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Open-ocean observations have revealed gradual changes in seawater carbon dioxide
(CO») chemistry resulting from uptake of atmospheric CO» and ocean acidification (OA),
but, with few long—term records (>5 years) of the coastal ocean that can reveal the pace
and direction of environmental change. In this paper, observations collected from 1996
to 2016 at Harrington Sound, Bermuda, constitute one of the longest time—series of
coastal ocean inorganic carbon chemistry. Uniquely, such changes can be placed into
the context of contemporaneous offshore changes observed at the nearby Bermuda
Atlantic Time-series Study (BATS) site. Onshore, surface dissolved inorganic carbon (DIC)
and partial pressure of CO» (pCO»; >10% change per decade) have increased and OA
indicators such as pH and calcium carbonate (CaCOg) saturation state (€2) decreased
from 1996 to 2016 at a rate of two to three times that observed offshore at BATS. Such
changes, combined with reduction of total alkalinity over time, reveal a complex interplay
of biogeochemical processes influencing Bermuda reef metabolism, including net
ecosystem production (NEP = gross primary production—autotrophic and heterotrophic
respiration) and net ecosystem calcification (NEC = gross calcification—gross CaCOg
dissolution). These long—-term data show a seasonal shift between wintertime net
heterotrophy and summertime net autotrophy for the entire Bermuda reef system. Over
annual time-scales, the Bermuda reef system does not appear to be in trophic balance,
but rather slightly net heterotrophic. In addition, the reef system is net accretive (i.e.,
gross calcification > gross CaCO3 dissolution), but there were occasional periods when
the entire reef system appears to transiently shift to net dissolution. A previous 5-year
study of the Bermuda reef suggested that net calcification and net heterotrophy have
both increased. Over the past 20 years, rates of net calcification and net heterotrophy
determined for the Bermuda reef system have increased by ~30%, most likely due to
increased coral nutrition occurring in concert with increased offshore productivity in the
surrounding subtropical North Atlantic Ocean. Importantly, this long-term study reveals
that other environmental factors (such as coral feeding) can mitigate against the effects
of ocean acidification on coral reef calcification, at least over the past couple of decades.

Keywords: coastal seas, coral reef, net ecosystem calcification, net ecosystem production, biogeochemistry

Frontiers in Marine Science | www.frontiersin.org 1

February 2017 | Volume 4 | Article 36


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
https://doi.org/10.3389/fmars.2017.00036
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2017.00036&domain=pdf&date_stamp=2017-02-14
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:nick.bates@bios.edu
https://doi.org/10.3389/fmars.2017.00036
http://journal.frontiersin.org/article/10.3389/fmars.2017.00036/abstract
http://loop.frontiersin.org/people/375318/overview

Bates

Twenty Years Coastal Carbon Cycle

INTRODUCTION

The human-mediated increase in atmospheric carbon dioxide
(CO3) and its uptake by the global ocean (Sabine et al., 2004;
Khatiwala et al., 2013) has resulted in substantive changes in
ocean chemistry and the marine CO,-carbonate system over
the past few decades (e.g., Dore et al., 2009; Bates, 2012; Bates
et al., 2014). The observed gradual decline in ocean pH and
saturation states of calcium carbonate (CaCQj3) minerals (i.e., 2)
that results from ocean acidification (i.e., OA; Broecker et al.,
1971, 1979; Caldeira and Wickett, 2003) and future end-of-
century projections of ocean chemistry (e.g., Orr et al., 2005),
constrained by emission scenarios of anthropogenic CO,, raise
profound concerns about the potential consequences for marine
calcifiers and ecosystems, in particular (e.g., Kleypas et al., 1999;
Royal Society, 2005; Doney, 2006; Fabry et al., 2008; Doney et al.,
2009). As awareness of OA has grown over the recent decade
and a half, increased research capacity has been directed toward
improving our scientific understanding of the problem. There
is a growing appreciation of the complex synergies, interactions
and feedbacks that exist between ocean biogeochemistry and
individual species/entire ecosystem response and resilience
across multiple time—and spatial scales (e.g., Ries et al., 2009;
Andersson et al., 2014; Breitburg et al., 2015; Gaylord et al., 2015).
This includes the interaction and interplay between warming,
deoxygenation and OA, and other environmental changes such
as nutrient pollution (e.g., Anthony et al., 2008; Reid et al., 2009;
Atewerbehan et al., 2013; Bijma et al., 2013; Bozec and Mumby,
2015; Malone et al., 2016).

Coral reefs, as highly productive and biologically diverse
ecosystems, show multiple signs of deterioration or community
structure changes due to a host of anthropogenic and natural
factors, such as bleaching, resource depletion, eutrophication,
changing sedimentation and turbidity, cyclone and human
damage (e.g., Hoegh—-Guldberg, 1999; Hoegh-Guldberg et al.,
2007). Across the tropics and subtropics, the decline of coral
reefs continues from early observations in the 1970 to present—
day (e.g., Hughes, 1994; Wilkinson, 2000; Edmunds, 2007, 2013;
Cooper et al., 2008; De’ath et al., 2009; Silverman et al., 2009;
Cantin et al.,, 2010; Manzello, 2010; Hughes et al., 2013; Tanzil
etal.,, 2013). In the milieu of environmental issues that beset coral
reef health and future viability, ocean acidification comingles
with variability of natural conditions to influence coral reef
biogeochemical processes such as calcification, photosynthesis,
respiration and CaCOs3 dissolution. A suite of in situ, in vitro,
experimental and model studies have shown decreases in both
mature colony and juvenile coral calcification with reduced
carbonate ion concentration [CO§_] or aragonite saturation state
(i.e., Qaragonite) under natural and/or perturbed conditions (e.g.,
Gattuso et al., 1996, 1998; Langdon et al., 2000; Langdon and
Atkinson, 2005; Schneider and Erez, 2006; Anthony et al., 2008;
Bates et al., 2010; Kroeker et al., 2010; Erez et al., 2011; Pandolfi
et al.,, 2011; de Putron et al., 2011; Chan and Connolly, 2013;
Kroeker et al., 2013a; Venn et al., 2013; Evenhuis et al., 2015). In
other studies, bicarbonate ion concentration [HCO3 | has been
shown to be the primary modifier of coral calcification (e.g., Jury
et al,, 2010). The simplification of relationships between coral

calcification and CO,-carbonate chemistry has many predictive
uses and value for OA research (e.g., Kleypas et al., 1999; Orr
et al., 2005; Dove et al., 2013; Evenhuis et al., 2015), but as
Jokiel and others have pointed out (e.g., Jokiel et al., 2008;
Jokiel, 2011a,b, 2016; Comeau et al., 2013; Andersson et al.,
2014; Bach, 2015), there may not be simple relationships or
thresholds in ocean chemistry that are insightful for future
projections.

Complicating our understanding are the interactions
and feedbacks between coral biogeochemical processes (i.e.,
calcification, production, respiration, dissolution) and CO,-
carbonate chemistry over different spatial (e.g., patch reef,
reef tract, whole reef) and temporal time-scales (e.g., diurnal,
seasonal to decadal; Bates et al., 2010; Andersson et al., 2014;
Cyronak et al., 2014). These factors include the following: (1)
water circulation of the reef system (e.g., Falter et al., 2012,
2013; Comeau et al., 2014c); (2) habitat complexity, community
dynamics and variable responses between coral species (e.g.,
Bates et al., 2010; Kroeker et al., 2013a,b,c; Fabricius et al.,
2014; Comeau et al., 2014b; Hendricks et al., 2015) (3) corals
modifying internal and external CO,-carbonate chemistry (e.g.,
Anthony et al., 2011; Jokiel, 2011a,b, 2013; Kleypas et al., 2011);
(4) variability of reef CO, from diurnal time-scales (e.g., Ohde
and van Woesik, 1999; Jokiel et al., 2014; Comeau et al., 2014a;
Koweek et al., 2015) to longer time-scales (e.g., Shamberger et al.,
2011; Edmunds et al., 2012; Gray et al., 2012; Shamberger et al.,
2011; Shaw et al,, 2012; Albright et al., 2013); and, (5) coral reef
environments with naturally lower pH such as CO; seeps (Crook
etal.,, 2011, 2013; Shamberger et al., 2014).

While many of the above studies have focused on coral
calcification, there is a growing awareness of the importance
of coral reef CaCOj dissolution for CO,-carbonate chemistry
variability, buffering capacity of reef systems and coral reef
responses to OA (e.g., Silverman et al., 2009; Andersson and
Gledhill, 2013; Andersson et al., 2014; Eyre et al, 2014;
Andersson, 2015). Studies of processes such as dissolution of
reef CaCOs3 sediments (e.g., Yates and Halley, 2006; Andersson
et al,, 2007, 2009; Tribollet et al., 2009; Rao et al., 2012; Comeau
etal., 2015; Rodolfo-Metalpa et al., 2015; Yamamoto et al., 2015),
pore water and alkalinity fluxes from the sediment (e.g., Falter
and Sansone, 2000; Santos et al., 2011, 2012a,b; Cyronak et al.,
2013a,b), and coral bioerosion (e.g., Wisshak et al., 2012; Crook
etal., 2013; Enochs et al., 2015; Kline et al., 2015) all contribute to
elucidating the complex controls and responses of coral reefs to
changes in ocean chemistry.

