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Abstract Coral reefs are globally in decline and western
Atlantic reefs have experienced the greatest losses in live
coral cover of any region. The Flower Garden Banks
(FGB) in the Gulf of Mexico are high-latitude, remote reefs
that are an outlier to this trend, as they have maintained
coral cover > 50% since at least 1989. Quantifying the
long-term trends in coral growth of key reef-building coral
species, and the underlying environmental drivers, leads to
a better understanding of local sensitivities to past changes
that will ultimately allow us to better predict the future of
reef growth at FGB. We obtained coral cores and con-
structed growth records for two of the most abundant
hermatypic coral species at FGB, Pseudodiploria strigosa
and Orbicella faveolata. Our records cover 57 yrs of
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growth for P. strigosa (1957-2013) and 45 yrs for O.
faveolata (1970-2014). Linear extension and calcification
rates of both species have increased significantly, but
skeletal density did not change over the respective time
periods. Extension and calcification data of both species
combined were negatively correlated with the discharge
from the Atchafalaya River, but positively correlated with
maximum sea surface temperatures (SST). These data
provide evidence that runoff from the Atchafalaya River
impacts FGB corals and is a major control on coral growth
at FGB. The increase in growth at FGB can be attributed to
the significant warming trend in maximum monthly SSTs.
Given the warming trend and recent increase in severity of
bleaching at FGB, the prognosis is that bleaching events
will become more deleterious with time, which will lead to
a breakdown in the positive relationship between coral
growth and maximum SST. This study provides further
evidence that some high-latitude, cooler reef sites have
experienced a stimulation in coral growth with ocean
warming.

Keywords Linear extension - Skeletal density - Ocean
warming - Schlerochronology - National Coral Reef
Monitoring Program - Atchafalaya River

Introduction

Coral reefs are in decline worldwide and western Atlantic
reefs are among the most degraded in the world (Gardner
et al. 2003; Alvarez-Filip et al. 2009; Eakin et al. 2010;
Perry et al. 2013, 2018). Live coral cover in the western
Atlantic has declined by about 80% over the past 40 yrs
and has not shown any signs of recovery (Gardner et al.
2003; Jackson et al. 2014; Contreras-Silva et al. 2020).
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More than one-third of sites that were surveyed in the
Bahamas, Grand Cayman, Belize, and Bonaire from 2010
to 2012 were found to be net erosional (Perry et al. 2013).
On these reefs, CaCOj; production decreased to 50% below
historical averages, owing to the loss of live coral
throughout the region, particularly the major reef-building
acroporids and Orbicella annularis species complex (Perry
et al. 2013). Of those reefs not actively eroding, many are
in an “accretionary stasis” (close to CaCO;5 budget neu-
tral), which means that many reef framework structures in
the western Atlantic are losing structural complexity,
impairing the delivery of critical ecosystem services and
the ability of reefs to keep up with sea level rise (Alvarez-
Filip et al. 2009; Perry et al. 2018).

An outlier to this region-wide decline are the high-lati-
tude, remote coral reefs of the Flower Garden Banks (FGB)
in the northwest Gulf of Mexico (Fig. 1). The FGB are
located ~ 190 km south of the Texas-Louisiana border
and are coral reefs that have developed on mounds over-
laying salt domes at the edge of the continental shelf
(Bright et al. 1984). These high-latitude reefs are at the
northern limits of environmental conditions that support
coral reef development and have a reduced coral diversity,
with only 22 of the 60 hermatypic coral species that are
found in the wider Caribbean and Atlantic (Bright et al.
1984; Kleypas et al. 1999; Johnston et al. 2017). Since
long-term monitoring of benthic cover began in 1989 at
both the east and west FGB, coral cover has remained at or
above 50% (Johnston et al. 2017). The remote nature and
lack of land-based sources of pollution (e.g.,

eutrophication, sedimentation etc.) are most often cited as
key factors that have allowed FGB to retain high coral
cover (Gittings 1998). Additionally, bleaching impacts
were minimal up until 2016 and have had no discernable
impact on coral cover, which may be because the cooler
waters at these sites have only recently begun to exceed
thermal thresholds (Johnston et al. 2019). The deep depths
(> 16 m) have also been highlighted as likely buffering
these reefs from drastic temperature and salinity fluctua-
tions, storm damage, and bleaching (Aronson et al. 2005).
The influence of runoff from the Atchafalaya, Missis-
sippi, and Texas Rivers on the FGB has been debated.
Rezak et al. (1990) argued that low-salinity surface waters
do not reach the corals at depth and that riverine discharge
has a minimal influence on FGB. Dodge and Lang (1983)
reported a significant negative correlation between exten-
sion rates of Orbicella annularis and Atchafalaya River
discharge, but positive correlation with sea temperature.
The presence of annual luminescence bands in a core of O.
faveolata, a presumed indicator of terrigenous runoff
(Lough et al. 2002), in conjunction with low-salinity sur-
face waters was used to argue that riverine waters impact
FGB on an annual basis (Deslarzes and Lugo-Fernandez
2007). Kealoha et al. (2020a) hypothesized that the com-
bination of high river discharge and upwelling led to
hypoxia and a localized, high-mortality event in 2016.
The National Oceanic and Atmospheric Administration
(NOAA) implemented the National Coral Reef Monitoring
Program (NCRMP) in 2013, which includes in situ climate
change and ocean acidification monitoring of US coral

