many regions, the expert panel considered the
early years of many of the LTM programs to represent reef communities prior
to high impact disturbance events. However, for regions where regional expert
panels considered that LTM efforts did not precede major disturbance events
(e.g., the emergence of white band disease or pre-Diadema antillarum die off),
reference baseline data values were aggregated from available historic scien-
tific literature. When all reference data review criteria were met by regional
coral LTM program data, these LTM data were used as all or part of reference
data to represent baseline values (Fig. 3).

5. Reference baselines were categorized from Very Good to Critical with input
from regional experts (Figs. 2 and 3). This qualitative information incorporat-
ed local knowledge on the magnitude of impacts from stressors prior to earli-
est available data per indicator and accounted for the varying years of historic
baseline condition per indicator and region. The mean and variance of site
level reference values were standardized as described previously (Egs. 1-4).

CALCULATION AND CATEGORIZATION OF CURRENT STATUS.—A standardized ap-
proach was used to categorize each indicator in each region. For evaluating current
conditions with respect to the reference, the null hypothesis is Veurrent = Vrepr 1-€45 yE =0.
A t-test was used to determine whether the standardized mean y was different from
zero (Fig. 2). A scoring rubric based on P-values was applied, for which the standard-
ized reference value score was assigned as the mean value. The reference condition
categorized by the expert panel as either Very Good, Good, Fair, Impaired, or Critical
was considered the mean value. P-values > 0.05 indicated no detectable change from
the mean (Table 2, Fig. 2). The other categorical scores were distributed between
the remaining P-values based on rank (Table 2, Fig. 2). For the detrimental indica-
tors of old mortality and macroalgae, an inverse scale was used to assign the score
(i.e., increases in either indicator had lower scores and decreases had higher scores).
All analyses were performed in R (v3.6.1; R Core Team 2019) using the custom R
packages ncrmp.benthic.analysis (Groves and Viehman 2023) and ncrmp.benthics.
statusreport (Groves 2019).
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Table 2. Example scoring rubric where the reference baseline value has been categorized by
local experts to be in Fair condition where an increase in indicator is a positive reef attribute. The
indicator score is based on the statistical comparison of the standardized reference baseline value
(mean) to the standardized status value (deviation from the mean).

Standardized status domain P-value Score

>0 P<0.01 Very Good

>0 P <0.05 Good

=0 P> 0.05, not significant Fair

<0 P<0.05 Impaired

<0 P<0.01 Critical
REsSuLTS

Based on the reference review criteria framework (Fig. 3), sources for reference val-
ues varied between indicators and between regions, and included LTM data (Florida,
Flower Garden Bank and US Virgin Islands), historic survey data from peer-reviewed
scientific literature (Florida; Online Table S5), and domain estimates from the ear-
liest year of NCRMP sampling (all jurisdictions; Table 1). Results specific to each
region are detailed below.

FLOWER GARDEN BANKS (FGB).—Coral cover on the Flower Garden Banks has
consistently remained over 55% since monitoring began in 1989 (Gittings et al. 1992,
Aronson et al. 2005, Johnston et al. 2018), despite a severe bleaching event on both
the East and West Flower Garden Banks in September 2016 (Johnston et al. 2018).
Local experts classified reference baselines as Very Good for coral cover, coral den-
sity, and old mortality, and Good for CCA cover (Table 4). Reference values for coral
cover and CCA cover used LTM data from 2009 to 2013, when the Flower Garden
Banks National Marine Sanctuary began leading monitoring efforts and changed
methods for measuring CCA cover, in combination with 2013 NCRMP data. When
FGB monitoring began in 1989, the mean cover of macroalgae was low, less than
5% (Gittings et al. 1992), and has since risen to about 30%, where it has remained

Table 3. Consolidated habitat classification for current strata in US Virgin Islands and Florida.