The challenges of understanding complex coral reef
biochemistry and ecological interactions require both
experimental and observational approaches. For the latter,
sustained observations of contemporaneous chemical and
ecological conditions in reef and coastal environments provide
important data sets to test our understanding of variability
and response over time (e.g., Juranek et al., 2009; Alin et al.,
2012, 2015; Breitburg et al., 2015; Kline et al., 2015), but most
time-series datasets do not extend beyond 5 years. Longer—-term
studies of reef chemistry and ecology are few in number (e.g.,
Silverman et al., 2012, 2014) and often characterized by large
gaps in time between repeat sampling.
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In this paper, 20 years (1996-2016) of COj-carbonate
chemistry data collected from the Bermuda coral reef are
reported for the first time. These data provide one of the
longest semi-continuous time-series to assess decadal variability
of reef biogeochemical processes and the status of this reef
system. One of the unique aspects for understanding coral
reef biogeochemical processes is the contemporaneous collection
of offshore ocean CO,-carbonate chemistry at two long-term
time-series sites (Hydrostation S; Bermuda Atlantic Time-series
Study, BATS) since 1983 (e.g., Bates et al., 1996a; Bates, 2001,
2012; Bates et al., 2014). Previous studies of Bermuda reef
biogeochemistry have included observations of CO,-carbonate
chemistry (Bates et al., 2001; Bates, 2002), reef biogeochemical
processes (Bates et al., 2010; Andersson et al., 2013; Courtney
et al,, 2016) and longer-term proxy assessments of pH (Goodkin
et al.,, 2015). For example, Bates et al. (2010) reported a seasonal
reduction in coral calcification (i.e., coral skeletal growth rates)
with reduced carbonate ion [CO?] and Qaragonite contributing
further evidence to linkage of OA to declining coral calcification.
They also highlighted the strong seasonal coupling and feedback
between rates of coral calcification (i.e., coral skeletal growth
and water assessment of net ecosystem calcification, NEC),
other ecological components of the reef system (i.e., macroalgae)
and reef chemistry. However, in a recent paper, Yeakel et al.
(2015) showed that coral calcification for the Bermuda reef has
increased over the past 5 years, despite long-term declines in
[COg_] and Qaragonite- They proposed that this recent change
was due to increased coral nutrition in response to offshore,
regional changes in North Atlantic Ocean conditions associated
with variability of the North Atlantic Oscillation (NAO). The
important inference of this finding is that other environmental
factors may mitigate the impact of OA on coral reef ecosystems.

Here, the 20-year record of CO,-carbonate chemistry data
collected from the Bermuda platform is used to examine longer—
term changes in the net metabolism of the reef system and
test the overarching hypothesis that environmental factors can
potentially offset the impact of OA. The paper is broken down
into the following sections:

1. First, a composite 20-year record of COj,-carbonate
chemistry and supporting observations from Harrington
Sound and other locations across Bermudas inshore waters
are reported for the first time.

2. Secondly, seasonal changes in CO,-carbonate chemistry of
surface and deeper waters (25 m) are determined as a pre-
requisite for examining longer-term changes. The deeper
waters of Harrington Sound typically become seasonally
anoxic in summertime at the water-sediment interface (e.g.,
Coull, 1969; Beers and Herman, 1969; Thorstenson and
Mackenzie, 1974; Andersson et al., 2007; Parsons et al.,
2015), thereby providing insights into the synergies between
deoxygenation and OA forcing.

3. The time-series record at Harrington Sound is non-regular in
time, with a sampling bias toward summertime. As with other
time-series assessments of ocean chemistry (e.g., Bates et al.,
2014), monthly averages over the 20-year period are used to
determine anomalies over time. This approach provides trends

of temperature, salinity and CO,-carbonate chemistry over
the past 20 years (1996-2016). These trends constitute one
of the longest global coastal ocean time-series of inorganic
carbon and OA indicators, and can be compared to open-
ocean changes in seawater chemistry (Bates et al., 2014).

4. The source of all Bermuda inshore waters is the offshore
Sargasso Sea surrounding the island and reefs of Bermuda.
Any biogeochemical modification of CO,-carbonate
chemistry of Bermuda waters reflects reef biogeochemical
processes (e.g., Bates, 2002; Bates et al., 2010; Courtney et al.,
2016). Differences in onshore (i.e., Harrington Sound and
other sites) and offshore (i.e., BATS) ocean chemistry are used
to determine rates of net community calcification (NEC) and
net ecosystem production (NEP) for the period 1996-2016.

5. Seasonal changes in NEC are used to show that the Bermuda
reef is predominantly net CaCOj3 accretive (i.e., calcification
> dissolution) with occasional period of net dissolution. The
seasonal shifts in NEP between net heterotrophy and net
autotrophy are also used to test if the trophic status of the
Bermuda reef is balanced (i.e., NEP = 0; Suzuki et al., 1995;
Yamamoto et al., 2001; Atkinson, 2011) or not.

6. Mean seasonal reef metabolism data are used to determine
anomalies and trends of NEC and NEP over time (1996-
2016). The interannual trends in NEC and NEP strengthen
the evidence that the Bermuda reef has experienced a period
of increased calcification and respiration that appears to have
mitigated OA-induced changes in ocean chemistry.

7. Lastly, CO,-carbonate chemistry (i.e., [CO§_] and Qaragonite)>
NEC/NEP, and coral skeletal growth rates (Bates et al., 2010)
are examined to test the relationships between calcification
and ocean chemistry (e.g., Kleypas et al., 2011; Anthony et al.,
2011; Albright et al., 2013, 2016; Andersson et al., 2014) and
if there are potential chemical thresholds for reef transition
from domination by calcifiers to non-calcifying macroalgae
(Hoegh-Guldberg et al., 2007), and net coral reef accretion
to dissolution indicators. A new CO,-carbonate chemistry
indicator is proposed herein (i.e., carbonate ionx or CIx), and
evaluated against coral skeletal growth rates and NEC rates.
CIx is highly correlated with coral calcification and NEC, and
thus, potentially more useful than [CO%‘] or Qqragonite for
examining coral-OA relationships and thresholds.

METHODS

Sampling Locations
The marine waters of Bermuda, both inshore and offshore in
the surrounding Sargasso Sea have been the focus of numerous
oceanographic studies since the 1950%. Herein, the primary
sampling locations for the project were onshore at Harrington
Sound (Figure 1A), the North Lagoon (Figure 1B), and offshore
at Hydrostation S and BATS (Figure 1C).

The shallow marine waters of the Bermuda platform overlie
a series of mesophotic terrace coral reefs, shallow rim reefs, and
adjacent patch reefs, seagrass meadows and calcareous sand areas
of the North Lagoon (Figure 1B). The North Lagoon comprises
an area of ~665.4km?, volume of 5,498 x 10° m> (vyz), and
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FIGURE 1 | Location maps of Harrington Sound, Bermuda and offshore time-series sites. (A) Bathymetry map of Harrington Sound, Bermuda. Depth
contours range from shallower than 10 m to the deepest depths of ~28m in Devil's Hole. The map is adapted from Neumann (1965) and Andersson et al. (2007). The
sediment and benthos of Harrington Sound exhibits zonation with a shallow sandy zone (0-10 m), a stony coral zone of Oculina sp. (~10-19m) and a deeper, barren,
subthermocline zone (~19-26 m) that is subject to seasonal hypoxia and occasional anoxia in the deepest part of Devil's Hole (C). (B) Comparative locations of
Harrington Sound (red box), North Lagoon and offshore. North Lagoon has a mixture of patch coral reefs, seagrass meadows and sandy areas. The approximate
location of the rim reef is shown in green with deeper terrace and mesophotic reefs offshore of this zone. The blue dashed line shows the locations of the schematic
section given in Figure 2. (C) The location of open-ocean time-series sites off Bermuda, including, Hydrostation S (1954—present), Bermuda Atlantic Time-series
Study (BATS; 1988-present), Ocean Flux Site (OFP; 1978—present), and Bermuda Testbed Mooring (BTM; discontinued).

mean depth of 8.5 m. The source of all Bermuda platform waters
is offshore, Sargasso Sea waters, with very minor contributions
from groundwater/rainwater delivery (Figure 2; Table 2). Given
the volume of the North Lagoon and an average tidal volume

(vripg) of 1,330 x 10° m? d~!, the mean residence time (r) for
North Lagoon is 4.2 days (Table 1; Morris et al., 1977; i.e, r =
vNL/vTIDE). Connected to the North Lagoon are several sounds
(e.g., Great Sound, Castle Harbor) including Harrington Sound
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TABLE 1 | Physiography of North Lagoon and Harrington Sound, Bermuda.

