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Abstract Time series from open ocean fixed stations have robustly documented secular changes in
carbonate chemistry and long‐term ocean acidification (OA) trends as a direct response to increases in
atmospheric carbon dioxide (CO2). However, few high‐frequency coastal carbon time series are available in
reef systems, where most affected tropical marine organisms reside. Seasonal variations in carbonate
chemistry at Cheeca Rocks (CR), Florida, and La Parguera (LP), Puerto Rico, are presented based on 8 and
10 years of continuous, high‐quality measurements, respectively. We synthesized and modeled carbonate
chemistry to understand how physical and biological processes affect seasonal carbonate chemistry at both
locations. The results showed that differences in biology and thermodynamic cycles between the two
systems caused higher amplitudes at CR despite the shorter residence times relative to LP. Analyses based on
oxygen and temperature‐normalized pCO2sw showed that temperature effects on pCO2sw at CR were largely
counteracted by primary productivity, while thermodynamics alone explained a majority of the pCO2sw

dynamics at LP. Heterotrophy dominated from late spring to fall, and autotrophy dominated from winter to
early spring. Observations suggested that organic respiration decreased the carbonate mineral saturation
state (Ω) during late summer/fall. The interactive effects between the inorganic and organic carbon cycles
and the assumed effects of benthic metabolism on the water chemistry at both sites appeared to cause
seasonal hysteresis with the carbonate chemistry. Improved integration of observational data to modeling
approaches will help better forecast how physical and biogeochemical processes will affectΩ and carbonate
chemistry in coastal areas.

Plain Language Summary Anthropogenic activities, such as the burning of fossil fuels,
interact with the chemistry of the ocean surface and cause ocean acidification (OA). The current trend
and projections for OA are well defined for open ocean waters, although less is known about its effects on
nearshore ecosystems, where most of the affected organisms reside. In this work, we analyzed almost a
decade of carbonate chemistry data for two reef time series at Cheeca Rocks (CR), Florida, and La Parguera
(LP), Puerto Rico, to assess the physical and biological processes that dictate carbonate seasonal variability.
The results showed that temperature is the dominant driver of seawater CO2 changes at LP, while at
CR, biological processes have major effects on CO2 chemistry. Continued observations will advance
future projections of OA in nearshore areas and provide coastal managers with appropriate tools to
monitor OA.

1. Introduction

Changes in ocean chemistry as a direct response to rising atmospheric carbon dioxide (CO2atm) concentra-
tions are causing acidification of the surface and near‐surface ocean (Caldeira & Wickett, 2003; Feely
et al., 2004). As CO2atm is absorbed by the ocean, it reacts with water (CO2aq) to form carbonic acid, which
rapidly dissociates to produce hydrogen ions [H+] (thereby lowering pH and hence the term “acidification”).
This chemical process affects the degree to which seawater is saturated with respect to calcium carbonate
(CaCO3) mineral phases, as indicated by the saturation state (ΩCaCO3). As a result of the decrease in
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seawater ΩCaCO3 and despite the different correlations, ΩCaCO3 exhibits calcification at different ecosystem
levels and time scales (Andersson & Gledhill, 2013; Langdon & Atkinson, 2005; Langdon et al., 2000).
Thermodynamic changes in these carbonate species ([H+], ΩCaCO3) are expected to slow the formation
(and/or make it more energetically demanding) of skeletal and shell structures comprising calcium carbo-
nate minerals (Cohen et al., 2009; Kleypas et al., 1999).

While the dynamics and trends in carbonate chemistry are reasonably well understood for open ocean
waters, how anthropogenic ocean acidification (OA) unfolds within coastal zones is less understood.
Many coastal regions already experience low surface seawater pH and ΩCaCO3 conditions (“localized or
coastal OA”) due to processes other than CO2 uptake (Cyronak et al., 2014; Duarte et al., 2013).
Observations from 20 years of carbonate data collected at a coastal station in Bermuda show that dissolved
inorganic carbon (DIC) and the aragonite saturation state (Ωarag) have changed at a rate of 2 to 3 times faster
than the offshore Bermuda Atlantic Time series Study (BATS) station (Bates, 2017). Time series observations
at fixed sites (Bates et al., 2012; Gruber et al., 2002; Sutton et al., 2017; Sutton, Sabine, Maenner‐Jones,
et al., 2014) have been critical for documenting these small variations and the long‐term chemical changes
in the surface of the open ocean. However, only a few records of at least two of the four parameters needed to
resolve the carbonate system are presently available due to the significant effort and expense involved in
maintaining such time series (Bates et al., 2012; Sutton et al., 2019). Another major challenge for monitoring
coastal acidification is that the time series requires robust data at a high frequency (subdaily) to constrain the
carbonate chemistry and calibration routines, which include regular discrete measurements to assess and
validate the carbonate numerical models. The coastal OA trendmay take years to decades to emerge through
the natural variability in some systems (Sutton et al., 2019) due to the higher frequency and higher magni-
tude of biological and physical processes.

Open ocean dynamics in carbonate chemistry are reasonably well constrained and can be characterized
based on seawater total alkalinity (TA)‐salinity and CO2 partial pressure (pCO2sw)‐temperature relation-
ships (Gledhill et al., 2008; Lee et al., 2006; Wanninkhof et al., 2007). However, the natural variability in
nearshore environments due to benthic and coastal processes and their proximity to human coastal activities
invalidate these relationships and complicate efforts to constrain anthropogenic CO2 uptake using temporal
changes in DIC. Nearshore processes, such as the upwelling of low pH waters (Feely et al., 2008), deposition
of atmospheric nitrogen and sulfur (Doney et al., 2007), discharge of riverine waters (Salisbury et al., 2008),
inputs of nutrients and organic matter that stimulate intense respiration and generation of CO2 (Cai
et al., 2011; Cyronak et al., 2014) or photosynthetic uptake of DIC (Manzello et al., 2012; Yeakel et al., 2015),
and reef hydrodynamics (Lowe & Falter, 2015), act together to enhance or diminish the OA effects over dif-
ferent spatial and temporal scales. Laboratory‐based experiments demonstrate that benthic fluxes exert sig-
nificant control on the carbon cycle in shallow coastal areas (Anthony et al., 2013). Different benthic
processes, such as groundwater discharge (Cyronak et al., 2013), sediment fluxes (Santos et al., 2012), com-
munity (algae, sand, coral, microbial) metabolism (Kleypas et al., 2011), and organic matter remineralization
(Andersson & Mackenzie, 2012), can potentially affect carbonate chemistry. However, a recent experiment
in a natural coral reef environment in Bermuda (Long et al., 2019) observed that the water column contrib-
uted 58% versus the benthic contribution of 39% to organic metabolism.

The major biologically driven changes in the carbonate system (Gattuso et al., 1998) can be described by net
ecosystem production (NEP ¼ photosynthesis − respiration) and net ecosystem calcification (NEC ¼
calcification − dissolution). The combination of NEP and NEC changes the seawater TA to DIC ratio
(2:1), which in turn dictates the variability in the sea surface pH, pCO2sw, and ΩCaCO3 (Zeebe & Wolf‐
Gladrow, 2001). Interactions between changes in benthic community composition, water column commu-
nities, and organic carbon sources/sinks as they face stress or change over time and space are poorly
understood. As a result, global projections of OA and carbonate chemistry may not be valid for coral reefs,
mangroves, and estuaries, where most of the affected organisms (e.g., mussels, oysters, corals, and coralline
algae) reside. The effects of OA in coastal ecosystems can be several times higher and faster than typically
expected for oceanic waters (Duarte et al., 2013).