Regions Consolidated habitat NCRMP habitats
classification

US Virgin Islands

St. Thomas and St. High relief reefs Aggregate reef, bedrock, patch reef, unclassified hard bottom
John; St. Croix

St. Thomas and St. Low relief reefs Pavement, scattered coral and rock in sand
John; St. Croix
Florida

Southeast Florida Hardbottom Deep ridge complex, linear inner reef, linear middle reef, linear
outer reef, near shore reef

Florida Keys Patch reefs Inshore patch reef, mid channel patch reef, offshore patch reef

Florida Keys Bank reefs Fore reef deep low-relief, fore reef mid-channel linear relief,
fore reef shallow linear reef, high-relief reef (spur and groove)

Dry Tortugas Mid-high relief reefs Continuous high relief reef, continuous mid-relief reef, isolated
high-relief reef

Dry Tortugas Low relief reefs Continuous low-relief reef, isolated low-relief reef, spur and

groove low-relief reef
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Table 4. Flower Garden Banks reference baselines were calculated and standardized for each indicator. The
status of each reference baseline was categorized using local expert input. Standardized reference values were
compared to standardized current condition values using a #-test, and the P-value result was used to categorize
the indicator score.

Indicator Reference baseline ~ Current condition P-value Indicator score
value and category

Coral cover (%) 56.8, Very good 59.9 P>0.05 Very Good

Macroalgae cover (%) --- --- --- ---

CCA cover (%) 3.3, Good 2.7 P>0.05 Good

Coral density (corals m?) 5.9, Very good 5.2 P>0.05 Very Good

Old mortality (%) 4.8, Very good 5.5 P>0.05 Very Good

relatively consistent since 2009 (Johnston et al. 2018). However, because these LTM
data for macroalgae did not meet the historic data review criteria for a statistically
significant sample size (1 = 2; Fig. 3), and the panel was unable to agree on a catego-
rization of status for more recent data, this indicator was not scored. Coral density
has remained high over time at FGBNMS, at over 5 colonies m™ (Johnston et al. 2018;
Online Table S1). The coral density reference was based on NCRMP 2013 data, as
FGBNMS LTM did not include coral density as a metric until 2015 (Online Table S1).

There were no significant differences (P > 0.05) between standardized reference
baselines and current values for all indicators (Table 4). Therefore, the indicator
scores for coral cover (¢ = 1.99; df = 70, P > 0.05), coral density (¢ = 2.03, df = 33, P
> 0.05), and old mortality (¢ = 2.03, df = 33, P > 0.05) remained categorized as Very
Good, and CCA as Good (t = 1.99, df = 70, P > 0.05).

PUERTO Rico.—In Puerto Rico, LTM data did not meet review criteria for com-
patibility with contemporaneous NCRMP values for any common indicator met-
rics (Fig. 3, Online Table S1; pairwise t-test with Bonferroni correction, ¢ = —0.28,
df = 3, P < 0.05) due to multiple differences in survey designs between programs.
Because review criteria were not met for inclusion of LTM data, NCRMP historic
reference values were limited to NCRMP 2014 data, and current values were limited
to NCRMP 2016 data (Tables 1, Online Table S2).

In Puerto Rico, a 2005 bleaching and disease event was estimated to have caused
a 40%-60% decrease in coral cover (Eakin et al. 2010), with the reef building corals
in the Orbicella species complex experiencing some of the highest levels of bleaching
abundance and prevalence across the archipelago (Garcia-Sais et al. 2008). Reference
baselines for all indicators in Puerto Rico were categorized as Fair by local experts
(Table 5). Mean macroalgae cover increased from 22.1% in 2014 to 23.7% in 2016,
and coral cover in 2016 was 5.9%, a slight decline (0.5%) from 2014 (Table 5). There
were no significant differences between standardized current and historic reference
values for coral cover, macroalgae cover, CCA cover, and old mortality; therefore, the
status of these indicators remained categorized as Fair (£ = 1.97, df = 220, P > 0.05,
respectively). There was a significant difference between standardized coral density
and historic reference coral density; therefore, the status of coral density declined
from Fair to Impaired (t = 1.98, df = 88, P < 0.05; Table 5).

US VIRGIN IsLANDS (USVI).—Reference baselines for cover-based indicators used
USVILTM data from 1999 to 2005 (Table 1). These data and years were identified by
local experts based on two major bleaching events in the USVI, in 2005 (Eakin et al.
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Table 5. Puerto Rico reference baselines were calculated and standardized for each indicator. The status of
each reference baseline was categorized using local expert input. Standardized reference baseline values were
compared to standardized current condition values using a #-test, and the P-value result was used to categorize
the indicator score.

