&AGU PUBLICATIONS

Global Biogeochemical Cycles

RESEARCH ARTICLE
10.1002/2015GB005327

Key Points:
+ Seasonal reversal in the sign of NCP

drives positive feedback on NCC in the

summer and negative feedback in
the winter

+ Seasonal net dissolution in waters
supersaturated with respect
to aragonite

+ Net loss of reefal substrate due
to ocean acidification is
already occurring

Supporting Information:
+ Table S1

+ Table 52

« Figure 51

« Text 51

Correspondence to:

C. Langdon,
clangdon@rsmas.miami.edu

Citation:

Muehllehner, N, C. Langdon, A. Venti,
and D. Kadko (2016), Dynamics of
carbonate chemistry, production, and
calcification of the Florida Reef Tract
(2009-2010): Evidence for seasonal
dissolution, Global Biogeochem. Cycles,
30, doiz10.1002/2015GB005327.

Received 7 DEC 2015
Accepted 5 APR 2016
Accepted article online 2 MAY 2016

©2016. American Geophysical Union.
All Rights Reserved.

Dynamics of carbonate chemistry, production,
and calcification of the Florida Reef Tract
(2009-2010): Evidence for seasonal
dissolution

Nancy Muehllehner’, Chris Langdon’, Alyson Venti', and David Kadko?

"Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida, USA, 2,»f\pplied Research Center,
Applied Research Center, Florida International University, Miami, Florida, USA

Abstract Ocean acidification is projected to lower the Q- of reefal waters by 0.3-0.4 units by the end of
century, making it more difficult for calcifying organisms to secrete calcium carbonate while at the same time
making the environment more favorable for abiotic and biotic dissolution of the reefal framework. There is great
interest in being able to project the point in time when coral reefs will cross the tipping point between being net
depositional to net erosional in terms of their carbonate budgets. Periodic in situ assessments of the balance
between carbonate production and dissolution that spans seasonal time scales may prove useful in monitoring
and formulating projections of the impact of ocean acidification on reefal carbonate production. This study
represents the first broad-scale geochemical survey of the rates of net community production (NCP) and net
community calcification (NCC) across the Florida Reef Tract (FRT). Surveys were performed at approximately
quarterly intervals in 2009-2010 across seven onshore-offshore transects spanning the upper, middle, and
lower Florida Keys. Averaged across the FRT, the rates of NCP and NCC were positive during the spring/summer
at62+7 and 17+2mmolm~—2d ™!, respectively, and negative during the fall/winter at —33 +6 and —7
+2mmolm~2d ™. The most significant finding of the study was that the northernmost reef is already net
erosional (—1.1 04 kg CaCO;m 2 yr~ ') and midreefs to the south were net depositional on an annual basis
(0.4+ 0.1 kg CaCO; m~2yr~") but erosional during the fall and winter. Only the two southernmost reefs were
net depositional year-round. These results indicate that parts of the FRT have already crossed the tipping
point for carbonate production and other parts are getting close.

1. Introduction

Predicting the future of carbonate reefal building is of growing importance as ocean acidification threatens
the coral reefal habitat. The rapid rise in atmospheric carbon dioxide drives greater CO, absorption by the
oceans, changing its carbonate chemistry within the surface layers [Sabine et al, 2004]. While the majority
of lab studies find that a decrease in aragonite saturation state (Q,,) causes a reduction in rates of skeletal
formation [Chan and Connolly, 2013], it is not easy to translate these results into predictions for net calcifica-
tion at the community scale. The reason is that net community calcification represents a complex balance
between producers and destroyers of calcium carbonate with many players operating at different trophic
levels, functioning in different physical, chemical, and biological settings.

Predictions of when reefs will switch from net calcification to net dissolution span the near future such as when
pCO, reaches 500-560 ppm at midcentury[Hoegh-Guldberg et al., 2007; Silverman et al., 2009; Yates and Halley,
2006] to the end of the century [Andersson et al, 2007; Shaw et al, 2012]. However, these predictions seldom
incorporate the feedback effects of reefal community metabolism on the carbonate chemistry of the overlying
water. The processes of photosynthesis, respiration, calcification, and dissolution on the reefal impact the car-
bonate chemistry of reefal waters by altering the amount of dissolved organic carbon (DIC) and total alkalinity
(TA). As coastal coral reefs alter the carbonate chemistry of incoming oceanic water it can influence the Q,,
value and potentially alter the time frame for when a reefal may experience net dissolution [Shaw et al,
2012]. However, community metabolism (i.e, photosynthesis/respiration and calcification/dissolution) affects
the flux of carbon in coastal waters differently depending on the reefal system [Kleypas et al,, 2011]. For exam-
ple, models of varying benthic community composition show that photosynthesis on the reefs of Moorea can
result in increased downstream Q. [Kleypas et al,, 201 1]. Alternatively, models of reefal flat systems in Australia
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find that large tidal cycles, high rates of photosynthesis/respiration, and predicted increases in the seawater
Revelle factor can create large swings in pCO,, resulting in reefs that will experience intermittent Q,, under
saturation sooner than expected [Shaw et al,, 2013]. Unfortunately, limited field data on the feedback between
carbonate chemistry and benthic metabolism currently limit our ability to predict how these factors interact
and thus how reefal dissolution rates in different reefal systems may shift in the future [Silverman et al,
2007b; Bates et al., 2010; Shamberger et al, 2011; Silverman et al.,, 2012]. Overall, the range of predictions for
net reefal dissolution reflects the challenges inherent in understanding the relationships between benthic
metabolism, calcification, and the changing carbonate chemistry of our oceans. Tying the nature of Q; oscilla-
tions to net community calcification is an imperative to predicting reefal growth and identifying threshold Q,,
for net calcification on different reefs as ocean acidification continues [Atkinson and Cuet, 2008].