Fig. 1 Map of east Flower
Garden Banks (EFGB) in
Northwest Gulf of Mexico.
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reefs (NOAA Coral Program 2014). A key goal of NCRMP
is to take coral cores of the dominant species from key sites
to establish long-term historical baselines in coral growth
(extension, density, and calcification rate) by which to
gauge future change. The FGB was the only US coral reef
jurisdiction in the Atlantic Ocean to receive a score of
“good” for coral reef condition based on data collected
from 2014 to 2018, meaning that indicators of coral reef
health did not differ from historical, reference values
(NOAA Coral Program 2020). As such, our goal in this
study was to measure extension, density, and calcification
rates from two of the most abundant species (O. faveolata
and P. strigosa) at this anomalously healthy site to deter-
mine whether there have been any trends with time and
linkages with environmental variability, including sea
temperature and river discharge.

Materials and methods
Core collection

From June 1-4, 2015, cores (5 cm diameter by 30 cm
length) were obtained from ten to 11 colonies of Orbicella
faveolata and Pseudodiploria strigosa, respectively, at a
mean + SD depth of 19.1 m + 0.86 and 20.0 m =+ 0.82
on East Flower Garden Bank near buoy # 3 (27° 54.444 N,
93° 35.955 W) using a pneumatic hand drill attached to a
SCUBA tank (Fig. 2). Cores were taken from the top of
large colonies (> 1 m diameter and/or height) and per-
pendicular to the growth axis. A concrete plug was ham-
mered into the remaining hole to prevent recruitment of
competitive or bioeroding organisms that could damage the
integrity of the colony.

Coral core analysis

Coral cores were analyzed as previously described (Groves
et al. 2018; Manzello et al. 2018). In brief, cores were
scanned with a Siemens SOMATOM Volume Zoom spiral
computerized tomography (CT) Scanner at 0.1 mm reso-
lution. Density measurements were made along the growth
axis using Amira software (FEI Visualization Sciences
Group, Massachusetts, USA). Density (g cm™>) was
determined from grayscale values by linear regression of
coral standards of known density. Linear extension (cm
yr~') was determined by measuring the distance between
annually repeating high-density (HD) bands using the
Coral X-radiograph Densitometry System (CoralXDS)
(Helmle et al. 2002). Calcification rates (g cm 2 yr_l)
were calculated as the product of density and linear
extension.

We followed the method of Rippe et al. (2018) and took
the average of three density transects along the growth axis
down the length of each core. For P. strigosa, the density
transects were drawn within the exothecal space and did
not include the high-density corallite wall (Rippe et al.
2018). This method was adopted because it helps stan-
dardize the density measurements of brain coral species
with complex skeletal architecture. The density and calci-
fication values are lower than would be expected if all the
skeletal architecture was considered.

HD bands are deposited during summer and early fall
for both O. faveolata and P. strigosa (Hudson et al. 1976;
Helmle et al. 2000; Giry et al. 2010). In O. faveolata, a
faint band adjacent to the top of core was noticeable in
many of the colonies. We interpreted this as incipient 2015
HD band formation and assumed the most recent, fully
formed HD band represented summer 2014. For P. stri-
gosa, we did not observe the same type of faint band, but
rather, noted a well-formed HD band about < 0.5 cm
down each core. Given the distance from the top of the
colony was similar to the annual extension rate in this
species, we assumed the well-formed band was deposited
in 2014. The data produced when this band was incorpo-
rated had very low skeletal density, suggesting that infilling
of the skeleton was still taking place. Thus, we utilized the
2013 band as the most recent year of useable data for P.
strigosa. In summary, the growth records from P. strigosa
and O. faveolata span 1957-2013 and 1970-2014,
respectively.

Extension rates, inferred as the distance between
repeating HD bands, do not always represent an exact
12 month calendar year (Lough and Barnes 1990; Carri-
cart-Ganivet 2011). This is because the timing of HD band
formation is linked to the calcification rate of the individual
coral, such that HD bands form during peak seasonal
temperatures, when light levels are high. There is year-to-
year variability in the exact timing of temperature peaks;
for instance, the warmest month of a year may be July,
August, or September on the Mesoamerican Barrier Reef
(Carricart-Ganivet 2011). Similarly, the light doses expe-
rienced by corals will vary because of local weather and
larger-scale climate patterns (Lough and Barnes 1990).
Thus, when comparing two different core records side-by-
side, the timing of band formation can be different. These
differences yield annual extension rates that are not a
perfect one year of growth and this error is translated to the
calcification estimate given that calcification is the product
of linear extension and density (Carricart-Ganivet 2011).
There can also be significant variability in skeletal density
within couplets of HD bands, or intraband variability, and
this in turn can lead to variability in the calcification esti-
mate (Rico-Esenaro et al. 2019). Despite the intraband
density variability, Rico-Esenaro et al. (2019) found that
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Fig. 2 Photographs of coral
colonies at east Flower Garden
Bank and computerized
tomography (CT) images of
cores for (a, b) Pseudodiploria
strigosa and (¢, d) Orbicella
faveolata. CT images illustrate
clear annual banding

the general trends and patterns were consistent through
time in replicate density tracks from the same core. With
this in mind, we obtained a large sample size of cores
(N = 10 per species) in order to minimize the impacts of
these uncertainties on our ability to elucidate overall trends
and patterns.
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Coral growth interpretation