Location Area (kmz) Volume (106 m3) Mean Depth (m) Tidal Volume (1 05 m3 d) Residence time (day)
North Lagoon 665.4 5,498 8.5m 1,330 4.2
Harrington Sound 4.8 69.4 14.5m 2.4 29.4 (6 days®)
Harrington Sound (deeper) ~3 (20-24 m)

Devils Hole (>24 m) ~0.04 (>24-26 m)

The area, volume, mean depth, tidal volume and average residence time were taken from Morris et al. (1977). Please note that the tidal exchange of North Lagoon occurs primarily with
offshore Sargasso Sea water, with an average residence of 4.2 days for offshore water on North Lagoon. The mean residence of Harrington Sound is 29.4 days for the entire volume
of water. However, the mean residence time for surface water is approximately 6 days, given the inflow/outflow depth through Flatts Inlet (Figure 1), volume of the upper 5m and tidal

volume of Harrington Sound.

(Figure 1A). Harrington Sound has an area of ~4.8 km?, volume
of 69.4 x 10° m?, and mean depth of 14.5 m (Morris et al., 1977)
with the deepest depths at the remnant sinkhole of Devil’s Hole
(~26 m). Strong tidal flow in and out of Harrington Sound,
through Flatts Inlet, of 1.2 x 10° m3 (~2.4 x 10° m® d~!) results
in a mean residence time of 29.4 days for the entire sound, and
~6 day for the mixed layer (Table 1). Summertime water column
stratification typically results in seasonal hypoxia and anoxia in
the bottommost 2-m depth of Devil’s Hole (e.g., Coull, 1969;
Beers and Herman, 1969; Thorstenson and Mackenzie, 1974;
Brown, 1978, 1980; Andersson et al., 2007; Parsons et al., 2015).
As such, Devil’s Hole has been the focus of studies of CaCO3
sediment dissolution (e.g., Berner, 1966; Lyons et al., 1974; Balzer
and Wefer, 1981; Hines and Lyons, 1982; Andersson et al.,
2007), nitrogen cycling (Brown, 1981), trace-element cycling
(Jickells and Knap, 1984), and microbial community changes
(Coull, 1969; Parsons et al., 2015). The sediment and benthos
of Harrington Sound exhibits zonation (Neumann, 1965) with
a shallow sandy zone (0-10m), a stony coral zone of Oculina
sp. (~10-19 m) that, still to this day, sharply bounds a deeper,

barren, subthermocline zone (~19-26 m) which is subject to
hypoxia and occasional anoxia in the deepest part of Devil’s Hole
(Figure 1A).

The absence of river inputs to the Bermuda platform
(Morris et al, 1977), and continual exchange with offshore
waters predetermines that North Lagoon water reflect the
biogeochemistry of the surrounding Sargasso Sea with secondary
modification by reef biogeochemical processes. In turn,
Harrington Sound water properties are dominated by the
exchange with the North Lagoon, and thus reflect an integrated,
end-member state of biogeochemically-modified reef waters
(Figure 2). Mean rainfall and groundwater contributions to daily
exchanges between Harrington Sound and North Lagoon are
very minor at ~1% (~0.024 x 10® m*® d~!; Table 2).

Sampling History and Locations across the
Bermuda Platform

The semi-continuous and intermittent sampling of
Bermuda platform waters has occurred at several sites
since the 1990, but with sampling of surface waters at
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TABLE 2 | Mean rainfall contributions to water volumes and residence times of North Lagoon and Harrington Sound, Bermuda.

Location Area (km?2) Volume (108 m3) Tidal Volume (108 m3 d—1) Mean Rainfall Volume (10 m3 d—1)
North Lagoon 665.4 5,498 1,330 2.57 (~0.19%)
Harrington Sound 4.8 69.4 2.4 0.18 (~0.77%)
Land surrounding 2.4 n/a n/a 0.11 (~0.45%)

The area, volume, mean depth, tidal volume and average residence time were taken from Morris et al. (1977) given in Table 1. All the rainfall from the surrounding watershed is assumed
to runoff into Harrington Sound, but this is likely the maximum amount due to interception by terrestrial vegetation and evapo-transpiration.

Devil's Hole, Harrington Sound constituting the most
continuous of all sites. The ebb and flow of opportunities
for sampling reflects the realities and vagaries of field sampling
support.

Monthly collection of water column samples for temperature,
salinity, dissolved oxygen (DO), inorganic nutrients (nitrate,
phosphate), dissolved inorganic carbon (DIC) and total alkalinity
(TA), began in 1996 at Devil's Hole and Hall’s Island in
Harrington Sound and in the North Lagoon (outside of Flatts
Inlet near Tynes Bay) as part of the Bermuda Inshore Waters
Investigation (BIWI) project. After 1998, only surface and deep
Harrington Sound waters were intermittently sampled (primarily
in summertime) until mid-2005, when sampling was switched
to North Channel. With the initiation of the Water Quality and
Monitoring Project (WQMP) in 2007, surface and deep sampling
resumed at Devil's Hole, Hall’s Island, and surface sampling
at Tynes Bay, North Channel, Great Sound and several reef
sites across Bermuda. This included several periods of profile
sampling at Devil’s Hole. In early 2013, WQMP sampling ceased,
with opportunities to sample in Harrington Sound arising again
in 2016.

Analytical Measurements of Temperature,
Salinity, Dissolved Oxygen, and Inorganic
Nutrients

Temperature and salinity were determined for all sampling
opportunities at Devil’s Hole, Harrington Sound, but not always
at other sites. In situ temperature was measured with a
platinum thermister (£0.05°C). Salinity samples were analyzed
using a Guildline autosal salinometer as part of routine
measurements for BATS (Knap et al., 1994), and calibrated with
IAPSO standard seawater (Ocean Scientific, UK). Unfortunately,
dissolved oxygen and inorganic nutrient sampling and analyses
were less frequent at many of the Bermuda platform sites,
but with sampling at Devil’s Hole, Harrington Sound, being
most frequent (especially 1996-1998; 2005-2011). Dissolved
oxygen (DO) measurements were made primarily with Winkler
titrations (Knap et al., 1994; precision of ~0.5%), but occasionally
supplemented by YSI DO sensor measurements in later
years. Inorganic nutrients were analyzed using auto-analyzer
techniques used for similar measurements at the BATS site.
However, although comprehensive inorganic nutrient sampling
was undertaken in the 1990%, intermittent sampling since
then does not provide sufficient data to evaluate changes over
time.

Analytical Determination of Seawater
Dissolved Inorganic Carbon and Total

Alkalinity

Surface samples at Devils Hole (~2m deep) for DIC and
TA were drawn from Niskin samplers into clean 500
ml size Pyrex glass reagent bottles, using established gas
sampling protocols (Bates et al, 1996a; Dickson et al,
2007). A headspace of <1% of the bottle volume was
left to allow for water expansion and all samples were
poisoned with 100 pl of saturated HgCl, solution to
prevent biological alteration. Bottles sealed with
ground-glass stoppers and Apiezon silicon vacuum grease.
Rubber bands were placed around the lip of the bottle and
stopper to provide positive closure. Samples were returned
to the Bermuda Institute of Ocean Sciences (BIOS) for
analysis.

DIC was measured by a gas extraction/coulometric technique
(see Bates et al., 1996a,b for details), using a SOMMA (Single-
Operator Multi-Metabolic Analyzer) to control the pipetting
and extraction of seawater samples and a UIC CO; coulometer
detector. From 2006, DIC samples were analyzed using a
VINDTA 3C (Marianda Com). Both analytical systems use
identical chemical approaches for the measurement of DIC in
seawater, with the VINDTA 3C providing an updated instrument
for use over the last decade. The precision of DIC analyses of
this system is typically better than 0.025% (~0.4 wmoles kg™!)
based on duplicate and triplicate analyses of >4,000 seawater
samples analyzed at BIOS from 1992 to present. Seawater
certified reference materials (CRM’s; prepared by A.G. Dickson,
Scripps Institution of Oceanography) were analyzed to ensure
that the accuracy of DIC was within 0.03% (~0.5 pmoles
kg™1).

Total alkalinity (TA) was determined by potentiometric
titration with HCI (see Bates et al., 1996a,b, 2012 for details).
CRM samples were also analyzed for TA and these values were
within 0.15% (~1-2 wmoles kg~!) of certified TA values reported
by A.G. Dickson (http//www.dickson.ucsd.edu).

The use of CRM samples for ocean time-series observations
is very important for assessment of data comparability over
time and subsequent calculation of pCO, and pH for example
(Bates and Peters, 2007; Bates et al, 2012). At Harrington
Sound, the routine measurement and calibration of DIC and TA
measurements since 1996 ensured that the data are comparable
over time with error estimated at less than ~1-2 pmoles
kg~ L.

were
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Seawater CO,-Carbonate Chemistry

Computations
The complete seawater carbonic acid system (i.e., [CO.],
[H,COs], [HCO5 ], [COg_], [H*]) can be calculated from a
combination of two carbonate system parameters DIC, TA, pCO,
and pH, along with temperature and salinity. Here, pCO,, pH
[CO§_], [HCO3'], and Quragonite Were calculated from DIC, TA,
temperature and salinity data (Robbins et al., 2010).