The seasonally reoccurring reefal dissolution observed in this study is unprecedented, with prior reports of
dissolution both rare, and occurring almost exclusively for short periods of time at night [e.g., Barnes and
Devereux, 1984; Yates and Halley, 2003; Silverman et al., 2007a, 2007b; Shamberger et al., 2011]. In general,
net dissolution on reefs is expected when ocean acidification results in undersaturated water. However,
despite surface water column Q; of 249 to 3.53, low-saturation state in pore waters does affect reefal
structures, as is suspected to be the case the in the poorly cemented reefal framework in the eastern
Pacific [Manzello et al,, 2008]. For instance pore water within the reefal substrate can rapidly become under-
saturated due to the carbon dioxide produced by microbial remineralization of organic material [Andersson
and Gledhill, 2012; Walter and Burton, 1990; Burdige et al., 2010]. This process can also be enhanced by
increased oxygen supply from sea grass rhizomes [Burdige and Zimmerman, 2002; Burdige et al., 2010].
While minor dissolution is generally considered to be naturally occurring in shallow reefal waters [Yates
and Halley, 2006], the tipping point at which net community calcification ceases will vary substantially across
reefal environments [Andersson and Gledhill, 2012], due to highly variable factors such as organic matter con-
tent, mineral composition, grain size, sediment permeability, and porosity [Burdige and Zimmerman, 2002].

Regional assessments of community calcification that are both spatially and temporally robust are vital to create
regional Q,, thresholds for net reefal calcification in an acidifying ocean [Andersson and Gledhill, 2012]. While
there is a wealth of field data on reefal calcification in different regions, the spatial scale is often on the order
of meters to afew kilometers or the time scale is on the order of hours to days without consideration of seasonal
variability [Bates et al,, 2010]. In addition, the inherent physical and biological differences between reefal systems
will result in different reefs displaying very different susceptibilities to net reefal dissolution under similar Q,,
conditions [Andersson and Gledhill, 2012]. Aragonite saturation state and net community calcification typically
correlate well within a reefal system, but the slope of the relationship and thus the tipping point to net dissolu-
tion for different reefal systems range from Q,, of 1 to 4.5 [Shamberger et al,, 2011]. Current modeling efforts are
not sufficiently constrained to take the widely varying factors influencing net dissolution rates into account and
thus are unable to accurately ascribe risk in varying systems. By expanding our regional field data to encompass
different reefal systems and their seasonal oscillations in calcification/production, we can increase our predictive
power and better identify regional thresholds for reefal growth as ocean acidification intensifies.

This study uses changes in carbonate chemistry combined with reefal water residence times calculated from
radiochemical tracer measurements (Be-7 and Th-234) to provide temporally integrated rates of net community
metabolism. By surveying across 200km of the Florida Reef Tract, we assess how the biological processes of
production/respiration and calcification/dissolution alter the carbonate chemistry of reefal waters both spatially
and temporally across the Florida Reef Tract. We present evidence from a 2 year time period on this subtropical
coral reef that net dissolution is already occurring regularly on a seasonal basis, suggesting that the system
may be operating very close to its carbonate balance (tipping point). The data presented here substantiate the
idea that accurately predicting the effects of ocean acidification requires (1) an understanding of regional carbo-
nate dynamics and (2) an understanding of the biological and physical processes that can drive carbonate chem-
istry changes in these systems.