Annual growth measurements for each core were stan-
dardized by dividing each yearly value by the mean of the
entire core record (e.g., Dodge and Lang 1983; Rippe et al.
2018). The resultant data are annual fractions (or percent-
ages) of the overall core mean of 1 (or 100%), such that a
value of 1 represents the overall mean; values < 1 are
below average, values > 1 are above average. This is done
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because each core is of a different length, thus the number
of years of data generated from each core are different and
all portions of a chronology are not equally weighted. This
standardization helps reveal common patterns in growth
that could be masked by individual core variations. For
example, if you have a core with anomalously high rates
(see extension rates of core fgb1505 in this study), this
creates an averaging bias in the dataset that artificially
impacts the ability to detect trends, especially related to
intercore comparisons and responses to environmental
stimuli. This is the same type of methodology utilized in
dendrochronology, which is why it was adopted for scle-
rochronology (Dodge and Lang 1983).

To analyze temporal trends in the growth data, we fol-
lowed the methods of Rippe et al. (2018) and used: (1)
linear mixed effect (LME) modeling to determine whether
a statistically significant trend with time occurred over the
entire record, and (2) generalized additive modeling
(GAM) that allowed determination of significant short-term
growth dynamics. As in Castillo et al. (2011) and Rippe
et al. (2018), the mean standardized values of growth
(extension, density, calcification) were considered the units
of observation and the individual cores were treated as
sampling units with random effects. This modeling
approach addresses the hierarchical nature of the data and
inherent temporal autocorrelation. Several models were
tested to determine the best fit of the data and Akaike
Information Criteria (AIC) was used to pick the best model.
The models tested included: (1) simple linear regression,
(2) random intercepts with no predictors, (3) a random
intercepts model with time as a predictor, and (4) a random
slopes and intercepts model whereby the intercept and
slope were allowed to be random (Castillo et al. 2011). The
residual correlation structure of the individual cores was
described with an autoregressive moving-average model of
order (p, q). The models with the best fits are shown in
Table S1. In Table S2, we show the full LME selection
process, as an example, for P. strigosa. The LME selection
process was the same for O. faveolata and both species
combined.

GAM modeling is well suited to capture dynamic fluc-
tuations in growth that are nested within the long-term
trend revealed through the LME, allowing quantification of
significantly increasing or decreasing time periods of
growth. An adaptive smoothing spline was incorporated to
treat year as a fixed effect predictor and the individual
cores as random effects. The smoothing basis was selected
sensu Wood (2017), where k is increased (k = 10, 15, 20
etc.) until the effective degrees of freedom stabilize at a
value lower than k — 1. A k=25 was used as in Rippe
et al. (2018). The intervals of significant change were
computed using the first derivative of the fitted spline
(Bennion et al. 2015). The finite difference approximation

of the first derivative is determined at fixed points with a
95% confidence interval, and when the confidence interval
excludes zero (i.e., zero slope), it is concluded that sig-
nificant change of growth occurred. The intervals of sig-
nificant change are indicated on the GAM plots as
segments for increases and red segments for decreases. The
nime package in R was used for LMEs, whereas the mgcv
package was used for GAMs (R Core Team 2019).

River discharge and sea surface temperature (SST)

River discharge data for the Mississippi and Atchafalaya
Rivers were sourced from river gauges maintained by the
US Army Corp of Engineers (US Army Corp of Engineers
2020). The daily computed flow values are based on and
related to corresponding stage values read at each gauge.
The river discharge (flow) data were converted from cubic
feet per second (CFS) to m~3 s_l, and the daily values
were summed to get a yearly rate. Sea surface temperature
(SST) data from 1957 to 2014 were obtained from the
HadISST 1.1 database (Rayner et al. 2003). It should be
noted that satellite and modeled SSTs may not perfectly
predict thermal conditions, including thermal stress at
depth as a result of physical processes like thermocline
shoaling or wind-driven mixing (Castillo and Lima 2010;
Schramek et al. 2018; Wyatt et al. 2020). We utilized the
HadISST dataset because it was continuous and complete
over the duration of our core records, and reflects large-
scale trends and patterns. In situ temperature data mea-
surements from the FGB extend back to the 1990s, but are
discontinuous and of limited utility to discerning patterns
over the entirety of our core records. Given that thermal
variability increases with depth and the FGB is a deep site
(> 16 m), future work is needed to compare in situ tem-
perature data at depth with satellite SST sources to quantify
biases and uncertainties (e.g., Castillo and Lima 2010).
This will be important in a warming ocean for accurate
monitoring and predictions of coral bleaching at FGB.
Four different metrics of annual river outflow were
assessed: (1) Atchafalaya River discharge, (2) Mississippi
River discharge, (3) Mississippi plus Atchafalaya River
discharge, and (4) sum of the current and prior year’s
Atchafalaya River discharge. Discharge from the Atch-
afalaya and Mississippi Rivers both individually (metric 1,
2) and combined (metric 3) was compared to the coral
growth data. Following the suggestion of Deslarzes and
Lugo-Fernandez (2007), we computed an additional mea-
sure of Atchafalaya River discharge by summing the cur-
rent and previous year together (metric 4). This was done
because the complicated hydrodynamics of the Texas-
Louisiana shelf often result in the entrainment of river
runoff such that there is a mix of the current and prior years
outflow that can reach FGB during summer (Deslarzes and
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Lugo-Fernandez 2007). We labeled the sum of the current
and prior year’s Atchafalaya discharge as ‘atchDes.’