The Wider Caribbean Region (WCR, 8–28°N, 58–89°W) has experienced accelerating changes in water
chemistry (Andersson et al., 2019; Gledhill et al., 2008) and sea surface temperature (SST) (Chollett
et al., 2012) that could subject reef ecosystems to suboptimal conditions by the end of this century
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(Hoegh‐Guldberg et al., 2007). Modeling results show that over the past 20 years (from 1992 to 2015), rates of
OA (based on the % change in [H+]) have increased by 10%, and surface ocean Ωarag has decreased by 8% in
the Caribbean Sea and subtropical North Atlantic Ocean (Meléndez & Salisbury, 2017). To advance OA
research in the WCR, the National Ocean Acidification Observing Network (NOA‐ON) and the NOAA
Pacific Marine Environmental Laboratory (PMEL, www.pmel.noaa.gov/co2) established a few efforts dedi-
cated to monitoring the carbon cycle in environmentally sensitive and economically valuable reef systems.
These sustained observations of carbonate data were used to determine site‐specific algorithms for TA and
pCO2sw and to assess robust OA dynamics and trends over subdecadal time scales.

The Cheeca Rocks (CR) reef in the Florida Keys National Marine Sanctuary and the Enrique Cay in the
Marine Reserve of La Parguera (LP), Puerto Rico, have provided 8 and 10 years, respectively, of air and sea-
water pCO2 and pH, along with SST and sea surface salinity (SSS), and oxygen (O2). These robust measure-
ments are taken continuously at high resolution and validated with climate quality (Newton et al., 2015)
discrete measurements. In this study, we characterize the seasonal variations and assess the physical and
biogeochemical processes that cause different seasonal amplitudes at the two different latitudes. The results
of this work will likely aid in determining the dominant processes with regard to how OA unfolds within
coastal reef areas.

2. Materials and Methods
2.1. Study Sites

The La Parguera Marine Reserve is in a well‐developed insular shelf that extends 10–11 km from the coast
and consists of different habitat types dominated by seagrasses, macroalgal beds, unconsolidated carbonate
sediments, and mangroves (Figure 1). The area is minimally affected by coastal development. The local
environmental and anthropogenic stressors include bleaching, coral reef infectious diseases, and fishing
(García‐Sais et al., 2008). The absence of local rivers combined with very low regional rainfall and coastal
runoff corresponds to minimal local freshwater inputs (Pittman et al., 2010). However, there is a seasonal
freshwater influx associated with the regional river plumes of the Amazon and Orinoco Rivers (Corredor
& Morell, 2001). The buoy is located 2.5 km from the southwest coast of Puerto Rico (17.95°N, 67.05°W)
on the forereef of the Enrique middle‐shelf reef at 3‐m depth (Figure 1). McGillis et al. (2011) noted an
approximately 10% live coral coverage area during belt transect surveys at the site in March 2009. These data
agree with the 10–11% live coral coverage data collected in August 2015 and June 2017 (Manzello, Enochs,
Kolodziej, et al., 2018; Manzello et al., 2017). A survey conducted in 2011 by Moyer et al. (2012) showed no
seasonal variation in the benthic cover of the noncalcifying algae (cyanobacteria, macroalgae, and turf
algae). However, Pittman et al. (2010) reported a peak of turf algae and macroalgal cover in summer.
Moyer et al. (2012) found no significant seasonal changes in benthic calcifiers when the octocorals (soft
coral) were excluded.

The upper Florida Keys (Figure 1) consist of a bank‐barrier coral reef system, where a noncontinuous off-
shore barrier reef is situated parallel to the islands of the Florida Keys at approximately 7–10 km from land
(Ginsburg & Shinn, 1964). Between the barrier reef and the islands lies the Hawk Channel. This area consists
primarily of shallow (<8 m) seagrass and sand, with occasional, isolated patch reefs intermixed (Jones,
1977). The CR is an isolated, nearshore patch reef, approximately 2.5 km off the coast of Islamorada. The
buoy (24.90°N, 80.62°W) is in 3–4 m of water. The CR is affected by shoreline development, which can
impair water quality due to stormwater runoff and sewage effluent (Somerfield et al., 2008). The warm
waters of the Florida Current and episodes of cold‐water outflow from Florida Bay produce larger water tem-
perature ranges in the inshore reefs of the upper Keys (Banks et al., 2007; Manzello et al., 2012). Hurricanes
and tropical storms, thermal stress, and disease outbreaks can affect benthic communities during the sum-
mer and fall at both reefs (Precht & Miller, 2007). The percent coral cover in the Caribbean, including CR
and LP, has declined over the past three decades due to coral bleaching and disease as well as hurricanes,
corallivorous mollusks, poor water quality, and overfishing (Ballantine et al., 2008; Gardner et al., 2003;
Hughes, 1994; Morelock et al., 2001). The die‐off of the long‐spined sea urchin Diadema antillarum limited
coral recovery and prevented recruitment to bare substrates due to the increased algae cover (Ballantine
et al., 2008; Jaap et al., 2008).
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Figure 1. (a) Map of the Florida Keys and Florida Reef Track. The Cheeca Rocks (CR) MapCO2 buoy (24.90°N, 80.62°W), the Rocks (24.94°N, −80.55°W), and the
Molasses Reef Light (25.01°N, 80.38°W) stations are in the Upper Keys and marked with black circles. (b) Map showing the town of La Parguera, Lajas (18.05°N,
67.05°W), which is located southwest of the coast of Puerto Rico. The La Parguera (LP) MapCO2 buoy (17.95°N, 67.05°W) and the ICON station (17.94°N, 67.05°
W) are marked with black circles. The CARICOOS meteorological station (17.97°N, −67.04°W) is on Magueyes Island. The Caribbean Time Series station (CaTS,
17.36°N, 67°W) is 52 km south (seaward) of the shelf edge (dashed black line).
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2.2. Observations
2.2.1. Autonomous Observation Capabilities
Both time series (Figure 2) are ongoing projects supported by the NOAA Coral Reef Conservation Program
(CRCP), which were established in January 2009 (LP) and December 2011 (CR). These test beds have since
been adopted as long‐term sustained monitoring stations providing physical, chemical, and ecological data
under the National Coral Reef Monitoring Program (NCRMP) jointly sponsored by NOAA CRCP and the
NOAA Ocean Acidification Program (OAP). Details about the efforts supporting these time series stations
are described in supporting information Text S1.

The capability of LP‐ and CR‐moored autonomous pCO2 (MapCO2) buoys provides continuous 3‐hr mea-
surements of both CO2air and CO2sw mole fractions (xCO2air and xCO2sw). These are converted to pCO2 with
total uncertainties of <1 and <2 μatm, respectively (Sutton, Sabine, Maenner‐Jones, et al., 2014). The buoys
are equipped with a seawater‐gas equilibrator, reference gas standard, an infrared gas analyzer, Seabird
(SBE16 or SBE37) conductivity and temperature recorders, and a Sunburst™ SAMI‐pH system located at
approximately 1‐m depth. Details of the MapCO2 instrument calibration and data quality assurance and
quality control (QA/QC) processes are described in Sutton, Sabine, Maenner‐Jones, et al. (2014) and
Sutton, Sabine, Feely, et al. (2016). Measurements used for the analyses cover from January 2009 and
December 2011 to September 2017 for LP and CR, respectively (Sutton, Sabine, Manzello, et al., 2016;
Sutton, Sabine, Morell, et al., 2014).