2. Methods
2.1. Site Description

This study was conducted from May of 2009 to December of 2010 along ~200 km of the Florida Reef Tract
(FRT) from north of Biscayne National Park to the Looe Key National Marine Sanctuary (Figure 1). This reefal
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Figure 1. Map of the study area showing the locations of the stations making up the seven transects. The location where
the samples for the ocean end-member were collected is shown by the starred symbol. The arrows indicate the direction
and relative rates of long-term water flow [Lee et al, 2002]. The gray box represents the approximate footprint (9 km x 10
km) of the alkalinity anomaly-residence time method employed in this study.

system supports a productive community with extensive sea grass beds and patch reefs lying adjacent to the
string of keys facing the Atlantic Ocean. The inshore region (<2 km from shore) consists of bands of sea grass
habitat interrupted by channels. The midshelf region (2-6 km offshore) includes patch reefs, sea grass beds,
and hard bottom [Burman et al, 2012]. The outer edge of the shelf (~8km offshore) is defined by the reefal
crest, sitting at a depth range of 2 to 20 m. Waters moving onto the FRT originate from the northward flowing
Florida Current [Lee and Williams, 1999]. Circulation on the shelf on a subtidal time scale can be separated into
subregions [Lee et al., 2002]. In the lower Florida Keys, where the coastline is directed east-west, the alignment
with the prevailing winds results in a mean westward coastal countercurrent, with an onshore component in
the upper layer and offshore in the lower layer. The upper Florida Keys, oriented in a more north-south
direction, are characterized by onshore winds that result in weak northward flow. The middle Florida Keys,
where the curvature of the coastline is greatest, is a transitional region in terms of wind and Florida
Current forcing. The physical processes described above result in the creation of a counterclockwise recircu-
lation system or gyre over much of the lower and middle Florida Keys with mean flows in the 2-10cms ™'
range [Lee and Williams, 1999]. Wind-driven Ekman transport forces onshore flow at the surface and offshore
at the bottom across much of the FRT, creating a recirculation system along the cross-shelf axis. The result s a
physical circulation system that is conducive to the retention of larvae and relatively long water residence
time. Wind-driven offshore Ekman transport at the surface and onshore transport at the bottom (i.e., classic
coastal upwelling) is rare along the southern half of the east Florida coast [Taylor and Stewart, 1959]. Based on
tide gauge records in Miami and Key West one instance of upwelling at the Miami station and three instances
at the Key West station were reported over a 13 year period. Breaking internal tides can drive high-frequency
upslope flows of cooler, saltier water from below the thermocline seaward of the reef up onto the reefal plat-
form on the time scale of 1-20 min [Leichter et al., 2003]. This process is thought to be a source of nutrients to
the reef and could cause short-term perturbations in the TA and DIC water properties. However, a careful
examination of temperature records from National Data Buoy Center and National Oceanographic Data
Center thermographs deployed at reefal floor depths at sites in the upper, middle, and lower Florida Keys
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(Fowey Rocks, Molasses Reef, and Sand Key) revealed no evidence of high-frequency temperature variability
events during any of the cruises making up this study.

Recent mapping surveys show sea grass beds cover up to 55% of the 3141 km? Florida Key area [Lidz et al, 2007]
with macroalgae covering up to 56% of some northern reefal areas in summer months [Lirman and Biber, 2000].
Calcifying organisms in the community include crustose coralline algae, calcifying macroalgae, foraminifera,
and corals [Burman et al., 2012; Koch et al.,, 2012]. Areal coverage of reefal building corals in patch reefs, inshore,
and offshore reefs (excluding hard bottom areas) is estimated at 2% to 7% [Soto et al, 2011].

2.2. Sampling and Chemical Analysis

Seven cruises were conducted on the R/V F.G. Walton Smith at roughly 90 day intervals (09 April, 09 August, 09
October, 09 December, 10 May, 10 October, and 10 December), Water samples were collected along seven
transects comprised of three to five stations, with the innermost station being 1-3 km offshore and the outer-
most station at 4.8-10.3 km offshore (Figure 1). Discrete water samples were collected from ~3m depth from
either the ship’s flow through system or a conductivity-temperature-depth rosette deployed from the R/V F.
G. Walton Smith oceanographic vessel. For our net community calcification (NCC) and net community produc-
tion (NCP) calculations we assumed that a single measurement of TA and DIC taken at middepth was represen-
tative of the entire water column, i.e, that the water column was well mixed. This assumption was checked
periodically by collecting samples at the top and bottom of the water column. Occasionally, differences of
+10 pmol/kg were observed but the average difference was +1.8 umol/kg or on the same order as the precision
of our measurements. Measuring TA and DIC at multiple depths at each of the 200 stations occupied on this
project would have been prohibitively time-consuming to collect and analyze.