To determine whether any of the environmental vari-
ables correlated with annual means of standardized exten-
sion, density, and calcification for each species
individually, and both pooled, we used Pearson correlation
(Spearman if assumptions of homoscedasticity and nor-
mality not met). When more than one variable was corre-
lated with a growth parameter, multiple linear regression
was used with function /m in R (R Core Team 2019). The
assumptions of normality and equal variances were met for
regression analysis. Statistical analysis of environmental
variables against coral growth parameters was done in R (R
Core Team 2019).

Results
Growth variability within and between species

The core-averaged values of extension, density, and cal-
cification were significantly greater in O. faveolata than P.
strigosa (Kruskal-Wallis tests, p < 0.01) (Table 1). There
was significant variation within growth parameters for each
species, due to a few cores with high extension rates (one-
way ANOVA, p < 0.001). Ten of the 11 P. strigosa cores
exhibited mean extension rates that ranged from 0.43 to
0.62 cm yr~ !, but core fgbl505 yielded a mean + SE
extension rate of 0.95 £+ 0.02 cm yrfl (Table S3). The
mean calcification rate from this core (0.75 g cm ™2 yr™ 1),
however, was similar to two other cores (fgb1509,
fgb1536). This comparable calcification rate is because the
mean density of core fgb1505 (0.80 g cm™>) was the
lowest of all cores from both species, and calcification is
the product of extension and density.

Calcification rates for O. faveolata were similar between
cores except for two colonies. Core fgb1495 yielded the
highest calcification rate of all cores
(132 £ 0.04 gem 2 yr '), whereas core fgb1499
(0.69 4+ 0.02 g cm > yr ') was lowest (Tukey post hoc
tests, p < 0.05). The remaining eight O. faveolata cores
had similar mean calcification rates, ranging from 0.93 to
1.03 g cm 2 yr~' (Table S3).

Extension, density, and calcification rates did not exhibit
a clear, consistent response during known bleaching years
(Fig. S1). Overall, O. faveolata exhibited increased

extension and calcification with each successive bleaching
event after 1995, whereas the opposite occurred for P.
strigosa. None of the growth parameters was significantly
different during any bleaching year for P. strigosa (One-
way ANOVAs). For O. faveolata, the last bleaching year
(2010) had significantly higher extension and calcification
than the 1995 event (Tukey post hoc tests, p < 0.05).

Growth through time

Linear mixed effects modeling revealed a significant
increase in standardized extension and calcification for P.
strigosa from 1957 to 2013 and O. faveolata from 1970 to
2014, as well as for both species combined during over-
lapping years (1970-2013) (Fig. 3). Coral skeletal density
did not exhibit any significant trends with time (Fig. S2,
Table S1).

Generalized additive modeling (GAM) showed that P.
strigosa exhibited growth anomalies coincident with peri-
ods of high discharge of the Atchafalaya River, whereas O.
faveolata only exhibited periods of significant change
coincident with documented bleaching events (Fig. 4,
Table 2). When data were pooled, the influence of both
bleaching and Atchafalaya discharge was highlighted in the
GAM. P. strigosa exhibited more variability than O.
faveolata, as O. faveolata extension and calcification
declined slightly from 1970 to the mid-1990s, but then
increased thereafter. Bleaching impacts were inferred
during periods of recovery following a documented event,
rather than a significant decline associated with the event.
For instance, there was a significant increase in O. faveo-
lata calcification from 2007 to 2010, which was in between
documented bleaching in 2005 and 2010, yet there were no
significant declines in extension or calcification associated
with either of those bleaching events (Fig. 4). Rather, there
was a significant increase in calcification during recovery
from the 2005 event.