DIC is defined as Butler (1978), Zeebe and Wolf-Gladrow
(2001) and Dickson et al. (2007):

DIC = [CO3] + [HCO3] + [CO3] (1)

where [COj3] represents the concentration of all unionized
carbon dioxide, whether present as H,CO3 or as CO;. The
alkalinity of seawater (TA) is defined as:

TA = [HCO3] +2[CO3 ] + [B(OH);] + [OH ] + [HPO; ]
+2[PO;"] + [SiIO(OH);] + [HS™] + [NH3]
+minor constituents — [HT] — [HSO,] — [HF]

—[H3PO4] — minor constituents (2)

where [HCO3] + 2[CO§'] -+ B(OH); are the major components
of seawater total alkalinity and other species are minor
constituents (Dickson et al., 2007) having negligible impact on
TA. DIC and TA are expressed as pmoles kg~!. Seawater pCO,
is the partial pressure of CO; in equilibrium with seawater,
while pH is expressed on the total seawater scale (Dickson
et al, 2007). Nitrate data was not used in the computation
due to insufficient data over time, with the qualifier that this
approach introduced insignificant uncertainty for the calculation
of pCO;,, pH, [COg_], [HCO3 '], and Qqragonite and computed
trends herein.

CaCOj3 mineral production and dissolution is governed by the
following chemical reaction:

CaCO; = [Ca*™] + [COT] (3)

CaCO3 production and dissolution rates vary as a function
of saturation state (€2). For corals and other -calcifying
marine organisms whose carbonate mineralogy is aragonite, the
saturation state is defined as the ion concentration product of
calcium and carbonate ions, thus:

Qaragonite = [Ca*T] [Cog_]/K:I(’amgomte) (4)
where the solubility product, K:}(,aragonite), depends on
temperature, salinity and pressure. Thermodynamically,

aragonite dissolution is favored when Quragonite values are <1,
while aragonite formation generally occurs at Qaragonite values
of >1.

Occasionally, hydrogen sulfide (H,S) was smelled in a few
of the deepest Devil’s Hole samples during seasonal anoxia.
Andersson et al. (2007) measured H,S concentrations of 2-46
WM, potentially contributing to alkalinity (Dickson et al., 2007).

However, poisoning of samples with Hg,Cl removes H,S and its
contribution to total alkalinity. Herein, the potential contribution
of H,S to total alkalinity was not used to correct deep Devil’s Hole
TA data. The minor contribution of H,S to total alkalinity means
that the high pCO; (~1,000 to +3,000 patm) in deep Devil’s Hole
samples during anoxia would be higher by an uncertain ~5-100
patm.

Long-Term Trend Analysis

The identification of statistical significant trends in hydrography,
ocean biogeochemistry and rate measurements such as in
situ primary production (Henson, 2014; Henson et al., 2016)
is complicated by data variability and non-uniform intervals
and gaps between sampling/data points. However, meaningful
trends have been established with open-ocean time-series data,
including seawater CO,-carbonate chemistry, that span more
than 10 years (e.g., Bates et al., 2012, 2014). Here, monthly mean
climatologies for all hydrographic and chemical parameters were
determined for all data spanning the 1996-2016 period. These
climatologies were then compared to actual data to determine
anomalies (i.e., difference between data value and monthly
climatology) over the span of the time-series (e.g., Bates et al.,
2012; Leinweber and Gruber, 2013; Bates et al., 2014). This
approach accounts for variability in data frequency and helps
remove seasonal sampling biases. Linear regression analyses
were then conducted using StatPlus to determine statistical
significance (e.g., p-value; slope and error; r and r? value) with
n-numbers in the range of 110-120. Trends with of <0.01 (i.e.,
99% level) were deemed statistically significant.

The trends determined for onshore data from Harrington
Sound were compared to offshore data collected at BATS (Bates
etal.,, 2012, 2014) using the identical approach for trend analysis.
The caveat for this approach is that there could be slight biases
imparted to trend analysis if a bias existed in sampling (e.g., early
or late in the month) during the year. Fortunately, the median
sampling fell in mid-month without any clear bias between
months of year or across the time-series span.

An alternative approach would be to interpolate between
data to achieve temporal uniformity in frequency for time-series
analysis. However, this approach does not improve the statistical
significance of trends (i.e., as p-value), and use of actual data
rather than interpolated data is the preferred approach used
herein.

Assessment of Whole Platform NEC and
NEP

The calculation of rate of net ecosystem calcification (i.e.,
NECREEF) is based on the alkalinity anomaly-water residence
time technique (e.g., Smith and Key, 1975; Kinsey, 1978;
Chisholm and Gattuso, 1991; Bates et al., 2010; Langdon et al.,
2010; Albright et al., 2013; Courtney et al., 2016) that has been
used previously for estimating in situ rates of calcification for
reef systems (Gattuso et al.,, 1996; Silverman et al., 2007). In
the method differences between offshore and onshore nTA are
assumed to result from the balance of reef calcification and
dissolution (i.e., NEC) that changes the TA content of waters
overlying the reef (i.e.,, ATANEC),
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TABLE 3 | Long-term trends (1996-2016) of seawater CO,-carbonate chemistry observed in Harrington Sound and compared to offshore data at BATS.

Parameter Trend n p-value r-value BATS trend comparison
Temperature -0.055 =+ 0.024°C year™! 120 NS 0.21 —0.055 + 0.024°C yeaF1

Salinity +0.028 + 0.005 year~! 120 <0.001 0.49 +0.0006 + 0.0004 year~!

DIC +3.18 4 0.48 wmoles kg~ year™! 120 <0.001 0.54 +1.51 4+ 0.08

nDIC +1.72 £ 0.49 pmoles kg~ year—1 120 <0.001 0.32 +1.46 + 0.08

nDICAnT (as for BATS) +0.80 pmoles kg~ year™

TA +0.24 + 0.45 wmoles kg~ year™! 120 NS 0.05 +0.15 + 0.06 pmoles kg~ year™!
nTA —1.44 + 0.39 pmoles kg~ year™ 120 <0.001 0.46 +0.11 + 0.06 pmoles kg~ year™!
pH -0.0046 + 0.0009 year™! 120 <0.001 0.44 -0.0022 =+ 0.00019 year™

pCO- +5.40 £ 1.01 patm year*1 120 <0.001 0.05 +2.13 + 0.16 patm year™ '
Qaragonite -0.031 + 0.006 year™! 120 <0.001 0.44 -0.014 + 0.0012 year™!

[cogf] —1.5 £ 0.45 pmoles kg~ year—! 120 <0.001 0.47 -0.87 £ 0.07 pmoles kg~ year—!
Chlorophyll n/a <0.05 0.10 +0.0037 + 0.001 mg C m—2year~!
Nitrate n/a <0.05 0.10 +0.0107 + 0.004 wmoles kg~ 'year—!
POC n/a <0.001 0.19 +0.087 4 0.066 wmoles kg~ 'year—!
DOC n/a <0.001 0.30 +0.114 4 0.018 wmoles kg~ year~!

Here, n/a mean no or insufficient data data to determine trends. NS means not significant.

Here, seasonal values for ATANEC are determined using the
observed difference in salinity normalized TA (i.e., n"TA) between
offshore and onshore (nTA,fghore-NTAnarringtonsound) using data
from BATS and Harrington Sound (Table 3). Sampling at BATS
and Harrington Sound were not typically conducted on the same
day but as close as possible in time. For each onshore-offshore
couplet of data, BATS data was typically sampled up to 10 days
to 2 weeks before sampling at Devil’s Hole. This offset in time
represents the median time of 1-2 weeks for waters to transit
from offshore to Harrington Sound. The NEC™¥ rate is then
calculated by scaling the values of ATANEC to an appropriate
water depth (Z) and water residence time (t) for the reef. Thus,
following the method of Langdon et al. (2010):

NEC™ = ATANEC = —0.5(nTAofishore
_nTAharringtonsound) - (rZ)/t (5)

where r is the density of seawater. Here, an average water depth
of 8.5m and water residence time of 4.2 days for North Lagoon,
and 14.5m and water residence time of 10 days for Harrington
Sound (Table 1) is used in the calculations of NEC¢f and NEPreef
rates with a few scaling issues, caveats and uncertainties that
are discussed further. Rates of NEC™®f are expressed in units of
mmoles CaCO3 m~2 d~! (or expressed as g CaCO3 m~2 d~!
using a molecular weight of 100.09).

Secondly, the change in DIC for waters overlying the reef due
to NEC (i.e., AnDICNEC) i calculated using a TA:DIC ratio of
2:1). Thus:

A nDICNEC = AnTANEC /2 (6)

The rate of net ecosystem production (i.e., NEP™) for the reef
is calculated by mass balance given that NEP imparts a change in

the DIC content of waters overlying the reef (with photosynthesis
and respiration causing no change in TA). The rate of NEP™f is
thus calculated by mass balance using the observed differences
in nDIC between onshore and offshore (i.e., AnDICgshore—
nDICharringtonsound; Table 3) and A nDICNEC,

NEP™ = A nDICNC = nDICqfshore — NDICharringtonsound

— A nDICNEC (7)

In Equation (7), NEP™fis expressed in units of mmoles C m~>
d=! (or expressed as g C m~2 d~! using a molecular weight
of 12).