The MapCO2 buoys also include an Aanderaa™ oxygen optode (Aanderaa 4775, accuracy of ±5%) and an
ECO FLNTU (WETLabs, Inc.), which are used to determine chlorophyll fluorescence and turbidity. These
sensors can be used to track biological variability and abundance in the water column. In addition, the buoys
have an internal Maxtec™ oxygen sensor (MAX‐250+) located inside the CO2 electronics tube (downstream
from the infrared gas analyzer sensor) to measure the percent of oxygen in the air (% O2, ±3%). The seawater
surface oxygen concentration (μmol kg−1) can be calculated from theMAX‐250+ using the oxygen solubility

Figure 2. Multiannual time series oceanography and carbonate chemistry parameters at La Parguera (black) and Cheeca Rocks (red) from January 2009 and
December 2011 to September 2017. Daily averaged sea surface in situ and derived observations of (a) temperature (SST; °C), (b) salinity (SSS), (c) CO2 flux
(mmol m−2 day−1), (d) postcorrected oxygen from the MAX‐250+ sensor (O2; μmol kg−1), (e) derived dissolved inorganic carbon (DIC; μmol kg−1), (f) derived
total alkalinity (TA; μmol kg−1), (g) derived Revelle factor, (h) seawater pCO2 (pCO2sw, μatm), (i) boundary layer atmospheric (pCO2air; μatm), (j) air‐sea
gradient of pCO2 (ΔpCO2; μatm), (k) derived pH (total scale), and (l) derived aragonite saturation state (Ωarag). The derived carbonate parameters are functions of
pCO2sw and TA. The derived TA is a function of SST and SSS (Equation 1).
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(Garcia & Gordon, 1992) as a function of in situ seawater temperature and salinity. Details about the oxygen
optode QA/QC process and the MAX‐250+ postcorrection are described in supporting information Text S2
and Figure S1.

The linear correlation (r2) between MAX‐250+ and the optodes was high (0.84 and 0.80), and root mean
square errors (RMSEs) were small (5 and 7 μmol kg−1) for LP and CR, respectively. The corrected MAX‐
250+ oxygen observations show a significant linear correlation (p < 0.0001) with the optodes and discrete
measurements. The linear correlation between MAX‐250+ and Winkler/YSI was 0.60 and 0.85, and the
RMSE was 8 and 7 μmol kg−1 for LP and CR, respectively. The mean differences in oxygen concentration
between the YSI/Winkler and MAX‐250+ were 3.3 and 7.1 μmol kg−1, respectively. We corrected the
MAX‐250+ oxygen measurements using the slope and offset of the linear correlation with the optodes
(Figure 3).

Hourly wind measurements from 2006 to 2013 were taken from the nearby NOAA Integrated Coral
Observing Network (ICON) station (17.94°N, 67.05°W), located 1.8 km south of the LP buoy (Hendee,
2014). Wind data from 2015 to 2017 were taken from the Caribbean Coastal Ocean Observing System
(CARICOOS)meteorological station (17.97°N, 67.04°W) located 1.5 km north of the buoy. Wind speeds from
the ICON and CARICOOS stations were measured at 6.5‐ and 7.8‐m heights, respectively. Wind data gaps
were filled using a climatological curve created with these two data sets. The nearest wind data available
for the CR were obtained from the Molasses Reef Light location (25.01°N 80.38°W), located 27 km north
of the buoy. The wind speed at this station wasmeasured at a height of 15.8 m. Thesemethods were preferred
over the use of buoys far from the study sites or satellite wind measurements, as their use tends to overesti-
mate the gas air‐sea exchange due to their low temporal coverage and limited nearshore spatial coverage
(Jiang et al., 2008). Wind speeds at both stations were normalized to the 10‐m‐height wind speed (Hsu
et al., 1994) and averaged daily.
2.2.2. Discrete Geochemical Surveys
High‐quality discrete measurements of TA, DIC, and pH were taken weekly and biweekly between 8 a.m.
and 12 p.m. (LP) and 1 to 4 p.m. (CR) to validate and supplement the autonomous observations (Manzello,
Enochs, & Dutra, 2018; Manzello et al., 2015, 2017; Meléndez et al., 2019). Details about the collection, ana-
lyses, intervals of available discrete data, and TA and DIC analysis precision are described in supporting
information Text S3 and Figure S2. Limitations on the temporal resolution of these discrete measurements
prevent the capture of diel cycles (details are discussed in section 3.1).

Discrete TA and DIC samples from seasonal cruises around the Caribbean and Atlantic Region were used to
determine the mean TA and DIC oceanic conditions. No seasonal variations were observed, and we assumed
that changes in TA and DIC were consistent from year to year. Details about these cruises are described in
supporting information Text S4. The DIC and TA measurements were normalized by the mean oceanic sali-
nity (S ¼ 36) using Friis (2003) to correct for the influence of freshwater addition and removal.

Figure 3. Linear correlation between MAX‐250+ and Optode (white dots) and Winkler/YSI dissolved oxygen (DO2) observations (red dots) for CR (a) and LP (b).
The coefficients (slope ± standard error) used to correct the MAX‐250+ sensor at CR and LP were 1.19 ± 0.02 and 3.11 ± 0.05, and the applied offsets
(intercept ± standard error) were −37.90 ± 4.76 and −475 ± 15, respectively.
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2.3. Modeling—First‐Order Derivations of TA and Calculation of Carbonic Acid System

The TA algorithms from discrete TA measurements showed a moderate correlation with seawater salinity
and temperature (r2LP¼ 0.55; r2CR¼ 0.41), with RMSE values of 30 and 45 μmol kg−1 for LP and CR, respec-
tively. Nevertheless, we find that the relationships are highly significant (p < 0.0001; nLP ¼ 547; nCR ¼ 100).
The resultant multivariate linear relationship for TALP and TACR is described as follows:

TALP ¼ 43:2 ±0:08ð Þ × SSS − 12:5 ±0:07ð Þ × SST þ 1; 118:1 ±2:10ð Þ (1)

TACR ¼ 2:2 ±0:25ð Þ × SSS − 11:8 ±0:04ð Þ × SST þ 2; 612:7 ±9:1ð Þ (2)

where (±) is the standard error of the coefficients. The reef CO2‐carbonic acid system was fully solved
using modeled TA (Equations 1 and 2) and the buoy's pCO2sw, salinity, and temperature measurements
at 1 decibar (pressure at 1 m). The MATLAB program CO2SYS (van Heuven et al., 2011) was used to deter-
mine the carbonate chemistry parameters. We applied the dissociation constants for K1 and K2 of Lueker
et al. (2000) and KHSO4− from Dickson (1990).

We intended to describe when and where it is most difficult to precipitate CaCO3 and the seasonal magni-
tude of the physiochemical constraint based on the observed Ωarag values. The abiotic precipitation of
CaCO3 is thermodynamically favored (Ω > 1) when the ratio of the concentration product of carbonate
[CO3

2−] and [Ca2+] is greater than the stoichiometric solubility product (K*SP). When the ratio is less than
K*SP, chemical dissolution is favored (Ω < 1), and if they are in equilibrium (Ω ¼ 1), no net dissolution or
precipitation is expected. The solubility constant used to derive Ωarag is from Mucci (1983).

Model uncertainties forΩarag, DIC, oxygen, and CO2 fluxes considered errors associated with the estimation
of TA and pCO2sw as well as errors in the dissociation constants, instrument sampling, laboratory analyses,
and model coefficients. We used Monte Carlo simulations and the new MATLAB function error by Orr
et al. (2018). Details about the error analyses are described in supporting information Text S5.

2.4. Air‐Sea Exchange

The applied transfer velocity‐wind speed relationship is described by Wanninkhof (2014).