Correlation of coral growth with environmental
variables

Discharge from the Atchafalaya River, represented as the
sum of the current and previous year’s discharge sensu
Deslarzes and Lugo-Fernandez (2007), negatively corre-
lated with extension and calcification for P. strigosa and
both species pooled (Fig. 5, Table 3). Up to the year 2000,

Table 1 Summary of growth

Extension (cm yr—')

Density (g cm™ yr™ ') Calcification (g cm ™2 yr™ ")

parameters for Pseudodiploria Species N
strigosa and Orbicella faveolata P. strigosa 11 0.57 (0.04)
O. faveolata 10 0.71 (0.04)

1.16 (0.04)
1.42 (0.03)

0.65 (0.02)
0.99 (0.05)

Values are the mean (£ SE) of all core means. N is number of cores
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Fig. 3 Standardized extension and calcification for Pseudodiploria
strigosa from 1957 to 2013 (a, b), Orbicella faveolata from 1970 to
2014 (e, d), and both species pooled from 1970 to 2013 (e, f).
Individual points are means £ SE. Points without error bars represent
a single core. Trend lines estimated using linear mixed effects models

calcification of both species of coral was nearly a mirror
image of Atchafalaya discharge (Fig. 5a). Maximum
monthly SST was positively correlated with extension and
calcification of both species pooled (Fig. 5b), while mini-
mum monthly SST was positively correlated with density

Std Calcification

1.6
1.4
0.8
0.6
1955 1965 1975 1985 1995 2005 2015
Year

as described. The dashed line represents the mean of the core records,
such that annual values above the dashed line represent years of
growth greater than the overall average, whereas those below
represent years below average

in P. strigosa and both species pooled. None of the envi-
ronmental variables examined was correlated with any of
the growth parameters for O. faveolata.

A multiple regression analysis incorporating Atch-
afalaya discharge and max SST as predictors of extension
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and calcification for the pooled data provided the best fit, as
opposed to individual linear regression of the two indi-
vidual variables (Table 4). There was no interaction
between Atchafalaya discharge and max SST, and the two
variables were not correlated. The two equations that pre-
dict standardized extension and calcification as a function
of Atchafalaya discharge and maximum SST are:

Std Extension = — 0.493 — (3.29 x 10® x atchDes)
+ (0.055 x MaxSST).
Std Calcification = — 0.3 — (3.27 x 10® x atchDes)

+ (0.0482 x MaxSST).
The only trend in the environmental data was in maxi-
mum SST, which displayed a significant increase from
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Year

1960 1970 1980 1990 2000 2010

Blue and red segments represent portions of the curve that are
significantly increasing and decreasing, respectively

19572014, spanning all data (linear regression: > = 0.12,
F =177, p<0.01) and for the period when both species
data overlap, 1970-2013 (> = 0.18, F = 9.5, p < 0.01).
The significant increase in calcification for both species
tracked the trend in maximum SST (Fig. 5b).

Discussion

The extension and calcification rates of O. faveolata and P.
strigosa at east FGB have both increased significantly from
1970 to 2014 and 1957-2014, respectively. This increase in
coral growth can be attributed to the significant warming
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Table 2 Years of significantly
increasing and decreasing
standardized (Std) extension,
density, and calcification for
Pseudodiploria strigosa and
Orbicella faveolata from East
Flower Garden Banks

Species

Growth parameter

Increasing years

Decreasing years

P. strigosa

O. faveolata

Both species

Std extension

Std density

Std calcification

Std extension
Std density

Std calcification
Std extension

Std density

Std calcification

1959-1961 (C)
1976-1978 (A)
1986-1988 (A)
2012-2014 (B*)
1982-1986 (D)

1958-1961 (C)
1977-1978 (A)
1986-1988 (A)
2000-2013 (B*)
19982001 (B)
20082011 (BY)
1987-1988 (A)
2005-2014 (BY)
1983-1986 (D)
1997-2000 (B)
1960-1960 (C)
1986-1988 (A)
1996-1997 (2)
2007-2014 (BY)

1967-1968 (D)
1983-1984 (D)
2009-2009 (D)

1974-1978 (D)
1990-1991 (D)
2007-2013 (?)
19681968 (D)
2008-2009 (D)

2004-2006 (B)

1983-1984 (D)

1974-1978 (D)

1990-1992 (D)
1990-1992 (D)

Significance denoted from GAM analysis. Letters in parentheses denote events associated with periods of
change and are defined in footnotes

A, Recovery periods associated with declines in Atchafalaya River discharge after periods of high
discharge

B*, Recovery periods after high temperatures and reported bleaching. Note: declines in discharge also
occurred after 1998, 2005, and 2010

B, Growth anomalies associated with bleaching and/or periods of elevated max SST (e.g., 1997/1998).
Note: Hurricane Rita occurred in 2005 as well

C, Recovery in growth following sharp decline in 1957 reported by Hudson and Robbin (1981) and Dodge
and Lang (1983)

D, Growth declines/anomalies associated with periods of high Atchafalaya discharge (1973-75, 1983-85,
1990-91, 1994, 1998, 2009-11). Includes period from 1964 to 1970 that saw a rapid increase in Atch-

afalaya discharge

?, Growth anomalies that are not associated with a known event or environmental factor

trend documented here as well as in the wider Caribbean
(Muniz-Castillo et al. 2019). A similar pattern of increased
coral growth associated with warming has been previously
documented on the Great Barrier Reef (GBR) and Western
Australian coral reefs (Lough and Barnes 2000; Cooper
et al. 2012). On the GBR, calcification increased over the
20th century and then rapidly declined coincident with the
start of mass bleaching on the GBR in 1998 (De’ath et al.
2009). Stimulation of calcification from warming does
appear to be most pronounced in high-latitude reefs that
experience cooler temperatures, as suggested by Tanzil
et al. (2013). As Cooper et al. (2012) discussed, this is
contrary to the idea that ocean acidification (OA) impacts
will occur first, and most severely at high latitudes due to

lower aragonite saturation states. They suggested that the
rate of change of the thermal environment appears to be the
overall dominant driver of recent changes in coral growth
rates, although newer evidence suggests that corals may be
experiencing the impacts of OA as a decline in skeletal
density (Mollica et al. 2018; Guo et al. 2020).