Here, the contribution of air-sea CO;, gas exchange (using
the details given in Bates, 2007) and freshwater inputs to
AnDICNEC and NEP™f were estimated as minor (<1%) and
thus negligible contributions to the computation of NEC
and NEP.

In later sections, both DIC and TA were normalized to
a constant salinity of 36.6 (to account for changes imparted
by salinification/freshening or evaporation/precipitation),
and represented by the terms nDIC and nTA,
respectively.

Propagation of Uncertainty

Uncertainty for the bottle, NEC, and NEP rates was estimated
using standard procedures for propagation of uncertainties
summarized by Ku (1966). Uncertainty of measured DIC
and TA (41 pmoles kg_l) was obtained from replicate
measures of CRMs, with uncertainty of NEC and NEP at
0.08g CaCO; m~2 d~! and 0.008 mmoles C m—2 d7,
respectively.
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RESULTS

Twenty Years of Surface Variability at

Harrington Sound

The time-series of hydrography and CO;-carbonate chemistry
at Harrington Sound from 1996 to 2016 is shown in Figure 3,
with a couple of notable sampling gaps in 2000 and 2013-
2015, respectively. On several panels of Figure 3, data from the
bottommost depth of Devil's Hole (~23-25m) are shown in
comparison.

Assessment of Surface Seasonal Variability

at Harrington Sound

The non-uniform frequency of sampling at Harrington Sound
requires different approaches to elucidate meaningful assessment
of physical and chemical changes over time. As described in the
methods, monthly mean physical and chemical properties were
determined using the 20-year record (Figure 4) and compared
to similar, mean monthly surface ocean climatology observed
offshore at BATS (1996-2012; Bates et al., 2012, 2014). The
rationale for this approach is to determine underlying trends and
account for episodic sampling and potential seasonal biases in
sampling.

Temperature and Salinity Seasonal Variability

The range of mean seasonal temperature at Harrington Sound
was higher (~12°C; mean of 23.09 £ 4.61°C) than observed
at BATS (~7°C; 23.49 +£ 3.06°C). Relative to the open-ocean,
surface temperatures at Harrington Sound were warmer in
summertime and cooler in winter by a couple of degrees
(Figure 4A). Surface salinity at Harrington Sound had a similar
seasonal range to offshore at BATS with relatively small seasonal
ranges (~0.2; Figure 4B). The mean monthly salinity of 36.34
+ 0.08 was lower than offshore (36.58 + 0.09), but with
large variability in actual data (Figure4B). Such variability
reflects day-to—day variation in rainfall to the North Lagoon
and Harrington Sound. The lower mean salinity of ~0.24 in
Harrington Sound is a similar value to the freshening of onshore
waters expected by mean rainfall (1.41 m year~!) in the region
over the past 25 years. Given rainfall amounts, mean depth and
residence time for the Bermuda platform waters, a mean decrease
in offshore salinity of 0.28 is estimated.

DIC, TA, and Dissolved Oxygen Variability

The seasonal ranges of DIC, TA, and dissolved oxygen (DO) at
Harrington Sound were higher than observed offshore at BATS
(Figures 4C-E). At Harrington Sound, DIC and nDIC values
were higher in winter by ~20-30 pmoles kg=! (January to
May) and substantially lower by up to 50-60 jLmoles kg™! in
summertime (June to October; Figure 4C). The mean DIC and
nDIC values at Harrington Sound was 2,024.3 &= 33.5 and 2,039.1
+ 34.9 wmoles kg1, respectively, compared to 2,046.5 4 15.1
and 2,047.0 & 10.4 pmoles kg~! offshore. Similarly, mean TA
and nTA values at Harrington Sound were much lower by ~40-
50 jumoles kg~! (i.e., mean values of 2,329.5 4 24.7 and 2,346.2
+ 26.5 pwmoles kg™, respectively) when compared to offshore

values (i.e., mean values of 2,388.7 & 5.9 umoles kg ~! and 2,389.6
+ 0.7 wmoles kg1, respectively; Figure 4D).

Freshening of the surface layer accounts for ~65% and 27%
of the lowered DIC and TA observed at Harrington Sound.
However, compared to offshore data, the remaining loss of
DIC and TA by a mean of ~35 and 73% respectively, reflects
chemical modification of inshore waters by reef biogeochemical
processes. Mean values of nDIC and nTA in the North Lagoon (a
few years of contemporaneous observations) were very similar
to Harrington Sound values (DIC and nTA higher by ~1
and 7 pwmoles kg~!, respectively). This finding indicates that
Harrington Sound observations are a good indicator of Bermuda
inshore water changes relative to offshore conditions.

The seasonal climatology of dissolved oxygen contents at
Harrington Sound showed higher DO values in winter by up
to 15-20 wmoles kg~! compared to offshore, but similar values
onshore and offshore in summertime (Figure 4E). However,
caution is advised here as only a few years of DO sampling were
undertaken.

pH, pCO2, Raragonite and [CO2~] Variability

As with DIC and TA, other parameters of the CO,-carbonate
system showed larger seasonal variation at Harrington Sound
compared to offshore (Figures 4F-H). pH had a larger seasonal
range of ~0.12 compared to ~0.08 (Figure 4F), and the same for
pCO; (i.e., ~120 patm onshore compared to ~70 patm offshore;
Figure 4G). Similarly, seasonal ranges for Quragoniteand [COg_]
were about twice than that observed offshore (Figure 4H). The
mean pCO, of Harrington Sound was ~42 patm higher than
offshore, while pH, Qaragonite and [COg_] were lower by ~0.35,
~0.41 and ~26 pwmoles kg1, respectively.

Anoxia and Biogeochemistry of Devil’s

Hole, Harrington Sound
It is more than 60 years since seasonal summertime anoxia was
first observed in the bottom depths of Devil’s Hole, Bermuda
(Beers and Herman, 1969; Figure 1A), and it reoccurred in 2016
again (Figure 3B). A composite climatology for the bottom depth
of Devil’s Hole (~23-25m deep) shows an attenuated seasonal
cycle for temperature relative to surface waters, with temperature
typically ~4°C cooler (Figure 5A) while salinity (not shown in
Figure) does not show significant difference between surface and
deep. For much of the year (e.g., October to May), dissolved
oxygen contents in deep Devil’s Hole are similar to surface DO
contents. However, in early summer, hypoxia typically develops
in the bottom 1-3 m of the water column, with anoxia typically
occurring in September (Figure 5B). In October, the water
column typically mixes to the bottom depth of ~25m due to
seasonal cooling and mixing either through convection or wind
event (i.e., hurricane passage or early winter storm front passage;
Bates, 2007). Unfortunately, the time-series record of deep DO
at Devil’s Hole is not complete enough to demonstrate any long-
term change in the deoxygenation of deep waters. There is also
insufficient data to show if denitrification rates are significant in
the bottom waters (Figure 5C).

The CO;,-carbonate chemistry of the anoxic bottom water of
Devil’s Hole show large perturbation from surface and offshore
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FIGURE 3 | Time-series of surface (~1 m) hydrographic and seawater CO,-carbonate chemistry from Devils Hole, Harrington Sound, Bermuda
(1996-2016). In (B-G), actual surface data are shown with open circle symbols, while deep (>24-26 m) data are shown as open square symbols in all the panels. (A)
Temperature (°C; red circle) and salinity (orange circle); (B) Surface dissolved oxygen (umoles kgr1 ; brown circle). Deep (i.e., 24-26 m) DO data in Devil's Hole is
shown as open square; (C) Dissolved inorganic carbon (DIC; wmoles kg‘1 ; green circle), and salinity normalized DIC (nDIC; pmoles kg‘1; blue circle); (D) Total
alkalinity (TA; wmoles kg_1 ; deep blue circle), and salinity normalized TA (nNTA; pmoles kg—1 ; cyan circle); (E) pH (yellow circle); (F) pCO» (natm; purple circle); and (G)
Qaragonite (salmon circle).
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values, with pCO, as high as 3,500 patm, pH as low as 7.2
(Figures 3E,F, 5D) and Qgqgonite values less than one (nearly
always in September; Figure 3G). About a third of the years
sampled, the bottom waters also had (i.e., Qgcte) Vvalues less
than one, indicative that these waters were chemically conducive
for dissolution of both aragonitic and calcitic components of
Devil’s Hole sediments. Seasonal dissolution of sediment CaCO3,
observed more than 40 years ago (e.g., Berner, 1966; Thorstenson
and Mackenzie, 1974; Balzer and Wefer, 1981), still appears to
occur in the present day.