Indicator Reference baseline ~ Current condition P-value Indicator score
value and category

Coral cover (%) 6.4, Fair 59 P>0.05 Fair

Macroalgae cover (%) 22.1, Fair 23.7 P>0.05 Fair

CCA cover (%) 4.2, Fair 3.8 P>0.05 Fair

Coral density (corals m?) 1.9, Fair 1.5 P<0.05 Impaired

Old mortality (%) 17.4, Fair 14.7 P>0.05 Fair

2010) and in 2012 (although the 2012 event was limited to mesophotic depths >30 m;
Smith et al. 2016), since initial benthic monitoring began in 1999. The 2005 bleach-
ing event was followed by an unprecedented disease outbreak, both of which caused
a 60% decrease in coral cover across the territory (Miller et al. 2009). For the coral
density and old mortality indicators, LTM data were not available, so the reference
baselines used earliest available NCRMP data (Tables 1, Online Table S2).

All USVI LTM sites were reviewed and classified into comparable NCRMP habitat
categories (Tables 1 and 3, Fig. 3, Online Table S1). Expert input, site-level data (i.e.,
coral cover and density), and NOAA benthic habitat maps were used to inform the
classification. In the USVI, the majority (about 75%) of LTM sites (Online Table S1)
were located in high-relief habitats with high coral; these corresponded to NCRMP
habitat categories of aggregate reef, patch reef, and bedrock (Table 3). Few USVILTM
sites were in low-relief, low-coral habitats (Table 3). Further, the sample size of USVI
LTM sites was small, and did not meet the review criteria for sufficient sample size
for each individual habitat classification in high-relief habitats and for all combined
low-relief habitats (Fig. 3). Therefore, USVI LTM sites were grouped into a high-relief
habitat classification (rather than individual habitat categories), and only compared
with current conditions in NCRMP sites in high-relief habitat and grouped into a
high-relief habitat classification (Table 1). In the low-relief habitat classification,
reference baselines did not include LTM data and were limited to the first year of
NCRMP data in each region (Table 1).

US Virgin Islands: St. Thomas and St. John.—The mean reference value of 22.9%
(1999-2005) for coral cover in high relief reefs in the St. Thomas and St. John region
was categorized as Good, and the mean value for current conditions showed a de-
cline to 8.5% (Table 6). Results showed that the standardized reference condition was
significantly different than the current condition for coral cover (¢ = 3.82,df = 21, P <
0.001); therefore, the current condition was categorized as Critical (Table 6). Also in
high relief reef habitats, mean macroalgae cover increased from 19.6%, categorized as
Fair, to 24.5%. The comparison of standardized values indicated a significant change
from the reference value (¢ = 2.13, df = 21, P < 0.05); therefore, the current status for
macroalgae was categorized as Impaired (Table 6). CCA cover and old mortality both
showed a significant difference between standardized reference baselines and cur-
rent conditions, improving from Fair to Very Good (CCA: ¢t = 2.83, df = 21, P < 0.01;
old mortality: ¢ = 2.63, df = 93, P < 0.01). Coral density showed a significant decrease
from standardized reference baselines, categorized as Fair, to current conditions (¢ =
1.98, df = 93, P < 0.05); therefore, the current status was considered Impaired (Table
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Table 6. For the US Virgin Islands, reference baselines were calculated and standardized for each indicator
for each habitat type in each region. The status of each reference baseline was categorized using local expert
input. Values of current conditions were calculated and standardized for each indicator. Standardized reference
baseline values were compared to standardized current condition values using a #-test, and the P-value result
was used to categorize the indicator score.