The rate and magnitude of OA at the FGB are unknown
over the period covered by our cores. The threat of OA in
the northwest Gulf of Mexico is poorly understood because
seawater carbonate chemistry is influenced by the interplay
of varying river discharge and the complex hydrodynamics
of this region (Kealoha et al. 2020b). Over the 10-yr period
from 2007 to 2017, Hu et al. (2018) reported a rate of OA
at FGB that was greater than what has been measured in the
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open ocean. However, just to the east in the central regions
of the open-ocean and coastal portion of the Gulf of
Mexico, there has been no long-term trend in surface
pCO,, SST, or salinity (Kealoha et al. 2020b). The impact
of runoff from the Mississippi and Atchafalaya Rivers can
effectively erase any OA signal because runoff impacts
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surface productivity, as well as directly modifies seawater
chemistry, both of which introduce variability that makes a
long-term OA signal difficult to detect.

OA is expected to reduce coral calcification and/or cause
a decline in skeletal density (Chan and Connolly 2013;
Mollica et al. 2018; Guo et al. 2020). There were no
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Table 3 P values of correlations between average growth parameters for Pseudodiploria strigosa, Orbicella faveolata, and both species with
river discharge and sea surface temperature data

Species Growth parameter ~ Atchafalaya ~ Mississippi ~ Both rivers ~ AtchDes Min SST Mean SST  Max SST
P. strigosa Std Ext 0.20 0.73 0.51 r=—032% 0.65 0.38 0.22

Std Dens 0.96 0.53 0.66 0.20 r=029% 030 0.10

Std Calc 0.17 0.47 0.34 r=—029% 0.38 0.30 0.60
O. faveolata  Std Ext 0.75 0.59 0.63 0.22 0.39 0.86 0.35

Std Dens 0.45 0.33 0.36 0.09 0.89 0.67 0.20

Std Calc 0.62 0.44 0.49 0.13 0.38 0.94 0.21
Both spp. Std Ext 0.13 0.33 0.25 r= —044*%  0.75 0.34 r = 0.36%

Std Dens 0.47 0.20 0.27 0.77 r=034* 0.16 0.47

Std Calc 0.09 0.17 0.14 r= — 045%  0.88 0.20 r=0.33*

AtchDes represents the sum of the current and previous year discharge from the Atchafalaya River sensu Deslarzes and Lugo-Fernandez (2007).
Correlation coefficient included for significant relationships: *p < 0.05; **p < 0.01; ***p < 0.001. p values of correlations that were not

significant at the alpha = 0.05 level are included to show other possible trends for future study

Table 4 Comparison of

2

. . . Growth Parameter Environmental variable r F p-value AIC

regression statistics for simple

linear versus multiple regression g4 Extension AtchDes 0.20 10.3 <001 — 1152

of both coral species’ extension

and calcification as a function of Max SST 0.13 6.1 <0.05 — 1115

Atchafalaya River discharge AtchDes + Max SST 0.26 8.6 < 0.001 — 119.0

and maximum SST Std Calcification Atch Des 0.21 10.9 <0.01 —-118.8
Max SST 0.11 5.1 < 0.05 — 1137
AtchDes + Max SST 0.25 8.3 < 0.001 — 1215

AtchDes represents the sum of the current and previous year discharge from the Atchafalaya River sensu
Deslarzes and Lugo-Fernandez (2007). The #* value for the multiple regressions represents adjusted r°.
Bold face shows best data fit. Multiple regression done with R using the function Im (R Core Studio 2019)

declines in long-term calcification rates or skeletal density
of the corals analyzed from FGB; calcification rates have
increased in both coral species, whereas skeletal density
did not exhibit any trends (Fig. S2). There was a significant
decline in density, however, during the last seven years for
P. strigosa that could not be attributed to river runoff or
bleaching (Table 2). This decline in density within the past
decade could be the start of a longer-term decline like that
found in massive Porites on the GBR and in three different
species of coral on the Florida Reef Tract, including the
two studied herein (Helmle et al. 2011; Rippe et al. 2018;
Guo et al. 2020). Indeed, Hu et al. (2018) showed that the
rate of OA at FGB was higher than the rate in the open
ocean from 2007 to 2017, which overlaps with the signif-
icant decline in skeletal density of P. strigosa (Table 2).
Future coring studies are necessary to determine whether
this decline in density has continued and if it is related to
in situ changes in seawater carbonate chemistry.