Despite the shortcomings of data collection at Devil’s Hole,
the CO,-carbonate chemistry of seasonally anoxic bottom waters
may be changing, perhaps partly coupled to changes in surface
water chemistry (discussed later in section Long-Term Trends
(1996-2016) of Seawater CO,—carbonate Chemistry). In the late
1990’s, bottom water pCO, were reported at ~600-1,200 jLatm
(Balzer and Wefer, 1981), up to 1,800 in 2000/2005, and over
3,000 patm in 2011/2012 and 2016 (Figure 3F). In these latter
years, bottom water pH has dipped below 7.3, and Quragonite
values to less than 0.5, with the caveat that large year-to-year
variability will obscure determination of statistically significant
long-term trends for at least the next decade or so. However,
over the last decade, the persistence of anoxia/hypoxia appears

longer in duration (e.g., 4 months) when compared to anecdotal
evidence of shorter duration events in the 1960’s and 1970s. The
more important feature of Devil’s Hole is the potential value
of studying sedimentary dissolution and fluxes (e.g., Andersson
et al, 2007) under a very wide range of chemical environments
(oxic to anoxic conditions, pH range of <7.2-8.2 and Qaragonite
values from ~3 to <0.5.

Long-term Trends (1996-2016) of Seawater

CO,-Carbonate Chemistry

Temperature and Salinity Trends

The seasonal climatology of hydrography and seawater CO,-
carbonate chemistry reported in section DIC, TA, and Dissolved
Oxygen Variability earlier were used to determine physical
and chemical anomalies relative to the 1996-2016 climatology
(e.g., Bates et al., 2012, 2014). For this 20-year period, surface
temperatures at Harrington Sound did not show statistically
significant trends over time (trend of —0.06°C year™!; p >
0.01 was not significant; Table 3; Figure 6A). Offshore, surface
temperatures observed at Hydrostation S have warmed by 0.11°C
per decade since the mid-1950’s (Bates et al., in review), but the
trends were also non-significant over the past couple of decades.
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In contrast to temperature, surface salinity has increased in
Harrington Sound at a rate of +0.028 £ 0.005 year™! (i.e.,
0.28 decade™!; Table 3; Figure 6B). This salinification of surface

waters compares to an increase in salinity at Hydrostation S
of +0.015 year~! since the mid-1950’s (i.e., 0.15 decade™!;
Table 3; p < 0.01; Bates et al, in review). The greater rate
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of salinity increase in Harrington Sound may reflect increased
evaporative fluxes (relative to precipitation) from the shallow
Bermuda platform waters due to increased wind speed over the
last few decades (Bates, 2007; Young et al., 2011; COADS wind
speed data, data access August 2016).

Seawater COo-Carbonate Chemistry Trends

The long-term trends for surface seawater COj-carbonate
chemistry at Harrington Sound are given in Table 3, with all
trends statistically significant except for total alkalinity (TA). Of
the observed parameters, DIC and nDIC increased at a rate of
+3.17 #+ 0.48 pwmoles kg~! year™!, and +1.72 & 0.49 pwmoles
kg™! year™!, respectively (Figure 6C). In contrast, no trend for
TA was determined, but rather, a significant decreasing trend for
nTA at —1.44 + 0.39 umoles kg ! year ! (Figure 6D). For DIC,
about 55% of the trend was due to increasing salinity (determined
from the difference in nDIC and DIC trends), with the remainder
due to other processes (e.g., anthropogenic uptake of CO, and
changes in net metabolism of the Bermuda reef. For TA, any
increase due to salinification of Harrington Sound waters was
counteracted by a substantial decrease in TA due to other causes
(i.e., changes in net ecosystem calcification discussed later). Over
20 years (1996-2016), nDIC has increased by ~35 pumoles kg’1
while TA has decreased by ~29 pumoles kg !

Other parameters of the seawater CO,-carbonate system
also substantially changed from 1996 to 2016. Seawater pH,
Quaragonite and [COg_] values decreased at —0.0046 =+ 0.0009,
—0.031 £ 0.006 year™!, and ~1.50 & 0.6 pmoles kg~! year™!,
respectively (Table 3; Figures 6E,G). Over the past 20 years, such
change in seawater pH is equivalent to a 30% increase in [H™]
concentration. At the same time, pCO; increased at a rate of +5.4
+ 1.0 patm year~!, or almost 100 patm (~25% increase) from
1996 to 2016 (Figure 6F).

DISCUSSION

Comparison of Onshore and Offshore
Trends in Seawater CO>—carbonate
Chemistry

Several factors often confound the assessment of long-term
changes in physical and biogeochemical properties of the
marine environment, including seasonal variation; signal-to-
noise problems and analytical approaches not sensitive or
accurate enough. Large seasonal variation of biogeochemistry
in shelf seas (e.g., Borges et al, 2010) can dominate longer-
term, gradual changes of seawater CO,-carbonate chemistry
and ocean acidification signal. Time-series of seawater CO,—
carbonate chemistry in the coastal marine environment tend
to be relatively short (i.e., less than 10 years) with observation
over an annual cycle (e.g., Johnson et al., 2013), a few years of
regular sampling (e.g., Oregon coast, Harris et al., 2013; Santa
Monica Bay, Leinweber and Gruber, 2013; Bermuda, Yeakel et al.,
2015) that extends to 8 years of sampling (Bay of Bengal, Sarma
et al., 2015). Other approaches include assessments of change
from repeat sampling multi-year intervals between sampling
(e.g., North Sea, (Clargo et al., 2015); coastal margin of the USA,

Wanninkhof et al., 2015), or model assessments of longer-term
change (e.g., California Current, Hauri et al., 2013; Turi et al.,
2016).

The signal-to-noise problem (Santer et al., 2011) complicates
trend assessment and time of emergence (ToE) of trends. In
the ocean, Keller et al. (2014) have demonstrated that the time
of emergence for pCO, and pH is about 12 years and ~10-
30 years for DIC, with open-ocean time-series sufficiently long
in duration to demonstrate long-term trends (e.g., Bates et al,,
2014). Similarly, the Harrington Sound time-series of seawater
CO;—carbonate chemistry and anomalies from 1996 to 2016 is
thus of sufficient length to demonstrate trend emergence and it
constitutes one of the longest, if not the longest, coastal ocean
time-series in the global coastal ocean.

The Harrington Sound trends in seawater CO,-carbonate
chemistry were notably different from those at existing open-
ocean time-series (Bates et al, 2012, 2014), with higher
annual/decadal rates of increase in DIC and pCO5;, and decrease
in pH, Qaragonite and [cog—] (Table 3). As the lengthiest
coastal ocean time-series, Harrington Sound is difficult to
compare to other shorter time-series, especially given the
absence of contemporaneous observations in subtropical/tropical
marine environments, in particular. In temperate environmental,
seawater CO,-carbonate chemistry trends are mixed, with no
surface trends detectable in Santa Monica Bay, for example
(Leinweber and Gruber, 2013). In contrast, pH and CaCO3
saturation states have declined at higher rates than the open
ocean in the North Sea (Thomas et al., 2007; Clargo et al., 2015)
and Washington state, USA (Wootton et al., 2008) in response
to a combination of ocean uptake of anthropogenic CO, (e.g.,
ocean acidification) and marine ecosystem and land-ocean flux
changes.

As discussed, about one third of the increasing DIC trend
of +3.18 4 0.48 pwmoles kg~! year™! was due to salinification
of surface waters. The residual trend of +1.72 £ 0.49 pmoles
kg™ year™! (i.e, nDIC, Table3) reflects changes associated
with ocean uptake of anthropogenic CO; (i.e., nDICaNT), air-
sea CO; gas exchange and biogeochemical changes. An ocean
uptake of anthropogenic CO; of ~ +0.8 umoles kg~! year~! for
Bermuda onshore waters is assumed (~25% of the DIC trend;
i.e., nDICANT), given long-term rates established at BATS and
other open-ocean time-series sites (Bates et al.,, 2012, 2014).
Previous studies have also shown that air-to-sea flux of CO,
from gas exchange is increasing due to an increase in windspeed
(40.042ms™! year‘l) over the subtropical North Atlantic Ocean
and the island of Bermuda (Bates, 2007). However, given the
seasonality and annual increase of seawater pCO, at Harrington
Sound, changing air-sea CO; gas exchange would only contribute
+0.04 wmoles kg™! year™! to the DIC trend (~1% of the DIC
trend). The residual component of the DIC trend (i.e., +0.86
pmoles kg=! year—! or ~28%) likely reflects changes in the
balance of reef biogeochemical processes.

The other substantial change in seawater CO,-carbonate
chemistry at Harrington Sound relates to the decrease in nTA
(i-e., ~1.44 wmoles kg ! year™!) that also reflects changes in the
balance of reef biogeochemical processes. Thus, the combination
of increasing DIC and decreasing alkalinity observed over time
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at Harrington Sound is the dominant driving force behind the
notably higher increase in pCO; and decrease in pH, Qaragonite
and [CO?] when compared to contemporaneous open-ocean,
offshore trends.