Indicator Habitat type Reference baseline  Current P-value Indicator
value and category condition score

St. Thomas and St. John
Coral cover (%) High relief reefs 22.9, Good 8.5 P <0.001 Critical
Coral cover (%) Low relief reefs 3.8, Fair 3.5 P>0.05 Fair
Macroalgae cover (%) High relief reefs 19.6, Fair 24.5 P <0.05 Impaired
Macroalgae cover (%) Low relief reefs 21.3, Fair 21.7 P>0.05 Fair
CCA cover (%) High relief reefs 1.4, Fair 4.7 P<0.01 Very Good
CCA cover (%) Low relief reefs 2.3, Fair 1.8 P>0.05 Fair
Coral density (corals m?2) High relief reefs 3.7, Fair 32 P <0.05 Impaired
Coral density (corals m?2) Low relief reefs 2.2, Fair 1.8 P>0.05 Fair
Old mortality (%) High relief reefs 23.1, Fair 15.8 P<0.01 Very Good
Old mortality (%) Low relief reefs 22.4, Fair 19.2 P>0.05 Fair

St. Croix
Coral cover (%) High relief reefs 22.9, Fair 9.6 P <0.001 Critical
Coral cover (%) Low relief reefs 5.2, Fair 43 P>0.05 Fair
Macroalgae cover (%) High relief reefs 19.6, Fair 22.9 P <0.05 Impaired
Macroalgae cover (%) Low relief reefs 14.5, Fair 19 P>0.05 Fair
CCA cover (%) High relief reefs 1.4, Fair 2.9 P<0.001 Very Good
CCA cover (%) Low relief reefs 3.2, Fair 2.3 P <0.05 Impaired
Coral density (corals m™?) High relief reefs 2.1, Impaired 3.8 P<0.001 Very Good
Coral density (corals m?2) Low relief reefs 2.1, Fair 2.1 P>0.05 Fair
Old mortality (%) High relief reefs 21.1, Fair 16.8 P>0.05 Fair
Old mortality (%) Low relief reefs 16.7, Fair 13.7 P>0.05 Fair

6). In low relief reef habitats, all indicators were initially assessed as Fair, and no
statistically significant change was detected (¢ = 1.98, df = 93, P > 0.05; Table 6).
Habitat-specific values for each indicator were weighted by reef area and combined
for a region-wide categorization of Impaired for coral cover, macroalgae cover, and
density, and Good for CCA cover and old mortality.

US Virgin Islands: St. Croix.—In the St. Croix region, coral cover declined in high
relief habitats from the mean reference baseline value of 22.9% to the mean current
value of 9.6% (Table 6). Statistical comparisons of standardized reference baseline
values, categorized as Fair, to current values indicated a significant decline (t = 4.01,
df = 21, P < 0.001); the current status was therefore categorized as Critical. The status
of macroalgae cover in high coral habitats also declined from Fair to Impaired (¢ =
2.12,df = 21, P < 0.05) as actual values of macroalgae increased from 19.6% to 22.9%
(Table 6). Scores for CCA cover and coral density both improved in high coral habi-
tats, with CCA cover increasing from Fair to Very Good (¢ = 2.92, df = 21, P < 0.01)
and coral density from Impaired to Very Good (¢ = 3.54, df = 41, P < 0.001). There
was no change in the status of old mortality, which remained Fair (¢ = 2.01, df = 41,
P > 0.05; Table 6).

For low relief habitats, mean reference baselines for coral cover (5.2%) and den-
sity (2.1 corals x m™) were both classified as Fair by local experts, as were all other
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reference baselines (Table 6). There was no statistically significant change between
standardized reference values and standardized current condition values for coral
cover (t = 1.97, df = 178, P > 0.05), density (t = 2.01, df = 79, P > 0.05), old mortality
(t =199, df =79, P > 0.05), or macroalgae (t = 1.97, df = 178, P > 0.05); therefore, the
status of all remained categorized as Fair. The status for CCA cover declined from
Fair to Impaired (t = 1.97, df = 178, P < 0.05; Table 6). Habitat-specific values for each
indicator were weighted by reef area and combined for a region-wide categorization
of Fair for coral cover and density, Impaired for CCA cover and macroalgae cover,
and Good for old mortality.