The data presented here provide evidence that discharge
from the Atchafalaya River impacts FGB corals and is a
major control on coral growth, as previously suggested
(Dodge and Lang 1983; Deslarzes and Lugo-Fernandez

2007). Our results provide further evidence of the impor-
tance of Atchafalaya runoff to FGB because we report data
for an additional species of coral (P. strigosa), as well as
the first measurements of skeletal density and calcification.
Deslarzes and Lugo-Fernandez (2007) observed lumines-
cent bands in their core from FGB, but the mechanism
behind incorporation of these bands is not fully understood.
Luminescent banding is normally most prevalent in near-
shore corals that are exposed to high levels of runoff with
increased nutrients, sedimentation, and turbidity; thus, it
was thought banding was associated with incorporation of
terrigenous humic substances into the skeleton (Isdale
1984; Boto and Isdale 1985; Lough et al. 2002). However,
it was later observed that corals that were not exposed to
runoff can also have luminescent lines, which led to a
revised explanation for this phenomenon. Barnes and
Taylor (2001) posit that it is the CaCOs5 skeleton that
luminesces and the intensity is controlled by the skeletal
structure. They suggest that a change in skeletal architec-
ture occurs because of reduced calcification during periods
of depressed salinity. This explanation is problematic for
FGB because low-salinity waters are usually only found in
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a thin surface layer and rarely, if ever, impact the corals at
depth (Rezak et al. 1990; Deszlarzes and Lugo-Fernandez
2007). Furthermore, by the time riverine waters impinge on
the FGB they are low in chlorophyll a and depleted in
nutrients, such that they can no longer support phyto-
plankton blooms; thus, direct incorporation of terrigenous
materials seems unlikely (Deslarzes and Lugo-Fernandez
2007).

The presence of luminescent banding in FGB corals is
enigmatic given that none of the mechanisms proposed
seems probable for this site. An explanation for lumines-
cent bands in FGB corals may have been elucidated by a
presumed recent hypoxia event that led to localized, yet
significant coral mortality in 2016 at FGB, with up to 80%
mortality reported in some areas (Kealoha et al. 2020a).
These authors proposed that hypoxia occurred because high
riverine discharge led to a low salinity, turbid surface layer
that migrated over FGB, blocking sunlight, reducing pho-
tosynthesis, and leading to increased respiration of organic
matter. Coincident with this event, it is argued that there
was an intrusion of deep, dense water that was low in
oxygen and pH, but high in ammonium and dissolved
inorganic carbon, that settled into pockets of the reef
causing a strongly stratified bottom layer that prevented
reoxygenation from the overlying water column. The
presence of a microbial consortium indicative of a deep-
water community was observed in shallow water, provid-
ing further evidence that upwelling does occur at FGB, as
has been shown previously (Teague et al. 2013). River-
derived, turbid surface waters would reduce the light levels
reaching the corals and likely lead to depressed calcifica-
tion, as has been suggested (Dodge and Lang 1983),
whereas upwelled waters that are high in nutrients could
lead to organic matter retention within the skeleton. Future
research is required to determine the frequency of upwel-
ling at FGB, and if upwelling regularly co-occurs with
periods of high river discharge, or if the two processes are
independent of one another. If upwelling events do occur
regularly and coincide with the impingement of turbid
surface layers, then both of these processes could be
involved and control the intensity of luminescent banding
in FGB corals.

The environmental controls on coral skeletal density are
not well understood and can be species-specific. The pos-
itive relationship we observed between skeletal density and
minimum SST for P. strigosa and both species combined
(Table 3, Fig. 5c) is similar to the positive relationship
between skeletal density and SST (average and maximum)
observed for Orbicella annularis in the wider Atlantic
(Carricart-Ganivet 2004). Lough and Barnes (2000)
reported a negative relationship between annual average
SST and skeletal density in massive Porites from the
Pacific. These differences are related to differing growth
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strategies, such that massive Porites invests any increases
in calcification resources to increased extension, whereas
Orbicella spp. put resources toward increased density
(Carricart-Ganivet 2011). Our data suggest that the growth
strategy for P. strigosa is similar to that of O. annularis, as
it was hypothesized by Carricart-Ganivet (2011). Colder,
upwelled waters that are high in nutrients and have low pH
can lead to depressed skeletal density (Manzello et al.
2014). If we assume that upwelled waters reach the surface
during winter months, then minimum monthly SST could
be a proxy for upwelling intensity. Thus, warmer winters
(higher minimum SSTs) would correspond to less upwel-
ling and denser skeletons. Conversely, cooler winters
(lower minimum SSTs) may reflect greater upwelling and
less dense skeletons. The hypoxia event in 2016 that was
tied to upwelling and river discharge would be unlikely to
occur in winter due to high winds and wave heights leading
to enhanced mixing at depth. Future work is required to
better understand if there are additional mechanisms
behind the correlation between density and minimum SST
that we observed. The interaction between upwelling and
thermal stress on coral calcification can be complex and
species-specific, requiring future study (e.g., Courtney
et al. 2020).