The air‐sea CO2 flux (FCO2) is estimated as follows:

FCO2 ¼ ks × pCO2sw − pCO2airð Þ (3)

where pCO2sw − pCO2air is the air‐sea gradient in pCO2 (ΔpCO2; μatm), s (mol kg−1 atm−1) is the solubi-
lity of CO2 per unit volume of seawater (Weiss, 1974), and k (m s−1) is the transfer velocity as a function of
wind speed at 10 m above mean sea level.

2.5. Annual Climatology

We use the average daily observations to construct the annual climatology for each parameter and derive
products to examine the seasonal cycles. The composite year is constructed by binning the data within the
representative Julian day. Both time series are compiled into four distinct seasons: winter
(January–March), spring (April–June), summer (July–September), and fall (October–December). The
seasonal variability was computed using the peak‐to‐peak amplitude. The statistical significance of the
seasonal amplitudes was evaluated using Student's t‐tests at 0.01 and 0.05 significance levels after a
normality check (supporting information Text S5).

The buoy of LP was replaced in 2014, which produced the highest number of missing observations. Other
gaps in the time series occurred intermittently due to instrument failure and buoy annual servicing.
Although the measurements are occasionally unavailable, all seasons were sampled at both time series.
Details about the time series gaps and intervals of available data are described in supporting information
Text S6, Table S1, and Figure S3.

2.6. Spatiotemporal Integration of the pCO2sw and Discrete TA and DIC Observations

In an effort to better understand the predominant spatial extent over which the buoymeasurements are inte-
grated and the physical forcing that controls the residence times and accumulation of the chemical signature
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from biogeochemical processes in these shallow reefs (Lowe & Falter, 2015), near‐reef currents were
assessed using acoustic Doppler current profilers (ADCPs) and a tilt current meter (TCM). Details of these
deployments are described in supporting information Text S7. These physical observations provide a more
comprehensive interpretation of how to infer local biogeochemical processes given the autonomous
pCO2sw and oxygen measurements respond on much shorter spatiotemporal scales than the discrete DIC
and TA (Takeshita et al., 2018).

Residence times at LP and CRwere measured using the inputs and outputs of Beryllium‐7 (Venti et al., 2012,
2014) to assess how TA and DIC discrete samples are integrated over temporal and spatial scales. We
assumed that the biogeochemical processes modify the carbonate chemistry as the water mass flows over
the shelf platform from the open ocean end‐member. Based on these results (see text below for details), dis-
crete TA and DICmeasurements represent metabolic processes that have been integrated over multiple days
and spatial scales greater than 10 km, while the pCO2sw and oxygen chemical signatures represent processes
on diel timescales (hours) by the communities close (<5 km) to the buoy. Based on the physicochemical
characteristics (e.g., currents, winds, residence times, and salinity changes) at both locations, we assume that
variability associated with larger‐scale oceanic processes occurs at time scales much longer than the reef's
spatiotemporal scales.

Polar histograms of current speed, direction, and frequency were used to characterize the dominant currents
at the sites (Figures S4 and S5). At LP, the dominant current at ADCP W (west) was 1.24 cm s−1

(1.1 km day−1) toward the west‐northwest and 280–290° from true north (Figure S6). This result is in good
agreement with the results observed by McGillis et al. (2011). The ADCP W shows low seasonal variation
and was situated almost precisely upstream from the buoy, which allows for a robust estimation of the resi-
dence time between the buoy and the forereef. Taking the distance between the ADCP W and the buoy as
0.18 km and a dominant current of 1.24 cm s−1, the water that reaches the buoy at LP traverses over the fore-
reef for at least 4 hr. The current histogram (Figure S7) presented for ADCP E (east) shows a dominant cur-
rent of 1.72 cm s−1 (1.5 km day−1) directed toward the southwest in good alignment with the east‐end
orientation of the forereef, which suggests that currents at this site predominantly follow the reef morphol-
ogy. It is likely that the actual time the water has been in contact with the Enrique forereef is longer than the
above calculation. If we assume the water reaching the buoy traversed along the forereef from ADCP E to
ADCP W, as suggested by the dominant currents presented in the histograms, then the residence time of
the water exposed to reef conditions could be up to 16 hr. Over a semidiurnal cycle (12 hr), the spatial scale
of these measurements is approximately 0.5 km. Residence times from Beryllium‐7 between the buoy site
and 11 km offshore (17.87°N, −67.02°W) were measured in 2011. These results indicate that the shelf plat-
form processes are integrated over 9 and 11 ± 2 days. These time scales agree with the current speed mea-
sured by the ADCPs.

The TCM deployment at CR showed a dominant current mean speed of 7.98 cm s−1 (7 km day−1) toward the
southwest at 222° with no seasonal variation (Figure S8). According to the ocean current results, the water
reaching the reef was previously north of the buoy (Figure S5). Over a semidiurnal cycle, the spatial scale of
the measurements represents biogeochemical and thermodynamic processes from 3 km north of the buoy.
Then the buoy data from CR represent water that is about to contact the reef. The buoy's chemistry may
reflect processes from areas north of the buoy, primary composed of seagrass, macroalgae, fine‐grained
CaCO3 sediments and rocks, and some isolated hard and soft corals. Seagrass communities upstream of
the buoy at CR can produce high‐frequency variability in the carbonate chemistry on diel timescales, which
can contribute to the greater variability observed at CR relative to that at LP. The Beryllium‐7 average resi-
dence time between the offshore and inner reef areas in the upper Florida Keys is estimated to be
5.6 ± 1.7 days with no significant seasonal variation (Muehllehner et al., 2016).

3. Results and Discussion
3.1. Model Versus In Situ Observations and Carbonate Uncertainties

The statistical results from the linear correlations between the discrete andmodeled/buoymeasurements are
presented in supporting information Table S2 (see also Figure S9 for a graphical representation of the seaso-
nal modeled and discrete data). The average difference between the pCO2sw buoy measurements and
pCO2sw calculated from discrete measurements was <1 μatm. The average difference between the
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SAMI‐pH and spectrophotometric pHmeasurements at LP was 0.01, and the difference between the derived
pH (from discrete TA and DIC) and SAMI‐pH at CR was 0.005. The modeled and discrete TA differences
over the annual mean were 2 and 0.3 μmol kg−1 for LP and CR, respectively. The CO2SYSmodeling program
(Orr et al., 2018) was used to numerically characterize the uncertainties produced from modeled TA and
pCO2sw for the carbonate chemistry calculations (Figure S10). The uncertainties in the calculated [CO3

2−]
for LP and CR are 2% and 4%, respectively. This result is close to the climate goal (<1%) needed to identify
decadal trends (Newton et al., 2015). The final carbonate uncertainties are summarized in Table S3. This
data comparability, achieved with widely differing methods, demonstrates the robust quality of our analyti-
cal procedures and resulting data.

Uncertainties in our derived parameters (DIC, Ωarag, pH, and Revelle factor) are mostly associated with the
TA linear model at both sites. These uncertainties arise primarily from calcification and dissolution.
Collecting TA during the day may result in biases toward daytime processes, although it may partially repre-
sent the diurnal variability around the “true” TA mean. For example, several studies have shown that TA
varied over a diurnal cycle by as much as 70 ± 24 μmol kg−1 in the Florida coral reefs (Turk et al., 2015)
and ranged from 4 to 31 μmol kg−1 at LP (McGillis et al., 2009). The use of seasonal modeled TA values
may reduce the potential biases caused by diurnal processes.