FLoriDA.—In Florida, coral reef declines initially began prior to the inception of
LTM programs. Local experts therefore advised the inclusion of literature-sourced
data for coral cover in combination with early years of LTM data (Fig. 3). A com-
prehensive literature review identified coral cover data from 1974 to 1999 that were
combined with LTM data for historic references for Southeast Florida, Florida Keys,
and the Dry Tortugas regions (Table 1, Online Table S5). Literature-sourced coral
cover data had been acquired by comparable field methods used by current LTM
programs (e.g., point-intercept transects and image analyses), and were considered
to be from individual sites unless text described site-level replication. For all other
indicators, the literature review did not identify sufficient historic data to meet the
review criteria for reference data, and LTM data were used to represent reference
baselines (Fig. 3). For Southeast Florida, reference data were uniformly classified as
hardbottom habitat rather than by reef type because habitat identification in the lit-
erature was limited, and grouping was needed to meet the review criteria for sample
size (Tables 1, 3; Fig. 3). In the Florida Keys and the Dry Tortugas, reference data were
classified into broad habitat types that corresponded to the habitat classifications
used in current condition data (Tables 1, 3; Fig. 3).

Southeast Florida.—In Southeast Florida, coral reefs have been impacted by a
number of stressors (Blair and Flynn 1989, Dustan et al. 2008, Walker and Gilliam
2013), such as water quality and human population density (Tomascik and Sander
1985), dredging, sediment impacts to reefs, a cold-water event in 2010 (Lirman et
al. 2011), an increase in bleaching and disease (Goldberg 1989, Cunning et al. 2019),
and SCTLD (first observed in 2014; Studivan et al. 2022). The reference coral cover
(1979-1992; Online Table S5) was 5%, categorized as Fair by local experts, and the
current coral cover value was 1.2%. Results of t-tests comparing standardized cur-
rent and reference baseline values (¢ = 2.64, df = 73, P < 0.01) categorized the current
status as Critical (Table 7). The mean reference baseline macroalgae cover (Table 1)
was classified as Good (4.4%; Table 7). There was a significant difference between the
standardized reference and current values for macroalgae cover (t = 3.76, df = 23,
P < 0.001); therefore, the macroalgae status categorization changed from Good to
Critical. CCA cover did not show a significant difference between the standardized
reference and current values, and therefore remained Impaired (¢ = 2.01, df =48, P >
0.05). Mean coral density declined from 0.6 corals x m= (2005-2007), categorized as
Impaired, to 0.4 corals x m~ (2016—2018); however, the difference between standard-
ized values of reference baseline to current values was not significant. (¢ = 1.98, df =
98, P > 0.05), and the current status was categorized as Impaired (Table 7). The old
mortality indicator was not scored for Southeast Florida because the mean values for
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Table 7. For Florida, reference baselines were calculated and standardized for each indicator for each habitat
type in each region. The status of each reference baseline was categorized using local expert input. Values
of current conditions were calculated and standardized for each indicator. Standardized reference baseline
values were compared to standardized current condition values using a #-test, and the P-value result was used
to categorize the indicator score.

Indicator Habitat type Reference baseline Current  P-value Indicator
value and category condition score
Southeast Florida
Coral cover (%) --- 5.3, Fair 1.2 P<0.01 Critical
Macroalgae cover (%) --- 4.4, Good 26.5 P <0.001 Critical
CCA cover (%) --- 1.4, Impaired 1.1 P>0.05 Impaired
Coral density (corals m?) - - - 0.6, Impaired 0.4 P>0.05 Impaired
Old mortality (%) --- --- --- --- ---
Florida Keys
Coral cover (%) Bank reef 19.7, Good 4.8 P <0.001 Critical
Coral cover (%) Patch reef 13.1, Good 9.2 P<0.05 Fair
Macroalgae cover (%) Bank reef 13.4, Good 27.4 P <0.001 Critical
Macroalgae cover (%) Patch reef 8.4, Good 14.9 P <0.01 Impaired
CCA cover (%) --- 6.2, Good 1.7 P <0.001 Critical
Coral density (corals m?) - - - 1.5, Impaired 2.4 P<0.001 Very Good
Old mortality (%) --- 16.9, Fair 15.7 P>0.05 Fair
Dry Tortugas
Coral cover (%) Mid-high relief reefs 28, Very Good 9.5 P<0.001 Impaired
Coral cover (%) Low relief reefs 3.6, Good 2.3 P<0.05 Fair
Macroalgae cover (%) --- 40.9, Impaired 42.2 P>0.05 Impaired
CCA cover (%) --- 4.2, Good 2.7 P<0.01 Impaired
Coral density (corals m?) --- 1.6, Fair 1.4 P>0.05 Fair
Old mortality (%) --- 12.7, Fair 13.7 P>0.05 Fair

both coral cover and density were extremely low for both current values and refer-
ence baselines (Table 7). Therefore, the population sample size was insufficient for
statistical comparisons of old mortality.