Prior coring studies of the congeneric species, O.
annularis, from FGB yielded similar, yet slightly higher
extension rates. Hudson and Robbin (1981) measured a
mean extension rate from 12 cores of 8.9 mm yr—' from
1907 to 1957 that then declined sharply in 1957 and
remained depressed at 7.2 mm yr~' from 1957 to 1979.
Additional coring later found a mean extension from four
O. annularis cores of 6.6 mm yr_1 from 1910 to 1989,
noting the same decline in growth in 1957 as Hudson and
Robbin (1981) and increased variability from 1957 to 1980
(Gittings et al. 1992). Lastly, Bright et al. (1984) reported a
mean extension rate of 8 mm yr~' for one O. annularis
core from 1964 to 1980 and 5 mm yr~' for one core of P.
strigosa over the same time frame. Our overall mean
extension rate of 7.1 mm yr~' for O. faveolata is nearly the
same as what was observed in the O. annularis cores after
1957. The P. strigosa extension rate of 5 mm yr~ ' is well
within the range of core means we observed for this species
(Table S3). The mean extension and calcification rates of
P. strigosa at FGB were higher than the mean values
observed across seven reef sites in the Florida Keys
(Florida extension: 3.8-5.5 mm yrfl; calcification,
0.46-0.64 g cm 2 yr '), while skeletal densities between
FGB and Florida were comparable (Florida density:
1.05-1.26 g cm yr~', Rippe et al. 2018). The greater
extension and calcification rates at FGB were unexpected
given the greater depths of the sampled FGB corals
(19-20 m) than those sampled in the Florida Keys
(3-7.5 m). The higher rates in the FGB may reflect the
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increasing trend in extension and calcification rates that we
documented herein, as average rates for P. strigosa were
higher than the prior FGB coring study. Conversely,
extension and calcification of P. strigosa have remained
stable in the Florida Keys over the past 20-60 years (Rippe
et al. 2018). The sharp decline in extension in 1957 was
apparent in our one P. strigosa core that went back that far,
verifying that there was a multispecies decline in extension
and calcification during this time. Cold-water stress drove
the large depression in growth in 1957 (Dodge and Lang
1983).

The core data from FGB differ from other studies that
have shown a decline in calcification over time, generally
in concert with the timing of overall coral reef decline.
Declines in coral growth attributed to ocean warming have
been reported in the Red Sea, Belize, Mexico, and south-
east Asia (Cantin et al. 2010; Castillo et al. 2011, 2012;
Carricart-Ganivet et al. 2012; Tanzil et al. 2013). In these
studies, chronic warming slowed growth as opposed to
acute thermal stress and coral bleaching. De’ath et al.
(2009) argued that thermal stress and bleaching, plus pos-
sibly OA, were likely responsible for the decline in calci-
fication of massive Porites on the GBR from 1990 to 2005,
which was unprecedented over the past 400 yrs. It has been
long understood that coral bleaching leads to depressed
calcification (Goreau and Macfarlane 1990). This depres-
sion can linger from 2 to 8 yrs, depending on the severity
of the bleaching event and presence of local stressors
(Carilli et al. 2009; D’Olivo et al. 2013; Cantin and Lough
2014). There were no clear and obvious impacts of
bleaching in the growth records of the two species exam-
ined herein, which was not surprising given the lack of
severe bleaching events over this time (Johnston et al.
2019).

There is evidence, however, that coral bleaching is
increasing at FGB, but to date there has not been significant
mortality associated with a bleaching event (Johnston et al.
2019). The first bleaching event reported at FGB occurred
in 1990, where 4.8% of the monitored coral cover bleached
(Hagman and Gittings 1992). It was noted that O. annularis
and P. strigosa exhibited lower levels of bleaching and
were less impacted than other species, which may explain
the lack of clear, bleaching-induced declines in calcifica-
tion in our data. Mild or moderate bleaching was reported
in 1995, 2005, and 2010. Approximately 3% of the coral
cover bleached in 1995, whereas moderate bleaching
of ~ 10% coral cover was noted in 2005 (CSA 1996;
Precht et al. 2008). Thermal stress in 2010 was similar to
2005; thus, bleaching was likely similar to 2005, but data
for the 2010 event are not available (see Johnston et al.
2019). The most significant event occurred in 2016, where
67% of the coral cover exhibited bleaching or signs of
paling (Johnston et al. 2019). Although our core data stop

in 2014 and do not incorporate the recent severe event, it is
important to note that there is a declining trend in extension
and calcification for P. strigosa with each successive
bleaching event, with the lowest rates occurring during the
2010 event (Fig. S1). Given the significant warming trend
and documented increase in severity and magnitude of
bleaching at FGB, the prognosis is that bleaching events
will continue to become more and more detrimental, which
will lead to the breakdown in the positive relationship
between coral growth and maximum SST. It seems this
may already be beginning as there are clear declines in
extension and calcification associated with the 2010
bleaching event in P. strigosa (Fig. S1).

Coral extension and calcification have increased over
the past 45-57 yrs at FGB, and this can be attributed to
enhanced growth due to ocean warming. We have provided
further evidence that high runoff from the Atchafalaya
River leads to reduced coral extension and calcification at
the FGB. We hypothesize that the stimulation in growth
with warming at FGB will continue until coral bleaching
events increase in severity and frequency. The fact that the
most severe bleaching event ever recorded at FGB occur-
red in 2016 suggests that the increase in growth due to
warmer waters is likely reaching the threshold whereby the
thermal optima are exceeded, and growth declines.
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