3.2. Seasonal Variability in Carbonate Chemistry

Mean conditions and seasonal amplitudes from the annual climatology (Figure 4) in measured and modeled
parameters are presented in Table 1. On an annual scale, CR experiences greater seasonal amplitude in sea-
water temperature than LP. This difference is primarily due to the larger magnitude in regional air tempera-
tures and net atmospheric heat flux. At CR, the seawater temperature seasonal variation was 6°C greater and
the mean summer conditions were 1°C to 2°C warmer compared with the reef at LP. Although conditions
during the summertime at CR were warmer than those at LP, throughout most of the annual year (67%),
the temperatures were from 5°C to 6°C cooler than those at LP. The elevated temperatures (>30°C) between
August and October coincided with low salinities at both stations. Both sites experienced similar seawater
salinity seasonal patterns and varied annually by 2. The seasonal summer evaporation and local rainfall dur-
ing the fall further affect the salinity changes at both sites. Year round, the salinity at LP was 1.2 to 1.6 units
fresher than that at CR, with a maximum difference from October to January. The resulting difference may
be due to the significant role that the Orinoco and Amazon River plumes play in freshening the system
between May and October in the eastern Caribbean region (Corredor & Morell, 2001; Fournier et al., 2017;
Salisbury et al., 2011).

The DIC and TA at LP showed similar salinity seasonal patterns. These seasonal cycles were associated with
cooling and lower DIC and TA pools from the freshwater influx of regional river plumes during the fall (Cai
et al., 2010; Cooley, 2006). The seasonal DIC and TA amplitudes (60 and 89 μmol kg−1) were smaller relative
to CR (221 and 117 μmol kg−1). The seasonal amplitudes of DIC and TA were significant (p < 0.01) despite
the model errors (Table S3) for both sites. At a typical seawater pH of 8.02, the significant contributions
of phosphorus and silicate concentrations to TA and DIC (>1 μmol kg−1) were at concentrations >1
and >30 μmol kg−1, respectively. The relatively low concentrations of these inorganic nutrients (<1
μmol kg−1) and the potential contribution to TA and DIC at both stations were nonsignificant (<0.01%)
and therefore neglected (see supporting information Text S7 and Figure S11 for more details).

The seasonal amplitudes in the modeled and discrete normalized TA and DIC (nTA and nDIC) at CR were
approximately 180 and 300 μmol kg−1, respectively (Figure S12). At CR, the nDIC and nTA increased from
August to January and decreased from February to June. We observed a significant consumption (p < 0.05)
and excess (p < 0.05) of discrete nTA and nDIC relative to oceanic values at CR, indicating a significant con-
tribution from calcification/dissolution and photosynthesis/respiration processes (Figure S12). No signifi-
cant (p > 0.05) excess of nTA relative to the oceanic mean was observed at LP. The seasonal fluctuations
at LP in discrete nTA and nDICwere 37.5 and 43 μmol kg−1, respectively. The nDIC and nTA at LP increased
from June to December and decreased from January to May. Although the seasonal variations are less pro-
nounced at LP, the seasonal amplitudes of the modeled and discrete nTA and nDIC were statistically signif-
icant (p < 0.05). Changes in nTA and nDIC due to biogeochemical processes are evaluated separately in
section 3.3.1.
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The net annual exports of carbon from the water to the atmosphere at LP and CR were +0.88 ± 0.66 and
+0.56 ± 3.37 mol CO2 m

−2 year−1, respectively. These fluxes are relatively weak when compared with other
reef locations, such as Bermuda (Bates et al., 2001) and Kaneohe Bay, Hawaii (Fagan & Mackenzie, 2007;
Massaro et al., 2012). This difference can be related to different factors, including the method used, meteor-
ological and physicochemical characteristics, pCO2sw temperature sensitivity, and biological processes. On
an annual basis, the Enrique forereef was a persistent source of CO2 to the atmosphere (+2.41 ± 1.80 mmol
CO2m

−2 day−1, p< 0.05). The FCO2 seasonal amplitude was approximately +9mmol CO2m
−2 day−1, with a

minimum of 0.08 mmol CO2 m
−2 day−1 in February and a maximum of +8.89 mmol CO2 m

−2 day−1 in
August. Conversely, the FCO2 at CR ranged from −16.64 to +41.41 mmol CO2 m

−2 day−1. From January
to June (43% of the annual year), the CR reef was a net sink for CO2. This finding is consistent with previous
results found in Olsen et al. (2004) and Wanninkhof et al. (2007), where the northern Caribbean areas are a
sink during the springtime while the southern areas remain a source of CO2 to the atmosphere. At CR, the
wind speed ranged from 3 to 9 m s−1, and the prevailing wind direction was from the east, northeast, and
southeast. The average daily wind speeds at LP ranged from 2 to 6 m s−1 and showed little seasonal

Figure 4. Seasonal patterns for the period from January 2009 to September 2017 (LP, black) and from December 2011 to September 2017 (CR, red). The black
and red lines represent the composite year mean values, and the gray and red shading indicate the standard deviation of each measurement. Seasonal
climatologies of (a) temperature (SST; °C), (b) salinity (SSS), (c) CO2 flux (mmol m−2 day−1), (d) postcorrected oxygen from the MAX‐250+ sensor (O2;
μmol kg−1), (e) derived dissolved inorganic carbon (DIC; μmol kg−1), (f) derived total alkalinity (TA; μmol kg−1), (g) Revelle factor, (h) seawater pCO2 (pCO2sw,
μatm), (i) boundary layer atmospheric (pCO2air; μatm), (j) air‐sea gradient of pCO2 (ΔpCO2; μatm), (k) derived pH (total scale), and (l) derived aragonite
saturation state (Ωarag). The derived carbonate parameters are functions of pCO2sw and TA. The derived TA is a function of SST and SSS (Equation 1).
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variation. The prevailing wind directions were from the east and southeast. The ΔpCO2sea‐air and FCO2
seasonal patterns were similar at both sites, suggesting that wind speed plays a smaller role than
thermodynamic and biological changes.

The pCO2air fluctuations were modest at CR and LP (24 and 13 μatm) and similar to the reported regional
CO2air values (see supporting information Text S8 for more details). Maximum seawater pCO2sw values in
LP were observed from August through October, while the minima occurred during the wintertime when
the surface pCO2sw decreased to nearly the atmospheric equilibrium (~390 μatm). The pCO2sw seasonal
amplitude in LP was minor (73 μatm) relative to the significant annual change (284 μatm) experienced in
CR. The seawater pCO2sw in CR fluctuated between 100 and 175 μatm day−1 during the fall, where the
annual maximum values were 544 ± 69 μatm (Figure 4). In the spring, the pCO2sw decreased to a minimum
of 260 ± 69 μatm. This corresponded to an oversaturation of pCO2sw by 140% and an undersaturation of 65%
from the annual mean atmospheric value (384 ± 6.1 μatm).

The pH and Ωarag seasonal patterns were similar at both sites, with minimum values from October to
November and maximum values from February to April, respectively. The pH amplitude at LP was small
(0.07) relative to CR (0.25). The mean pH conditions (based on [H+]) during the fall in LP and CR were
15% and 44% lower (“more acidic”), respectively, relative to the wintertime. TheΩarag in CR was 38% higher
in spring than in fall and winter and ranged from 4.73 (April) to 2.93 (November). At LP, the Ωarag seasonal
amplitude was 0.3, with a maximum of 3.78 ± 0.09 (April) and a minimum of 3.44 ± 0.09 (November). The
mean Ωarag at LP was 3.63 ± 0.09 and 3.87 ± 0.44 at CR. The Ωarag values at both locations systematically
decreased from summer to fall despite the increase in temperature and the thermodynamic effect onmineral
solubility. These results agreed with previously calculated seasonal fluctuations for LP and CR (Manzello,
Enochs, Kolodziej, et al., 2018; Manzello et al., 2012; Sutton, Sabine, Manzello, et al., 2016).