Insights into reef Rates of NEP and NEC

and reef Metabolism

The time-series of Harrington Sound seawater CO;-carbonate
chemistry offer insights about the changing status of the Bermuda
reef biogeochemical processes. As described earlier (Section
Long-term Trend Analysis), comparison of contemporaneous
onshore and offshore DIC and TA differences provides estimates
of net community calcification (NEC) and net ecosystem
production (NEP). This approach has been used before for
the Bermuda reef system (e.g., Bates, 2002; Bates et al., 2010;
Andersson et al,, 2014; Yeakel et al., 2015; Courtney et al.,
2016) and many other reefs (e.g., Chisholm and Gattuso, 1991;
Suzuki et al., 1995; Gattuso et al.,, 1998; Suzuki and Kawahata,
2003; Anthony et al,, 2011; Kleypas et al., 2011; Albright et al.,
2013; Inoue et al., 2013; Lantz et al., 2014; Koweek et al., 2015).
Only a few of these studies extend to 5 years, and thus, the
Harrington Sound data provides the first long-term assessment
of reef metabolism and reef NEC and NEP.

As in Section Assessment of Surface Seasonal Variability
at Harrington Sound, mean monthly climatology of Bermuda
reef NEC and NEP was determined first before interannual
anomalies. These data allow the following interlinked questions
to be tested: (1) Does the Bermuda reef exhibit seasonal changes
in biogeochemical processes such as calcification, dissolution,
production and respiration? (2) Is the Bermuda reef net accretive
with respect to CaCOs3; (3) Is the trophic status of the Bermuda
reef in balance (i.e., NEP = 0) or net heterotrophic or net
autotrophic on an annual basis?

In a recent study, Yeakel et al. (2015) proposed that the
Bermuda reef exhibited increased calcification and increased
respiration over the past 5 years due to increased coral nutrition.
The Harrington Sound data can be used to test this hypothesis
over a longer time period and the following questions: (4)
Does the Bermuda reef ecosystem exhibit increased calcification
and respiration over the past two decades offsetting ocean
acidification? (5) Does this change in reef metabolism relate to
other external factors?

Does the Bermuda Reef Exhibit Seasonal Changes in
Biogeochemical Processes?

The Bermuda reef exhibits seasonal changes in NEC and NEP
(Figure 7). For most of the year, rates of NEC are positive
indicative of net calcification. The highest rates of calcification
occurred in late summer (September to October) of up to ~1.5g
CaCO; m~2 4! (Figure 7A), later than the seasonal peak in
Quaragonite and [cog—] (Figure 4H). These rates of NEC were
similar to previously reported calcification rates of ~1.3-3.2¢
CaCO3; m~2 d7! scaled up from in situ skeletal growth rates
(measured over 50-70 days of growth) observed at Hog Reef,
Bermuda from 2002 to 2003 using the dominant coral species,
Diploria labyrinthiformis (Amat and Bates, 2004; Bates et al,,
2010).

Surprisingly the seasonal rates of NEC decreased to near zero
in the March to May period (Figure7A). During the 1996-
2016 period, NEC became negative on occasion in winter and
exceptionally in summertime, indicative of net dissolution on the
reef system of up to ~6g CaCO3; m~2 d~!. In an early study
of Bermuda reef NEC and NEP, there were hints of a seasonal
transition in winter to net dissolution, but assumptions about
skeletal growth rates underlay this synthesis (Bates, 2002). Here,
it appears that although the Bermuda reef system is dominated
by net calcification, the reef system can switch to net dissolution
seasonally. Similar seasonal net dissolution has been recently
observed on the Florida Reef tract (Muehllehner et al., 2016).

Does the Bermuda Reef Experience Net
Accumulation of CaCO3?

The mean annual NEC estimated for the Bermuda reef system
over the 1996-2016 period was ~2.2 + 1.6g CaCO3; m~2 d~!
which is on the lower end of typical calcification ranges observed
for other reefs (<2-40g CaCO3; m—2 d—1; e.g., Kinsey, 1985;
Barnes and Lazar, 1987; Gattuso et al., 1993, 1996, 1999; Yates and
Halley, 2006; Silverman et al., 2007). Despite occasional episodes
of net dissolution, the growing evidence presented here indicates
that the Bermuda reef system experiences a net accumulation
of CaCO;3. The mean annual rate of net calcification for the
Bermuda reef is estimated at 0.8 & 0.6g CaCO3; m™2 year L. If
scaled to the entire Bermuda reef system, this is equivalent to an
annual CaCO; production rates of ~4.4 + 3.6 Tg CaCO3 year ™!

Is the Trophic Status of the Bermuda Reef in
Balance?

The NEP of the Bermuda reef had a different mean seasonal
pattern to NEC (Figure 7B). The May to September period had
negative NEP values of up to —0.5g C m~2 d™! and indicative
of net autotrophy (i.e., photosynthesis > respiration). However,
surprisingly, the October to April period had positive NEP
values of up to +0.3g C m~2 d~! and, thus indicative of net
heterotrophy (i.e., respiration > photosynthesis). On diurnal
timescales for other reef systems, many studies have shown
shifts between net autotrophy and net heterotrophy (i.e., balance
of photosynthesis and respiration during the day/night cycle;
e.g., Gattuso et al, 1996; Ohde and van Woesik, 1999), but
not on seasonal time-scales. While there was much variability
in NEP rates, this finding indicates that the Bermuda reef
system does seasonally alternate between net autotrophy and net
heterotrophy.

In other reef systems, studies have shown that organic carbon
production and remineralization are roughly balanced, with no
or little organic material accumulation in sediments of reef
systems (e.g., Yamamoto et al., 2001; Atkinson, 2011). In such
circumstances, the trophic status of the reef is balanced and NEP
is close to zero. The Harrington Sound data indicates that the
mean NEP value for the Bermuda reef is +0.02 & 0.09g C m ™2
d~!, and thus, the trophic status may not be in balance. Although
the mean NEP is close to zero, positive values suggest that the
Bermuda reef is slightly net heterotrophic, with a net delivery
of offshore sourced organic matter that is respired onshore
throughout the reef system (Yeakel et al., 2015).
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Does the Bermuda Reef System Exhibit Increased
Calcification and Respiration over the Past Two
Decades Offsetting Ocean Acidification?
As with anomalies of seawater COj,-carbonate chemistry
discussed in Section Long-term Trends (1996-2016) of Seawater
CO; -carbonate Chemistry, anomalies of NEC and NEP show
significant changes over the past two decades (Figure 8). For
example, NEC has increased from 1996 to 2016 at a rate of ~0.07
+0.03g CaCO3; m~2d~! or about 3% per year. This represent an
increase in calcification of ~0.7 £ 0.3 g CaCO3 m~2 per decade
or about a 31% increase per decade of Bermuda reef calcification
(Table 4).

Contemporaneous with these changes in NEC, the rates of
NEP have also increased at ~75 + 32 mg C m~2 d~! or a shift to
stronger net heterotrophy. This rate of NEP increase represents

an increase in respiration of ~0.7 & 0.3g C m~2 per decade or
about a 32% increase per decade in Bermuda reef respiration.
Twenty years of Harrington Sound data strongly indicate that
the entire Bermuda reef system has exhibited an increase in
both calcification and respiration as hypothesized by Yeakel et al.
(2015).

In previous studies, strong seasonal relationships have been
observed between coral calcification and decreasing $2aragonite
and [COg_] for the Bermuda reef and many other reef
systems. While this seasonal linkage of calcification and CO,-
carbonate chemistry still holds for the Bermuda reef, the
increase in NEC over the past two decades indicates that
calcification has increased over time. This finding indicates
that gradual reduction in Qaragonite and [CO%f], and by
inference reef calcification, due to ocean acidification has
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TABLE 4 | Long-term trends (1996-2016) of net ecosystem calcification
(NEC) and net ecosystem production (NEP) estimated for the Bermuda
coral reef system using Harrington Sound data.

Parameter Trend n p-value r-value

NEC +0.70 + 0.3g CaCO3 m~2 per 107 <0.001 0.30
decade (31%)

NEP +0.75 + 0.3g C m™2 per decade 107 <0.01 0.24

(32%)

for the past two decades been counteracted by other reef
processes.

Does this Change in Reef Metabolism Relate to
External Factors?

Yeakel et al. (2015) posited that the 5-year increase in both
calcification and respiration on the Bermuda reef resulted from
increased coral nutrition augmenting coral calcification, thereby
counteracting the impact of ocean acidification. The findings of
this study indicate that this scenario may have been in place for
the past 20 years or so for the Bermuda reef. It highlights the
need to understand the combined synergistic impact of ocean
acidification and other environmental forcing for coral reef and
calcifying ecosystems.

Is an increase in food and nutrition augmenting coral
calcification on the Bermuda reef and potentially other reefs? It
is a difficult question to answer, but other supporting evidence
give some clue to the potential for external, offshore factors
to influence reef metabolism. From 1988 to 2008, open-ocean
chlorophyll biomass and rates of in situ primary production
observed offshore at BATS increased (Lomas et al., 2010, 2013)
with coccolithophore (i.e., calcifying phytoplankton) biomass
increasing at BATS (Krumhardt et al., 2016) and over the entire
subtropical gyre of the North Atlantic Ocean. At the same time
as the increase in calcification and respiration shown for the
Bermuda reef, offshore chlorophyll a biomass has increased by
~22% per decade (Table 3). Furthermore, nitrate values in the
mixed layer had almost doubled over the past two decades
and suspended particulate organic carbon (POC) and dissolved
organic carbon have increased by ~30 and 2% per decade,
respectively. It is difficult to substantiate increased coral nutrition
over the past two decades, but it is clear that the concentration of
suspended particulate and dissolved organic carbon has increased
over time in offshore waters surrounding Bermuda. The “wall” of
coral feeders would thus likely take advantage of increased food
availability from surrounding offshore waters. The proviso is that
even though Bermuda coral might be feeding at a higher rate,
only future experimental studies will confirm the linkage between
increased nutrition and enhanced coral calcification.