Samples were placed in 250mL bottles filled to rim and poisoned with 100 uL mercuric chloride to halt
biological perturbation. TA was determined in triplicate (30-40 mL per analysis) by potentiometric titration
with HCl using an automated open-cell Gran titration [Dickson et al, 2007]; precision was 0.17% or
+2-3 pmol kg . DIC samples from 2009 were analyzed by coulometry [Dickson et al.,, 2007, SOP6] coupled
to a single-operator multiparameter metabolic analyzer (SOMMA). DIC samples collected in 2010 were
analyzed using an Apollo SciTech DIC analyzer (AS-C3, Apollotech, USA). Precision of the SOMMA-coulometer
system was 0.2%, while the Apollo SciTech averaged a precision of ~0.5%. Accuracy of TA and DIC was
checked against certified seawater reference material [Dickson et al., 2003]. Determination of pCO,, pHr,
and aragonite saturation state (Q,.g) were calculated as a function of the measured temperature, salinity,
TA, and DIC using the program CO2SYS [Lewis and Wallace, 1998]; dissociation constants for carbonic acid
were determined by Mehrbach et al. [1973] as refit by Dickson and Millero [1987], and the dissociation
constant for boric acid was determined by Dickson [1990]. Salinity and temperature was obtained from a
Sea-Bird thermosalinograph connected to the ship’s uncontaminated seawater line. In addition, an underway
pCO, analyzer system was present on the Walton Smith during three cruises through NOAA's Vessels of
Opportunity Program, Analyses of Be-7 and Th-234 were performed using the methods given in Venti et al.
[2012] and briefly described in the supporting information section.

All TA and DIC values were normalized to a common salinity of 35 by multiplying by the factor (35/9),
where S was the measured salinity at each station. The idea behind the normalization is to correct for
small changes in TA and DIC that are due to evaporation and precipitation. No correction was made
for an alternate end-member such as river or groundwater. This was based on the fact that Cai et al.
[2010] found that the TA-salinity relationship in the Florida Straits was highly linear and had an intercept
of 310pmol kg ™', indicating minimal freshwater input of TA. No study has looked at the carbonate
chemistry of groundwater upwelling onto the FRT. However, the possibility that groundwater might
be contributing nutrients has received considerable attention. Reich et al. [2002] injected dye into
injection wells located on the bayside of Key Largo and observed that under certain meteorological
conditions that caused sea level to be higher on the bayside, the dye would appear after approximately
16 days in wells located on the oceanside. It should be noted that the wells were located with 50-80 m
of the shoreline. Szmant and Forrester [1996] looked at water column and sediment interstitial water
nutrient concentration distribution patterns and observed that while levels were elevated immediately
along the coastline, beyond 0.5 km of the shore, the concentrations were back to typical oligotrophic
baseline levels. More work on the flux of groundwater onto the reefs and the carbonate chemistry of
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that water needs to be done, but at the present time there is no strong evidence that it is a significant
contribution to the TA and DIC budgets on the FRT.

In the following sections when we use the term spring/summer we are speaking collectively of data
collected during spring and summer cruises (09 April, 09 August, and 10 May) and use fall/winter to
collectively refer to data collected during the fall and winter cruises (09 October, 09 December, 10
October, and 10 December). We introduce the terms upper, middle, and lower to refer to transects of
stations aggregated by location along the reefal tract from north to south (upper—transects 1 and 2,
middle—transects 3-5, and lower—transects 6 and 7). We also have aggregated stations according
to distance from shore. We refer to stations located between 1.1 and 3.3 km as inner and those located
between 4.3 and 10.3 km as outer.

2.3. Calculating Net Production and Calcification Rates

Changes in seawater carbonate chemistry between upstream (ocean source water) and downstream (reefal
water) can be used to calculate net community production (NCP) and net community calcification (NCC) rates
via the alkalinity anomaly method [Smith and Key, 1975]. This method assumes that the precipitation of 1 mol
of CaCO5 reduces the DIC by 1 mol and the TA by 2 mol since each mol of Ca®* taken up removes two equiva-
lents of charge. Deviations from this simple stoichiometry can arise in certain environments if organic carbon
production is coupled to significant uptake of NO;~ (increases TA) or NH,* (decreases TA) [Brewer and
Goldman, 1976). However, on coral reefs the concentrations of NO;~ and NH,* are typically <0.5 pmol kg™
and their contributions to the measured change in TA can safely be ignored [Kinsey, 1978; Smith and Atkinson,
1983]. The change of TA in water moving over the benthos relative to the TA of the ocean source water
provides a measure of net CaCO; production (i.e., calcification-dissolution). Accordingly, net community
calcification, NCC (mmol CaCO; m~2d ™), can be calculated as

AnTA
NCC =05 hp— 1)

where AnTA is the difference in salinity-normalized total alkalinity between the reef (nTA,) and ocean (nTA,)

station (umol kg™"), p is the seawater density (kgm—3), h is the water depth (m), and 7 is the water residence
time (days).

DIC is affected by calcification, dissolution, photosynthesis, respiration, and gas exchange. Net community
production, NCP (mmol CaCO; m~2d "), can be calculated using the changes in DIC after taking into account
NCC and gas exchange:

AnDIC — 0.5AnTA
- ) _ kS(pCOw —

NCP = —hP( pCOs4) e

where AnDIC is the difference in salinity-normalized dissolved inorganic carbon between the reef (nDIC,) and
ocean (nDIC,) station (umol kg_']. The term kS(pCO,,, — pCO,,) approximates the CO, gas exchange flux,
where k is the gas transfer velocity, S is the solubility of CO, calculated as a function of temperature and
salinity, and (pCOy,, — pCO,,) is the difference in pCO, (patm) between the surface reefal water and the
atmosphere. The other terms are as defined in equation (1). The wind speed parameterization of Ho et al.
[2006] was used to calculate k. Average wind speed for the month in which each cruise occurred was
obtained from the NOAA National Data Buoy Center for the closest site. Weekly average wind speed would
have been preferred but was not available. Average monthly wind speeds for the seven cruises exhibited
little variability (4.1-53ms'). The incorporation of air-sea gas exchange lowered the NCP rates by an
average of 2.7 +2.0mmolm 2d ™" or 14%.