The mean buffer capacity at both stations showed similar seasonal patterns, albeit differing amplitudes. The
Revelle factor in CR ranged from 8.10 to 10.87 from spring to fall. In contrast, the Revelle factor at LP only
fluctuated from 9.06 to 9.49. The oxygen seasonal pattern was comparable at both sites, with a minimum
during summer and fall when the pCO2sw was at the maximum value. The oxygen seasonal cycles were sup-
ported by three in situ independent measurements using calibrated optical oxygen sonde and Winkler oxy-
gen discrete measurements, calibrated Aanderaa optodes, and MAX‐250+ sensors (Figure S1). At both sites,
the increase in pCO2sw and the decrease in oxygen and pH from summer to fall suggested that organic bio-
logical processes involving CO2 production play an important role in modifying pH and Ωarag.

Table 1
Summary of the LP and CR Seasonal Variability in Carbonate and Oceanography Parameters

Parameter

LP (January 2009 to September 2017) CR (December 2011 to September 2017)

Mean ± SD Seasonal amplitude Mean ± SD Seasonal amplitude

Temperature (°C) 28.55 ± 1.09 3.61 26.97 ± 3.00 9.95
Salinity 35.33 ± 0.52 1.64 36.12 ± 0.51 2.15
Wind speed (m s−1) 4.20 ± 0.74 4.01 5.58 ± 1.36 6.46
O2 (μmol kg−1) 191.41 ± 11.79 39.39 197.92 ± 13.73 47.98
DIC (μmol kg−1sw) 1,977.28 ± 16.36 60.48 2,029.29 ± 60.22 221.85
TA (μmol kg−1sw) 2,295.2 ± 26.49 88.77 2,372.57 ± 35.47 117.39
nDIC (μmol kg−1sw) 2,009.6 ± 14.33 47.91 2,030.3 ± 59.04 218.08
nTA (μmol kg−1sw) 2,334.6 ± 13.06 42.61 2,370.4 ± 35.44 124.61
Revelle factor 9.26 ± 0.11 0.43 9.14 ± 0.65 2.78
pCO2sw (μatm) 425.76 ± 21.61 73.71 397.30 ± 69.10 284.25
pCO2air (μatm) 386.26 ± 3.28 13.82 384.41 ± 6.06 22.68
ΔpCO2sea‐air (μatm) 38.51 ± 24.40 81.88 12.90 ± 72.43 285.61
pH (total scale) 8.02 ± 0.02 0.07 8.06 ± 0.06 0.25
Ωarag 3.62 ± 0.09 0.33 3.87 ± 0.43 1.80
FCO2 (mmol m−2 day−1) 2.05 ± 1.44 6.71 1.48 ± 8.57 51.82

Note. The mean conditions and standard deviation (±) are from the daily averaged observations. The seasonal amplitudes were calculated using the peak‐to‐peak
change from the composite annual year.
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3.3. Relative Contributions of Organic and Inorganic Carbon Processes to Seasonal Variability
3.3.1. Changes in Discrete nTA and nDIC Concentrations
The nTA:nDIC slopes can be used to describe changes in biogeochemical processes (Deffeyes, 1965; Lantz
et al., 2014). For example, net calcification increases nTA:nDIC slopes (>1), while net production decreases
the nTA:nDIC slopes. We assume that processes such as nutrient uptake/release and ammonia and sulfate
reduction have minor effects in these two coral reef ecosystems relative to the influence of net calcification
and productivity. These processes should be carefully considered in ecosystems where nutrient and organic
acid concentrations are high (Andersson & Mackenzie, 2012; Dickson, 2010). We assumed that the discrete
measurements are representative of daytime processes; however, sampling schemes that can capture biolo-
gical diel cycles and respond to changes in water residence time and mixed tidal cycles are needed in subse-
quent studies. Note that biogeochemical processes from DIC and TA observations likely respond to much
longer spatiotemporal scales than the pCO2sw and oxygen measurements (see section 2.6 for more details).

The nTA:nDIC slopes observed at CR and LP were 0.74 ± 0.03 and 1.0 ± 0.02, respectively. These results
were in accordance with the results of Cyronak et al. (2018) and consistent with patterns observed in other
reef areas with longer integration times. This finding suggests that reef metabolism at both locations mod-
ulates nearshore water chemistry relative to the oceanic mean conditions. The relative influence of organic
metabolism on DIC was higher at CR (63%) than at LP (50%), following Equation 1 as detailed in Cyronak
et al. (2018), suggesting that productivity plays a more important role in driving chemical variability at CR. It
is possible that this difference is because metabolic processes at CR are integrated over the platform for
shorter residence times (days) than at LP (days to weeks). According to Takeshita et al. (2018), net calcifica-
tion becomes more critical than net production when integrated over multiple days (i.e., net production is
balanced, but calcification is always positive over a diurnal cycle).

Figure 5 shows that most of the data points at CR fall into the lower left and upper right quadrants, indicat-
ing that calcification and dissolution could play an important role in the seasonal carbonate dynamics. Prior
work described in the Florida Keys has associated the changes in nTA and nDIC with net calcification
(Muehllehner et al., 2016) and benthic primary productivity (Manzello et al., 2012). The seasonal chlorophyll
cycle (Figure S11), determined from measurements taken at the nearby station (Rocks) from 1995 to 2014,

Figure 5. Relationship between salinity‐normalized DIC (nDIC; μmol kg−1) and TA (nTA; μmol kg−1) using the discrete measurements collected at LP (n ¼ 499)
and CR (n ¼ 141). Measurements were normalized by the mean oceanic salinity (S ¼ 36.0). The average ocean nTA and nDIC values are denoted by gray
dashed lines. The pink (spring), green (summer), orange (fall), and blue (winter) colors represent the different seasons. The line TA to DIC slopes expected
from NEC and NEP are in solid black lines.
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shows low values throughout the year (<0.5 μg L−1) with a slight increase from February to April
(>1 μg L−1), supporting the hypothesis of an increase in photosynthesis during spring.

While calcification is an important process throughout much of the year at LP, respiration appears to provide
an additional source of DIC to the system, particularly during the fall. We hypothesize that calcification
within the reef‐shelf platform reduces TA relative to that of offshore communities. Interestingly, the data
cluster at LP does not pass through the ocean nTA and nDIC intercept. With limited ship‐based data in
the Caribbean region, this discrepancy is likely due to the poor characterization of the ocean end‐member.
Careful consideration should be taken when calculating or interpreting biogeochemical processes using the
anomaly technique or the graphical analysis of TA and DIC vectors at LP.
3.3.2. Changes in O2 and pCO2sw Buoy Observations
To further explore the relative contributions of biological processes in carbonate chemistry seasonal
changes, we used autonomous pCO2sw and oxygenmeasurements (Joesoef et al., 2015; Shadwick et al., 2011;
Takahashi et al., 2002). Note that these high‐frequency buoy observations fill the temporal uncertainties in
the discrete nTA and nDIC, integrate the diurnal activity over longer time scales, and provide information
about processes at an ecosystem scale.