Florida Keys.—Numerous disease outbreaks have been documented in the Florida
Keys since 1976 (Gladfelter 1982, Aronson and Precht 2001). Substantial declines in
coral cover in reef habitats began in the 1980s (Porter and Meier 1992, Ogden et al.
1994, Lapointe et al. 2019), and continued in seven major bleaching events between
1987 and 2015 (Manzello 2015), as well as a cold-water event in 2010 (Lirman et al.
2011). In 2016, SCTLD was spreading through the Florida Keys region (Muller et al.
2020), and by 2018 had reached the entire Keys region. In the Florida Keys, the mean
reference values for coral cover on bank reefs (19.7%) and on patch reefs (13.1%) were
each categorized as Good by the local expert panel (Table 7, Online Table S5). Due
to the timing of SCTLD spread, values for current conditions were limited to 2018
for both bank reef and patch reef habitats, with a mean current value of coral cover
of 4.8% on bank reefs and 9.2% on patch reefs (Table 7). Due to significant differ-
ences in standardized reference and current values for coral cover on bank reefs (¢ =
3.36, df = 137, P < 0.001) and on patch reefs (¢ = 2.02, df = 36, P < 0.05), the current
status of coral cover was categorized as Critical on bank reefs and Fair on patch reefs
(Table 7). On bank reefs in the Florida Keys, the mean reference macroalgae cover
was 13.4% on bank reefs and 8.4% on patch reefs, both of which were categorized
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as Good (Table 7). Differences between standardized reference values and current
values were significant for both bank (¢ = 2.07, df = 22, P < 0.001) and patch reefs (¢
= 3.16, df = 10, P < 0.01); consequently, the current status was categorized as Critical
and Impaired, respectively (Table 6). Habitat-specific values were weighted by reef
area and combined for a Keys-wide categorization of Impaired for both coral cover
and macroalgae cover.

NCRMP 2014 data were used to create the reference value for CCA cover due to
limited availability of older data (Table 1). Mean reference baseline values for CCA
cover in the Florida Keys were 6.2% (Table 7), considered Good by local experts. Mean
current conditions for CCA had declined to 1.7%, and the difference between stan-
dardized reference and current values was significant (¢ = 3.31, df = 376, P < 0.001),
resulting in a CCA status categorized as Critical (Table 7). Coral density had a mean
reference value of 1.6 corals x m™ (2005-2007; Table 1), categorized as Impaired, and
current values of 2.4 corals x m™ (2016—2018; Table 1). There was a significant differ-
ence between standardized reference baselines and current conditions for coral den-
sity (t = 1.96, df = 254, P < 0.001), resulting in a current status of Very Good (Table 7).
For old mortality, the mean reference value of 16.9% was categorized as Fair, and the
current value was 15.7% (Tables 1 and 7). There was no significant difference between
standardized reference baselines and current conditions for old mortality (¢ = 1.96, df
=260, P > 0.05), so the Fair categorization did not change (Table 7).

Dry Tortugas.—Disturbance events causing coral mortality in the Dry Tortugas
have been described since the late 1800s (Mayer 1903, Porter et al. 1982, Jaap et al.
1989). These disturbances have been major contributors to coral decline (Davis 1982,
Kuffner et al. 2020), particularly to Acroporid corals, with mortality of up to 96% on
shallow reefs (Porter et al. 1982). In the Dry Tortugas, the mean reference value for
coral cover on mid-relief and high relief reefs was 28% and 2.6% on low relief reefs
(1975-1999), categorized as Very Good and Good, respectively (Table 7). The mean
current (2018) coral cover was 9.5% on mid-high relief reefs and 2.3% on low relief
reefs (Table 7). The differences in standardized reference and current values for coral
cover was significant for both mid-high relief reefs (¢ = 2.01, df = 46, P < 0.001), and
low relief reefs (¢ = 2.04, df = 30, P < 0.05), resulting in a current status of Impaired
and Fair, respectively (Table 7). Values for the two habitats were weighted by reef area
and combined to produce a current coral cover status for the Dry Tortugas of Fair.