Samples used to establish the carbonate chemistry of the ocean end-member were collected at the ocean
station (24.9950°N, 80.2317°W) located 19.1 km offshore (red symbol in Figure 1). Measured nTA averaged
2292+ 12 (mean +5D) pmol kg '. A search of the Global Ocean Data Analysis Product database found that
oceanic waters in the Caribbean/West Atlantic (25.0-28.0°N, 90-79.3°W) have uniform nTA properties in
the upper 200m (2295 +6 pmol kg~ '). This means that episodic events like wind-driven upwelling, breaking
internal tides, or passage of eddies are unlikely to alter the nTA, of the waters flowing up onto the reefal
platform, and this in turn means that calculations of calcification and dissolution based on the alkalinity
anomaly method will be robust. nDIC measured at the ocean station exhibited more cruise to cruise
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variability, 1945-2041 pmol kg ~". Bates et al. [2012], based on 20 years of observations of ocean carbonate
chemistry at the Bermuda Time Series station, observed a consistent seasonal swing in nDIC (~1937-
1971 umolkg™") between summer and winter and no significant seasonal change in nTA (2286
+12 pmol kg ™). The larger-amplitude swing in nDIC at our ocean station may indicate that seasonality in
nDIG, is greater off the east coast of Florida than near Bermuda. For this study we measured nDIC, during
each cruise so the temporal variability in this parameter does not necessarily translate into an error in our
measurements of NCP. However, this is a matter that deserves more attention when studies like this one
are repeated. nDIC, should be measured at multiple offshore points along the FRT and as a function of depth
so it will be possible to assess the consequence of upwelling introducing water with a higher nDIC, up onto
the reefal platform. For now the estimates of NCP in this study should be regarded as less robust than the
measurements of NCC because nDIC,, is more variable both in time and in depth. If upwelling due to breaking
internal tides were to happen during a sampling trip it would be expected to bias NCP high during the
spring/summer because it would increase the delta nDIC calculation, while during the fall/ winter it would
bias the NCP low because it would decrease the delta nDIC. This should not be considered a serious limitation
of this study because (1) thermograph records do not indicate the occurrence of such events during any of
the sampling trips and (2) the focus of this study was on accurate measurements of the balance between
calcification and dissolution.

For each calculation of NCP or NCC, the residence time of the water measured at that station was used. In
cases where 7 was not measured at a particular station the average t for that transect line was used. In the
case of transect line 6 (Bahia Honda) where no measurements of r were made, rates of NCC and NCP were
computed by using the average t from lines 5 and 7. Rates of NCC and NCP were averaged by line, and then
the average of each line was averaged by season to obtain the average winter and summer rates for the
entire reefal tract. This was in turn averaged to obtain the annual average NCC and NCP of the entire
reefal tract.

2.4. Residence Time

Residence time () per station was obtained using a technique based on measurements of Be-7 and Th-234
[Venti et al., 2012]. Details on the methodology of the Be-7 tracer method used for this study can be found in
Table S1 in the supporting information. Residence time was calculated on 5 of the 7 cruises and a total 33
times for 15 different stations across the reefal tract during 2009 and 2010. Inshore stations were measured
a total of 15 times, while offshore stations were measured a total of 14 times.

The calculation of reefal water residence times is based on the difference in Be-7 activities between oceanic and
reefal waters. Be-7 is a naturally occurring, cosmogenic radionuclide with a half-life of 53.3 days that enters the
ocean via precipitation followed by homogenization within the surface mixed layer [Kadko and Olson, 1996]. Of
relevance to the present application, the open ocean inventory of Be-7 is diluted throughout the mixed layer,
while the same inventory is concentrated over the much shallower reefal platform. This results in higher Be-7
activities over the reef as compared to the offshore water. The persistence of this difference in Be-7 activity
between the open ocean and reefal waters can be used to estimate the residence time of water over the reef.
For example, a high flushing rate, or short residence time, would tend to diminish the difference in Be-7 activity,
whereas a long residence time would result in a higher difference between the ocean and the reef. Venti et al.
[2012] compared the Be-7 method with the salinity method and showed that residence times computed by the
two methods were comparable but the Be-7 method yielded a more precise estimate. The Be-7 method is
appropriate for detemmining residence times occurring over time scales of days to weeks, thus providing a
suitable tracer for estimating residence times in shallow reefal environments [Venti et al,, 2012].