The seasonal variations in pCO2sw are caused by the interaction among thermodynamics, physical processes
(e.g., air‐sea exchange and mixing), and biological processes. The correlation between logarithm of pCO2sw

and temperature shows no apparent linear correlation (r2 ¼ 0.05) and a deviation (i.e., 0.012°C−1) from the
pCO2sw dependence with temperature (0.0423°C−1) estimated by Takahashi et al. (1993). This finding sug-
gests that the temperature effects on pCO2sw at CR are offset by biological productivity, air‐sea exchange, and
mixing. At LP, pCO2sw shows a significant (r2 ¼ 0.60; p < 0.01) linear correlation with temperature, and the
slope is similar (0.0409°C−1) to the pCO2sw temperature dependence of Takahashi et al. (1993). This result
suggests that at LP, thermodynamics were dominant with little biological compensation to offset the tem-
perature pCO2sw sensitivity. To normalize the pCO2sw (npCO2sw) and explore the relative contribution of
biology (assuming that the effects of physical transport are small) on the pCO2sw seasonal changes, we used
the thermodynamic coefficient estimated by Takahashi et al. (1993) at a mean temperature of 28.6°C and
26.9°C for LP and CR, respectively.

The observed changes in oxygen likely reflect variations in biology at both sites. Higher residence times at LP
may enhance the magnitude of the chemical signals relative to CR. However, seagrass beds such as those
north of CRmay offer greater potential to change oxygen, while at LP, no significant seagrass beds are found
upstream of the buoy. The use of apparent oxygen utilization (AOU) removes the solubility effects of oxygen,
which are primarily driven by temperature changes. We assume that AOU changes are much less affected by
physical processes, such as ventilation, air‐sea exchange, and lateral export. Then oxygen consumption by
respiration is closely related to AOU greater than zero, and oxygen production by photosynthesis is related
to AOU lower than zero. The AOU seasonal patterns are supported by independent oxygen measurements
(Figure S1) and regional patterns on chlorophyll (Figures S11 and S13).

A simulation using the temperature normalization of pCO2sw to consider the fraction of the air‐sea gradient
of pCO2 (ΔpCO2sea‐air) that is caused by biological (ΔpCO2bio) versus thermal (ΔpCO2temp) processes was
performed (Takahashi et al., 2002). This result was qualitatively compared with the AOU observations to
consider the organic carbon dynamics. For example, if ΔpCO2bio is below or near zero (or constant) during
heterotrophic conditions, then biological processes that decrease pCO2sw (i.e., dissolution) are dominant.

At LP, the biological processes affecting the pCO2 air‐sea gradient were relatively constant, except for a small
increase from mid‐September to mid‐December (Figure 6). Heterotrophic conditions dominated from
mid‐spring to fall, and autotrophic conditions dominated from December to mid‐April at LP. Although
McGillis et al. (2009, 2011) do not provide seasonal data and the integrated daily rates of net metabolism
at Enrique's forereef are variable, our results agree with the time of the year when they obtained measure-
ments. Given our assumptions, the dissolution processes under heterotrophic conditions maintained a con-
stantΔpCO2bio. Gray et al. (2012) found that respiration and dissolution are dominant at a nearby reef (north
of Enrique) from summer to fall. Note that the lowest annualΩarag and pH values were observed during the
same time of the year (Figure 4). The AOU decreased from November to December, and ΔpCO2bio values
increased, suggesting an increase in calcification or a decrease in dissolution. During autotrophic
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conditions, we hypothesize that calcification keepsΔpCO2bio relatively constant. Low biological productivity
(and high respiration) caused the Enrique forereef to serve as a net source of CO2 to the atmosphere year
round.

At CR, heterotrophic conditions were observed from June to mid‐September; ΔpCO2bio was below zero, sug-
gesting dissolution or a decrease in calcification. From mid‐September to the end of May, the AOU system-
atically decreased, and a positive biological affecting the pCO2 air‐sea gradient suggested calcification, which
produced a transition from a net sink to a net source of CO2 to the atmosphere. It is reasonable to consider
that respiration and dissolution co‐occur or that they are closely related in this work based on prior work
described elsewhere (Gattuso et al., 1999) and in the Florida Keys at seasonal (Muehllehner et al., 2016)
and diurnal (Turk et al., 2015) time scales. For example, Muehllehner et al. (2016) showed that photosynth-
esis and calcification dominate in April, May, and August and respiration and dissolution dominate in
October and December.

3.4. Seasonal Hysteresis Between the Carbonate Chemistry and Biological Activity

The response lag in the water column chemistry, as either a driver or a reflection of reef metabolism, can
contribute to the seasonal hysteresis (Cyronak et al., 2013; Jokiel et al., 2014; McMahon et al., 2013;
Shamberger et al., 2011). However, separating biogeochemical processes from water column measurements
is difficult because the reef and water column are not mutually exclusive, resulting in a dynamic interaction
(Andersson & Gledhill, 2013). While several studies have shown the presence of hysteresis at diurnal time
scales, seasonal hysteresis that link biological processes to environmental conditions remains elusive, par-
tially because of the lack of high‐frequency and long‐term measurements in nearshore areas. We described
the seasonal hysteresis between metabolic processes and seawater chemistry (temperature and Ωarag) using
two biological indices (npCO2sw and AOU).

The feedback between biological processes and the reef seawater chemistry shows an elliptic relation at both
stations (Figures 7 and 8). Figure 7 shows the CR and LP npCO2sw seasonal results plotted versus the in situ
temperature and are colored by the Ωarag seasonal values. Figure 7 shows that the difference in the magni-
tude of hysteresis between both locations is large because of the seasonal temperature variations and the
effects of biological processes on pCO2sw and seawater carbonate chemistry. Interestingly, the magnitude
of the AOU (horizontal component or broader aspect of the ellipsoid) is similar at both sites (Figure 8).
The seasonal strength (shape or magnitude) of the hysteresis is linked to the effect of benthic metabolism
on the water chemistry (Jokiel et al., 2014). Several hypotheses for the mechanisms of the observed seasonal
hysteresis between seawater carbonate chemistry and biological metabolism include seasonal changes in
benthic communities (e.g., seagrasses and corals), environmental switches (e.g., nutrients and carbon avail-
ability), and stressful abiotic conditions (e.g., temperature and pH). Changes in ecosystem processes at sea-
sonal time scales, including coral‐algal competition and even hurricanes and bleaching, can also produce

Figure 6. Seasonal biological (ΔpCO2bio, green line) and thermal (ΔpCO2temp, red line) effects on observed ΔpCO2sea‐air (ΔpCO2obs, gray line) for CR (a) and LP
(b). The apparent oxygen utilization (AOU) is represented with a black line on the second axis.
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significant alterations in the ecosystem and different hysteresis loops (Knowlton, 1992; Petraitis &
Hoffman, 2010).

At CR, the results show that lower npCO2sw (greater than the seasonal mean pCO2air) values are fromwinter
to early summer, with higher temperatures (less than the seasonal mean temperature) from spring to August
(Figure 7). During spring, the npCO2sw values decreased to 250 μatm (sink conditions), andΩarag was at the

Figure 8. Temperature‐normalized pCO2sw (npCO2sw; μatm) and the apparent oxygen utilization (AOU; μmol kg−1)
for CR (a) and LP (b), where the pink (spring), green (summer), orange (fall), and blue (winter) colors represent the
different seasons. Panel (c) shows a magnified view of LP. The pCO2air mean of 400 μatm is denoted by the horizontal
gray dashed line. AOU values greater than zero (vertical gray dashed line) denote heterotrophic (respiration
> photosynthesis) and less than zero autotrophic (respiration < photosynthesis) conditions.