The mean reference value for macroalgae cover was high (2014; 40.9%), considered
Impaired, and mean current value for macroalgae cover was 42.2% in 2016-2018
(Tables 1, 7). No significant difference was detected between standardized refer-
ence and current values (¢ = 1.98, df = 105, P > 0.05), so the current status remained
Impaired. The reference mean CCA cover was 4.2%, classified as Good, and the cur-
rent condition was 2.7%. The difference between standardized reference and current
values was significant (¢ = 2.62, df = 105, P < 0.01), resulting in a current status of
Impaired. Reference values for mean coral density (1.6 corals x m™) and old mor-
tality (12.7%; 2007-2009; Tables 1 and 7) were classified as Fair, and current values
were 1.4 corals x m™? and 13.7%, respectively (2016—-2018). There was no significant
difference in standardized reference values and current values for coral density (¢t =
2.02, df = 40, P > 0.05) and old mortality (¢ = 2.02, df = 40, P > 0.05), respectively, so
the current status remained Fair.
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DiscussioN

This study furthered the development of holistic ecosystem evaluations for coral
reef benthic communities. Key developments in the analyses approach were: (1) iden-
tification of LTM and literature-based baseline data for specific indicators as a refer-
ence for measuring changes in resource condition in each US coral reef region, (2)
qualitative classification of available reference baseline data relative to the historic
context of coral reef decline in each region based on local expertise, (3) application of
a quantitative, standardized statistical approach to incorporate a range of disparate
baseline data sources and years, and (4) application of a quantitative benchmark to
evaluate the change in resource condition over time. Classified, color-coded results
are straightforward to interpret across the suite of indicators and geographic regions
and identified trends and challenges both specific to individual regions and broadly
across the US coral reef ecosystems.

This evaluation demonstrates that corals and benthic communities in all US
Atlantic coral reef regions, except for Flower Garden Banks National Marine
Sanctuary, continue historic trends of decline (e.g., Porter et al. 1999, Aronson and
Precht 2001, Garcia-Sais et al. 2008, Miller et al. 2009, Toth et al. 2014). Our findings
indicate region-specific changes in coral indicators (Tables 4-7), as well as changes
that differ by habitat types. Where habitat types were differentiated, specifically in
the Florida Keys, Dry Tortugas, and USVI (Tables 3, 6, 7), low coral habitats show
less decline than high coral habitats. This likely reflects species-specific changes in
the coral community due to declines in reef-building species. These changes between
habitats and between regions are consistent with the findings of Grove et al. (2023)
that demonstrate the reference-centering status evaluations of coral reef fish com-
munities are more statistically robust at the habitat or region level than at the site
level.

Given continued disturbances, such as SCTLD, and limited recovery, the status of
corals has worsened substantially since the last year of data included in these analy-
ses (2018). In 2018, SCTLD was limited to Southeast Florida and the Florida Keys
(Walton et al. 2018, Muller et al. 2020, Kolodziej et al. 2021); however, since then, the
Dry Tortugas, Puerto Rico, and US Virgin Islands have since been severely impact-
ed, as well as much of the Caribbean (Brandt et al. 2021, Alvarez-Filip et al. 2022).
SCTLD first appeared in the US Virgin Islands and Puerto Rico reefs in 2019 (Brandt
et al. 2021, Weil et al. 2021), and major hurricanes Irma and Maria impacted reefs in
these regions in 2017 causing damage from waves (Viehman et al. 2020) and land-
based sediment runoff (Takesue et al. 2021). SCTLD arrived in the Dry Tortugas in
2021 (Grove et al. 2022) and was fully epidemic by 2022, followed by impacts from
Hurricane Ian in 2022. Flower Garden Banks reported disease-like lesions in 2022
that have not been confirmed as SCTLD to date (Johnston et al. 2023).