2.5. TA-DIC Diagrams

TA-DIC diagrams have been used for many years to help visualize how coral reefs alter the carbonate chem-
istry of the overlying seawater [Kawahata et al, 1997; Suzuki et al, 2003; Watanabe et al., 2006]. When the
salinity normalized values of TA and DIC from water samples collected over a coral reef over some period
of time are displayed on a TA-DIC diagram it is common to observe that the points fall along a line radiating
to the left or right from a point that represents the mean TA and DIC properties of the ocean source water. TA-
DIC diagrams can be divided into quadrants centered on the ocean point (Figure 2). Data points falling in the
lower left quadrant are the result of positive rates of NCP and NCC. The closer the data points fall along a line
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Figure 2. TA-DIC diagram showing the Qj, 3.0, 3.5, and 4.0 isolines (gray dashed lines) and metabolic process vectors
(blue, red, and green lines) representing the range of slopes encountered in the present study. The red symbal represents
a hypothetical ocean end-member. The heavy black horizontal and vertical lines divide the diagram into quadrants where the
processes NCC and NCP are positive or negative.

2

with a slope of 0 the more organic carbon production dominates over inorganic carbon production (calcifica-
tion). If inorganic carbon production completely dominates, then the data points will fall along a line with a
slope of 2.0 because for each mole of CaCO3 formed two equivalents of charge are removed for each mole of
DIC in the form of CO52™. In practice, data points from reefal studies typically fall somewhere between these
two extremes. The data points on the TA-DIC diagram can be thought of as vectors that have a magnitude
and a direction. These vectors can be resolved using standard rules of vector math into two component
vectors (a NCC vector and a NCP vector). This is what we are doing when we say that NCC= —0.5 x ATA
and NCP = —(ADIC — 0.5ATA). Suzuki et al. [2003] derived a very useful equation that relates the slope of

the TA-DIC relationship (ATA/ADIC) to the NCC:NCP ratio:
NCC 1

NP @) ¥

where m is the slope of the vector representing a single data point or the slope formed by an assemblage of
data points (vectors). Equation (3) is undefined when m = 2 but is well behaved for the range of slopes typi-
cally observed in reefal studies, ie, m=0.3-13.

The other quadrant of interest on

0.004 TA-DIC diagrams is the upper right
o) y= o.ooRio;chl’-nggS;g.onm corresponding to negative rates of

8 : NCP and NCC. In this quadrant
E 0.002 | data points represent TA and DIC
g — values in excess of the ocean
E source water. If data points fall
= 0 ; ; along a line with a slope near
g e Umu_o e L zero we know that the breakdown
£ of organic matter (respiration) is
5 0002 the dominant process. If the points
= fall along a line with a slope of 2
50 we know that dissolution of carbo-
-0.004 | nate is the dominant process.
Equation (3) can be used to deter-

-0.005 b mine the NCCNCP ratio if the

Figure 3. Curvilinear relationship between the slope of the metabolic vector and slope falls somewhere between
the amount that Q, is elevated or depressed per unit metabolic vector length. the two extremes.
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Data points falling in the upper left quadrant would indicate that NCP is positive and NCC is negative.
Conversely, data points in the lower right quadrant would indicate that NCP is negative and NCC is positive.
Interestingly, it is uncommon to observe data points in these quadrants suggesting that these combinations
of biogeochemical processes (photosynthesis and dissolution) and (respiration and calcification) may be rare
on reefs,

As described in the previous paragraphs, TA-DIC diagrams can be used to draw inferences about the sign and
relative balance between biogeochemical processes on a reef. If the vector is directed to the left and down,
then a healthy reef with positive rates of NCC and NCP is indicated. The closer the slope of the vector is to 1
the closer the two processes are to being in balance. If the slope is less than 1, then NCP > NCC. If the slope is
greater than 1, then NCP < NCC. If the vector is directed to the right and up a reef that is losing biomass (living
or detrital; NCP < 0) and reefal framework (NCC < 0) is indicated. This may be natural on diel or even seasonal
time scales, but it is obviously unsustainable on an annual basis or longer. Again, if the slope of the vector is
less than 1, then NCP>NCC (i.e, respiration exceeds dissolution), and if the slope is greater than 1,
then NCP < NCC.