Figure 7. Seasonal hysteresis of temperature‐normalized pCO2sw (npCO2sw; μatm) relative to in situ temperature (°C)
and colored by Ωarag for CR (a) and LP (b). Panel (c) shows a magnified view of LP. The square (fall), diamond
(summer), star (winter), and circle (spring) symbols represent the different seasons. The seasonal means of SST and
pCO2air (400 μatm) are denoted by the gray dashed lines.
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highest values, ranging from 3.8 to 4 (Figures 7 and 8). These low npCO2sw conditions support the observa-
tions of Manzello et al. (2012), where uptake of CO2 by the spring seagrass and macroalgae bloom increases
biological production and significantly increases Ωarag at time scales longer than diurnal. Consistent with
the Coral Reef Ecosystem Feedback hypothesis (CREF, Bates et al., 2009), an increase in net productivity sti-
mulates increasing Ωarag by reducing [H+] and CO2. During late summer and fall, the npCO2sw increased
above the atmospheric annual mean of 400 to >600 μatm and the Ωarag ranged from 3.5 to 3.7 (Figures 7
and 8). Net heterotrophic and lower Ωarag conditions can be linked to an increase in respiration during a
postbloom by the same primary producers upstream of CR. The unidirectional southward water current
observed in this study (Figure S8) supports the hypothesis that the outflow from upstream waters affects
water chemistry downstream.

At LP, the hysteresis between seawater chemistry and biological activity was muted relative to that at CR
(Figures 7 and 8). The results at LP showed year‐round high npCO2sw values with no seasonal shifts
(Figures 7 and 8). The seasonal npCO2sw versus temperature relationship follows an ellipsoid with higher
Ωarag at lower npCO2sw values (Figure 7). The increase in respiration (Figure 8) decreases pH, and the
salinity‐driven decreases in [CO3

2−] and [Ca2+] drive down Ωarag during the fall (Gledhill et al., 2010;
Gray et al., 2012; Moyer et al., 2012). Moyer et al. (2012) found that the reef's ability to modify water chem-
istry is low at LP because (1) the benthic community dominated by soft corals continued to increase despite
the decrease in Ωarag, (2) no significant primary producers (i.e., seagrass beds) are found upstream, and (3)
the absence of fast‐growing branching corals (i.e., Acropora sp.) and low live coral cover (<10%). Although
reef metabolism may not be a significant factor in changing seawater carbonate chemistry at LP, we
observed that high Ωarag and low npCO2sw correspond to autotrophic conditions (Figures 7 and 8).

The seasonal feedback between benthic metabolism and seawater carbonate chemistry at LP is weakened
relative to that at CR and other Atlantic high‐latitude reefs (Bates et al., 2009), which shows that autotrophic
conditions in early summer increase Ωarag and coral calcification. We hypothesize that Ωarag is suppressed
from spring to fall because of substantial contributions from organic matter respiration attributed to
mangrove‐derived organicmatter inputs as well as by allochthonous carbon sources (e.g., Yeakel et al., 2015).
Although calcification was not measured in this study, we hypothesize that summer net calcification in the
shelf platform reduces the open ocean source water TA significantly as indicated by the discrete nTA mea-
surements (Figure 5). Therefore, upstream communities could decrease Ωarag and make calcification more
energetically demanding in the mid‐shelf and inshore reefs. We hypothesize that longer residence times
and shallowness at this site could favor enhanced chemical signal (e.g., pCO2sw) from dark respiration
and calcification (Anthony et al., 2011; Takeshita, 2017; Takeshita et al., 2018). Long residence times can also
increase the accumulation of TA flux from the dissolution of carbonate sediments and the coral framework.
Still, because the TAmodel is derived from salinity and temperature, it cannot adequately capture alkalinity
variations from calcification and dissolution.

4. Conclusions

We found dissimilar effects of temperature and biology on carbonate chemistry at the two locations whereby
the seasonal cycle at CR was amplified relative to LP. Temperature effects on pCO2sw at CR were largely
counteracted by biological productivity, while at LP, carbonate chemistry dynamics were driven primarily
by thermodynamics. The resulting CO2 fluxes show LP as a persistent source of CO2 to the atmosphere,
while CR transitioned from net source to net sink of CO2 from fall to spring. The biological processes from
the seagrass communities close to the CR buoy enhanced the carbonate chemistry over diurnal and seasonal
scales relative to LP despite the longer residence times observed at LP. We found evidence suggesting that
from late summer to fall, respiration and dissolution are the dominant biogeochemical processes at both
locations. During the same time in the annual cycle, increases in DIC from respiration and a decrease in sali-
nity from regional freshwater sources (at LP) decrease Ωarag despite the temperature effect on mineral solu-
bility at both places. We observed that autotrophic conditions from winter to early spring could provide
favorable conditions for calcification by increasing Ωarag while substantial contributions from organic car-
bon can make calcification more energetically demanding during the fall. Uncertainties exist in the coastal
organic matter inputs from local (from seagrasses or mangroves) and remote sources, particularly the regio-
nal freshwater sources impinging in the eastern Caribbean during fall. Simple linear trends cannot explain
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the feedback between metabolism and reef water chemistry using long‐term observations over natural var-
iations. The effects of community production on pCO2sw make these interactions complex at short‐ and
long‐term scales. The seasonal response between benthic metabolism and seawater chemistry at LP is atte-
nuated relative to that at CR because of their differences in benthic cover and how benthic metabolismmodi-
fies the water chemistry at this location.

The discrete nTA and nDIC dynamics show that while calcification is an important process throughout
much of the year at LP (summer at CR), respiration, particularly in late summer and fall, appears to be an
important source of additional CO2 to the systems. At LP, calcification from the outer shelf communities
and inputs of organic matter from mangroves likely reduce Ωarag and increase the susceptibility of inshore
reefs to OA effects. However, changes in discrete nTA and nDIC reflect biological activity that has been inte-
grated over multiple days at the shelf scale (>10 km), while the buoy measures pCO2sw dynamics on diel
timescales by the communities upstream of the buoy (<5 km). Careful consideration should be taken when
inferring local biogeochemical processes, given that pCO2sw (and presumably pH) responds onmuch shorter
time and local scales than DIC and TA at the studied locations. Our observations highlight the need for more
comprehensive observing systems that can reliably measure both the fast‐response (pCO2sw and pH) and
slow‐response (DIC) carbon pools. This study provided valuable indices that can be used by coastal man-
agers and industry leaders in their decision making in the face of OA and warming.

Data Availability Statement

Data supporting this research are available in these in‐text data citation references: J. Corredor (1994),
Hendee (2014), Manzello et al. (2015, 2017), Manzello, Enochs, and Dutra (2018), Meléndez et al. (2019),
Sutton, Sabine, Morell, et al. (2014), and Sutton, Sabine, Manzello, et al. (2016). Data products related to
the paper are temporarily included as supporting information and will be available upon publication
in the respective Integrated Ocean Observing System (IOOS) regional associations (CARICOOS
and SECORA) repositories, as well to the NCEI data repository. Wind data for the station IMGP4 – Isla
Magueyes, Lajas, Puerto Rico, can be found at https://www.ndbc.noaa.gov/station_page.php?
station¼IMGP4 and for the Station MLRF1 – Molasses Reef, Florida at https://www.ndbc.noaa.gov/sta-
tion_page.php?station¼MLRF1. The data from the Rocks station are part of the Southeast Environmental
Research Center Florida International University (SERC‐FIU) Water Quality Monitoring Network. USA
EPA Agreement #X7 00D02412‐1 and NOAA Agreement #NA09NOS4260253 and can be found at http://
serc.fiu.edu/wqmnetwork/FKNMS-CD/DataDL.htm. UPRM participation in the latter is made possible
through the IOOS partnership with CARICOOS program.
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