Evaluating the relationships between
CO,-carbonate chemistry, calcification,

and net Ecosystem calcification
The relationships between seawater CO,-carbonate chemistry
(i.e., [CO?] and Qaragonite)> and coral calcification for in vitro

and in situ conditions (e.g., Anthony et al, 2011; Kleypas
et al,, 2011; Albright et al., 2013; Andersson et al., 2014) have
been used predict future reef transition from domination by
calcifiers to non-calcifying macroalgae due to ocean acidification.
Uncertainties of the thresholds of [COg_] or Quragonite for when
ocean chemistry suppresses coral calcification or transition from
net reef calcification to dissolution of either [CO?] and Qaragonite
pose a serious issue for prediction of future impact of OA,
and especially given that other environmental factors such as
temperature and light are important (e.g., Gattuso et al., 1996,
1998). Neither [CO?] or Qaragoniteare particularly suitable as
potential chemical indicators of calcifier response to OA as Jokiel
(2016) has pointed out previously.

In earlier studies of the Bermuda reef system, in situ coral
calcification rates (i.e., skeletal growth rates (measured either as
mg CaCO3 gd~! or mg CaCO3; cm~2 d~!) measured in 2002 and
2003 for the major framework builder, D. labyrinthiformis, were
well correlated with [CO?] or Qaragonite (r = 0.68; please note
that 72-value come from the original source and has a p-value of
<0.01), but less so with temperature or light (Bates et al., 2010).
Coral calcification appears to reach their highest seasonal rates in
September to November and after peak surface temperatures (in
August) and light conditions (July). NEC rates computed for the
Bermuda reef system in this study (Figure 7B) also show a peak
in September to November, and they are poorly correlated with
temperature (Figure 3). But, NEC rates are also poorly correlated
with [CO§_] or Qaragonite (Table 3). Coral calcification requires
uptake of [COg_] (and dissolved Ca%*1), with an energetic cost
of expelling H to enable alkalinization of fluids at the site of
CaCOj; formation (Jokiel, 2016). Thus, it may be useful to assess
the relationships between calcification or NEC and a ratio of
[COg_] to [HT] (e.g., [HT] rather than pH due to the log scale
of the latter). A useful chemical tracer is thus CIx, where:

CI* = [CO3™]/([HT] x 1000) (8)
with the multiplier bringing both [COg_] and [HT] to the same
molar scale. If CI* increases, the proportion of [CO?] to [HT]
is greater in seawater. CI* thereby provides a useful indicator
of the relative proportion of both chemical species, and the
chemical gradient against which coral take up [CO3™] and expel
[H*]. The annual NEC rate data from Harrington Sound is well
correlated to CIx (¥ = 0.50) as well as individual colony skeletal
growth rates measured at Hog Reef, Bermuda (Bates et al., 2010).
However, the utility of using a tracer such as CIx needs to be
evaluated in other reef settings. It may be that CO,-carbonate
chemistry is not a good, singular, predictor of coral calcification,
but instead, requires systemic knowledge of contemporaneous
temperature and light responses, for example.

A question remains, however, as to why coral calcification
and NEC are apparently higher in the late summer/early autumn
(September to November). The chemical thermodynamics of
the seawater CO;-carbonate system variably influence [CO?]
and [H*] depending on temperature, DIC and TA, primarily.
The influence of DIC/TA and temperature can be tested
independently by taking typical winter Bermuda reef chemistry
and either changing DIC/TA according to observed seasonal
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changes (but keeping temperature constant) or changing
temperature according to typical seasonal changes (but keeping
DIC and TA at winter values). In the first scenario, the loss of
DIC and TA in summertime increases [COg_] and decreases
[H']. In the second scenario, increasing temperature primarily
increases [H']. In the Bermuda reef system, autumn [COg_]
remains similar to mid-summer values of ~225-235 pmoles
kg™!. At the same time, however, surface-ocean cooling after
August decreases [H"] values rapidly, thereby increasing the
relative proportion of [CO?] to [HT] during the September
to November period. A hypothesis can be proposed that argues
that the coincident highest rates of calcification and NEC, after
mid-summer, reflect a seasonal reduction of energetic demands
to expel intracellular [H], thereby facilitating coral calcification
(when [CO?] values remain relatively high compared to winter
and spring conditions). Such a hypothesis can be tested in vitro
with different coral species, or from spatio-temporal sampling
of other reef systems for seawater CO,-carbonate chemistry and
NEC changes.

However, it should be noted that the rate of NEC reflects the
balance of calcification and CaCOj3 dissolution. Thus, NEC may
not be directly coupled to coral calcification. An increase in NEC,
as observed for the Bermuda reef system, might also reflect a
seasonal reduction in CaCOj3 dissolution or coral bioerosion, for
example.

CONCLUSIONS

A few decades of open-ocean observations in the open-ocean
have shown consistent and gradual changes in seawater CO,—
carbonate chemistry over time (Bates et al., 2014). Such changes
in ocean chemistry highlight the impact of the uptake of
atmospheric CO; by the ocean and ocean acidification. As Duarte
etal. (2013, 2015) have argued, the signal and response of marine
ecosystems to OA in the coastal ocean is not clear due to a limited
number of time-series observations that extend beyond 5 years
of sampling for inorganic carbon and supported measurements.
There are few long-term records (>5 years) of the coastal
ocean with which one can assess the pace and direction of
environmental change, and response to OA.

In this paper, surface ocean observations collected from
1996 to 2016 at Harrington Sound, Bermuda, provide one of
the longest time-series of coastal ocean inorganic chemistry.
The continual exchange of offshore waters of the surrounding
subtropical North Atlantic Ocean with Bermuda reef waters,
the relatively short residence time of waters onshore, and long-
term characterization of offshore water chemistry at the nearby
Bermuda Atlantic Time-series Study (BATS) site provide a
unique means of assessing reef metabolism over seasonal to
multi-year periods. These data also reveal much about the
changing dynamics of Bermuda reef system biogeochemical
processes such as primary production, respiration, calcification
and CaCOj dissolution.

Onshore in surface waters of Harrington Sound, no significant
warming or cooling was observed over the 1996-2016 period, but
increases in surface salinity were observed. Dissolved inorganic

carbon (DIC) and partial pressure of CO, (pCO,) increased at a
rate of ~1.5% and ~10% per decade, about two to three times
the contemporaneous rates of change observed offshore at the
BATS site. The increase of seawater inorganic carbon in onshore
waters was primarily due to increased salinity (~45%), uptake
of anthropogenic CO, (~25%), and changes in Bermuda reef
biogeochemical processes (~30%). At the same time, indicators
such as pH, saturation state of calcium carbonate (2) and [CO§_]
decreased at a rate of two to three times that observed offshore at
BATS (e.g., Bates et al., 2012).

From 1996 to 2016, total alkalinity (i.e., nTA) decreased
in contrast to the increase in DIC over time. The covariant
changes in DIC and TA onshore and at the BATS site
allowed assessments of net ecosystem production (NEP) and net
ecosystem calcification (NEC) to be made for the Bermuda reef
system. These data indicated that the entire Bermuda reef system
appears to shift seasonally from wintertime net heterotrophy
to summertime net autotrophy. Unlike other reefs, over annual
time-scales, the Bermuda reef system does not appear to be
in trophic balance (i.e, NEP = 0), but rather slightly net
heterotrophic in its mean state. This suggests that there is an
offshore supply of organic matter that is respired onshore within
the reef system (presumably through coral nutrition of suspended
particulate matter). The Bermuda coral reef system also appears
to be net accretive (i.e., gross calcification > gross CaCOs3
dissolution), but there were occasional periods when the reef
appears to transiently shift to net dissolution between 1996 and
2016.

In an earlier study, Yeakel et al. (2015) suggested that net
calcification and net heterotrophy have increased in the Bermuda
reef system over a 5-year time-frame. From 1996 to 2016,
the estimates of NEC and NEP determined for the Bermuda
reef system show that the rates of net calcification and net
heterotrophy have increased by ~30%, and this finding adds
additional evidence and support for the hypothesis of Yeakel
et al. (2015). While it is difficult to assert the cause of such
changes over the past two decades, it may relate to increased
coral nutrition occurring in concert with increased offshore
productivity (chlorophyll, POC, DOC, and nitrate increasing
over the past two decades) in the surrounding subtropical North
Atlantic Ocean. Importantly, this long-term study reveals that
other environmental factors may mitigate against the effects of
ocean acidification on coral reef calcification. This is the finding
for the Bermuda reef system over the past couple of decades,
with the caveat that there remains considerable uncertainty
about the future direction of the health of the Bermuda reef
system.
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