There is great interest in how coral reefs are responding to changes in pH, Q,,, and pCO, as a result of ocean
acidification. Invasion of anthropogenic CO; is steadily driving down the pH and Q,; of reefal waters on an
annual basis. However, biogeochemical processes (i.e., photosynthesis and dissolution) on coral reefs have
been shown to elevate pH and Q,, on diel and seasonal time scales to the potential advantage of the corals
and the process of calcification in particular. At other times biogeochemical processes (i.e, respiration and
calcification) can acidify the water and worsen chemical conditions for calcifiers. TA-DIC diagrams can be
used to study these interactions if the diagrams are overlain with isolines of pH, Q,,, or pCO,. The TA-DIC
diagram in Figure 2 has been overlain with isolines for Q. The lines are not perfectly straight over the
domain of TA and DIC encountered on reefs but are well approximated by lines with a slope of 0.94-0.95.
According to equation (3) data points falling along a line with a slope of 0.94 corresponds to a NCC:NCP ratio
of 0.89. This means that when the processes of photosynthesis and calcification or respiration and dissolution
are nearly in balance the processes cause very little change in Q,,. The red line in Figure 2 indicates this con-
dition. If the balance of processes is in favor organic carbon production or respiration (e.g.,, m=0.5 and NCC:
NCP =0.33), it can be seen (blue line in Figure 2) that the vector representing this condition cuts across the
isolines at an angle. Vectors directed into the lower left quadrant with a slope <0.94 elevate the Q,; of the
reefal water relative to the ocean source water and vectors with a slope <0.94 directed into the upper left
quadrant depress Q,, relative to the ocean. If instead the balance is in favor of inorganic carbon production
or dissolution (e.g., m=1.25 and NCCNCP = 1.67), the vectors cut across the isolines in the opposite direction
(green line in Figure 2). The result is that vectors directed in the lower left quadrant with a slope >0.94
depress Q,, and vectors with a slope >0.94 directed in the upper right quadrant elevate Q,, relative to the
source water.

An equation that allows the calculation of the change in Q,, for any TA-DIC vector can be derived by making a
graph of the computed change in Q,, for a vector of unit length as a function of the slope of that vector (
Figure 3). A logarithmic function of the form y=0.00700 x In(m) + 0.00048 provided an excellent fit to the
data over the range of slopes that are common in reefal studies (r>=0.998). The complete expression that
allows the calculation of AQ,, for any TA-DIC vector is given by

AQ,, = (0.00700In(m) + 0.00048)\/AnTA? + AnDIC? @

where In(m) is the natural log of the slope of the TA-DIC vector and the radical term is the length (L) or mag-
nitude of the metabolic vector in units of pmolkg~" with AnTA and AnDIC as previously defined in section
2.2. It should be noted that the magnitude of the metabolic vector is a function of the rates of NCC and
NCP and the water residence time.

2.6. Statistics

Analysis of variance (ANOVA) was conducted using JMP version 11.0.0 on response variables AnTA, AnDIC,
Q,rag NCC, and NCP, with season, location, and distance from shore as fixed factors. Where the ANOVAs
detect significant effects, Tukey’s honest significant difference (HSD) post hoc multiple mean comparison
tests were performed to see where the differences lay. Correlation tests were run between nTA and nDIC,

MUEHLLEHNER ET AL.
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Figure 4. nTA-nDIC diagrams by season and year. The red symbol denotes the properties of the ocean end-member. The
blue lines show the bestfit linear regression. The gray lines show the Qar isolines. The black arrows represent the metabolic
processes indicated.

Qarag and NCC, and NCP and NCC and tested for a linear fit using the R routine Imodel2. The significance level
for all tests was a=0.05.

3. Results
3.1. Temporal and Spatial Trends in AnTA and AnDIC

The main observables in this study were AnTA and AnDIC. These are the surplus/deficits in nTA and nDIC rela-
tive to the ocean end-member values of nTA, and nDIC,. They are of importance because they provide a tem-
porally and spatially averaged geochemical signal of the net amount of CaCOj precipitated or dissolved and
organic matter produced or metabolized on the seafloor below as described in section 2.3. Histograms of
AnTA and AnDIC are shown in Figure 4. Values of AnTA ranged from —150 pmol kg™~ to +100 pmolkg ™,
and values of AnDIC ranged from —250 umolkg ™' to +200 pmolkg .

Before considering the AnTA or AnDIC data in detail we first examine the value at which the deltas are sta-
tistically significantly different from zero. Since the deltas are determined from the difference between reef
and ocean end-member TA or DIC measurements we can use the equation for finding the standard error
of the difference between two means:

SD? 2 sD,2
n

SEqr = 5
where SEdif is the standard error of the difference in AnTA or AnDIC, SD, is the standard deviation of the reefal
water TA or DIC analyses, SD,, is the standard deviation of the ocean TA or DIC analyses, and n= 3 since the
analyses were performed in triplicate. If a typical value of 3.0 is assumed for the SD of the TA and DIC analyses
(see section 2.3), then SEdif=245 and the difference will be statistically significant if AnTA or
AnDIC > 2.132x2.45=5.2 pmol kg™, where 2.132 is the critical t value for df=4.