Ecosystem assessments should apply quantitative analyses that are transparent,
repeatable in new regions, and can include the input of local experts as needed, with
results that are easy to communicate (Game et al. 2013, Borja et al. 2016). The ref-
erence-centering approach described here utilizes data-driven decisions informed
by local knowledge of the expert panel. However, the inclusion of indicators that
address current threats and stressors remains an ongoing research challenge, espe-
cially in rapidly changing ecosystems (Messer et al. 1991). As stressors, particularly
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SCTLD, continue to drive coral declines in the Caribbean, coral communities are
becoming more homogeneous as more reef-building species are becoming rare or
even functionally extinct (Burman et al. 2012, Walton et al. 2018, Costa et al. 2021,
Heres et al. 2021, Hayes et al. 2022). Although coral cover is broadly used and has the
most long-term historic data availability (Obura et al. 2019), it has limited ability to
represent demographic shifts in population and community dynamics (Brito-Millan
et al. 2019, Edmunds and Riegl 2020). In this study, reef-building coral species were
included in the density and mortality indicators; however, the density metric is con-
founded by colony size, as increased partial mortality has resulted in higher densities
of small corals and lower density of large corals (Grove et al. 2022, Hayes et al. 2022).
Furthermore, larger corals have lower mortality rates than smaller corals, so dispro-
portionate mortality of larger corals, such as through bleaching or SCTLD, reduces
the recovery capacity of a reef (Speare et al. 2022). Although low coral mortality is a
positive reef attribute from an ecological perspective, results showed limited changes
in old mortality within most regions. This may be due to: (1) a combination of limited
historic data and limited expert perspective, (2) cumulative effects of old mortality
over a limited span of years, (3) difficulty in identifying severely degraded old dead
corals in the field (e.g., bioerosion, colonization), and (4) disproportionate mortality
by size and species. To improve representation of community and population de-
clines in reef-building, disease-susceptible, and rare coral species, future ecosystem
condition assessments should include indicators that represent diversity and popula-
tion dynamics (e.g., colony size in combination with density) of individual species
impacted by stressors.

Inclusion of multiple long-term datasets highlights data gaps in current long-term
monitoring programs that should be addressed to improve future holistic ecosystem
assessments. Limited historic and current monitoring data are available to quantify
disturbance impacts and recovery (or lack thereof) from the introduction of new
corals. Episodic event-based mortality, such as hurricanes and bleaching events,
can have major impacts on coral condition (Edmunds and Gray 2014, Viehman
et al. 2020, Madden et al. 2023) and are likely to increase in the changing climate.
Successful coral recruitment can drive reef recovery (Graham et al. 2011), and re-
cruitment has been used as an indicator in resilience assessments (McClanahan et
al. 2012). As coral restorations efforts begin to ramp up in these jurisdictions (e.g.,
NOAA 2019), restoration monitoring data should also be included to evaluate the
contribution of restoration to ecosystem recovery. Data on event-driven mortality
and on new corals entering the populations will allow more robust assessments of
coral reefs in future years.

The reference-centering approach allows for inclusion of multiple long-term moni-
toring datasets that varied by data availability, region, indicator, and data source.
These reference baselines can be used in future temporal evaluations. However,
qualitative categorizations of reference datasets by expert panels still potentially rep-
resent shifting baselines, as evidenced in comparisons between published declines
and expert categorizations, and in many cases the earliest reference data pre-dated
experts (e.g., Online Table S5). Temporal changes were difficult to detect when data
availability was limited and baseline data were collected within a few years of the
current values (e.g., Puerto Rico indicators). The addition of predisturbance or de-
cades-old data, when available, to ecosystem status evaluations may outweigh any
potential limitations of using such data by providing quantitative information that
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improves the understanding of coral reefs prior to monitoring (Alagona et al. 2012).
However, inclusion of literature-derived values for reference baselines necessitates
review of sample design (or lack thereof), site selection (potentially targeted or op-
portunistic), survey methods, habitat heterogeneity, or lack of information about any
of the aforementioned (Hughes et al. 2021).

The evaluations of corals and benthic communities described here were incorpo-
rated into NCRMP status assessments for each jurisdiction as well as a national as-
sessment, all of which also included evaluations of fish (Grove et al. 2023), climate,
and socioeconomics, and were the first in a series of future status assessments of US
coral reefs (Towle et al. 2022). The reference-centering approach can be updated with
current data and indicators for future regional and national assessments. Continued
declines of corals and reef communities, exacerbated by dramatic disease impacts,
underscore the critical need for the improved effectiveness of coral reef management
and conservation.
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