In Figures 5a and 5b, measurements of AnTA and AnDIC that fall in the not significant band between —5.2 and
+5.2 are indicated by the black bars and those that are significantly negative are in white and those that are
significantly positive in dark gray. Just 13% of the AnTA measurements and 12% of the AnDIC of the
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Figure 5. Histograms of (a) AnTA and (b) AnDIC. Deficits (white) and surpluses (dark gray) were significantly different from
zero (P<0.05). The black bars denote the values that were not significantly different from zero.

measurements fell within the not significant band. For AnTA, 51% of the observations were significantly nega-
tive (deficits) compared to 36% of the observations that were significantly positive (surpluses). For AnDIC the
observations were more evenly balanced with 42% significantly negative to 46% significantly positive.

Season had a significant effect on AnTA (ANOVA, F(1,89) =27.0, P< 0.0001) and AnDIC (ANOVA, F(1,81)
=101.1, P< 0.0001) with the sign of AnTA and AnDIC, actually reversing on five of the seven transects
(Figure 5). In order to look at whether the effects season varied from north to south or with distance from
shore with sufficient statistical power to see significant differences the data were pooled into upper
(Fowey-1 and Pennekamp-2), middle (Fiesta-3, Long-4, and Marathon-5), and lower (7 mile-6 and Looe-7)
groups and into inner and outer groups. With the data broken out in this way it becomes striking how closely
the spatial trends in AnTA with location (Figure 6a) and distance from shore (Figure 6¢) parallel the spatial
trends in AnDIC (Figures 6c and 6d). See Tables 1 and 2 for the results of the ANOVAs and post hoc mean tests
performed to look at the effects of season, location, and distance alone and in combination on AnTA and
AnDIC. Here we point out the strongest effect which was the interaction between season and distance from
shore clearly seen in Figures 6¢ and 6d. The effect of season on AnTA was significant on the inner reefs
(dif=100.0 £12.4 pmol kg, P<0.0001) but not the outer (dif=169+8.1 pmolkg™', P=0.16). Similarly,
the difference in AnDIC on the inner reefs (dif=176.4+13.4 pmolkg ™', P <0.0001) was highly significant
but not on the outer reefs (dif=47.8+9.0 pmol kg™, P < 0.0001).

3.2. Aragonite Saturation State ((),)

Contour maps of Q,, for each of the cruises are shown in Figure 7. These maps show the broad-scale spatial
trends in Q,, with elevated values on the inner reefs relative to the ocean during the spring and summer and
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Figure 6. Seasonal changes in (a) AnTA and (b) AnDIC by transect line (ordered from north to south). The error bars are
+SEM.

depressed values during the fall and winter (note that there was considerable interannual variability). There
was a highly significant interaction between season and distance from shore (Figure 8 and Table 1). During
the winter the inner reefs 3.43 + 0.07 were significantly lower than the outer reefs 3.75+ 0.05 (Tukey's HSD,
P=10.014; Table 2). During the summer the trend was reversed but the differences were not significant, i.e,,
inner 3.70 £ 0.08 versus outer 3.58+ 0.05.

3.3. nTA-nDIC Vector Analysis

nTA-nDIC plots are useful for getting a visual sense of the big picture of a data set before drilling down into
the small details. nTA-nDIC plots for each cruise are shown in Figure 9. At a glance it can be seen that nTA and
nDIC properties of the reefal water tend to fall along lines. The red symbol representing the properties of the
offshore ocean water falls along that line and often but not always is positioned at one end of the line. This is
visual support for the hypothesis that the red point represents the properties of the source for the reefal
waters. The next important thing to note is that during the spring and summer most data points tend to fall
to the left and down from the ocean point and during the fall and winter most points fall to right and up
relative on the ocean point. Referring back to Figure 2, see how each TA-DIC diagram can be divided into four
quadrants centered in the ocean end-member point. It can be seen that the data in Figure 9 fall mostly into
the lower left (+NCC and +NCP) and upper right (—NCC and —NCP) quadrants. During the spring and summer

MUEHLLEHNER ET AL.
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Table 1. Results of ANOVAs the geochemical data are telling
DV Source df F Ratio P us that the reefal communities
AnTA location 2133 14.8 <0.0001 are net producers of organic
distance 1133 255 <0.0001 (+NCP) and inorganic carbon
season 1133 61.8 <0.0001 (+NCQ) because the data points
seasonxk.)catlon 2133 35 0.24 are falling into the lower left
season X distance 1133 31.2 <0.0001 .
location x distance 2133 10.2 <0.0001 Quadrant. However, during the fall
season x location x distance 2133 10 0.35 and winter, most but not all of
AnDIC location 2138 69 0.0014 the sampled reefs are undergoing
distance b 164 <0.0001  pet dissolution (—NCC) and net
season 1138 1934 <0.0001 e
season x location 2138 34 gpas  respiration (—NCP) because the
season x distance 1138 63.6 <0.0001 data points are falling to the upper
location x distance 2138 6.1 0.0028 right quadrant. It is interesting
season X location x distance 2138 1.0 0.44 that we did not sample any reefs
Qar location Al 18 0.16 where NCC was positive and NCP
distance 1143 25 0.12 ; ; NCC
season 1143 06 0.43 Nt EORRIVES O Vs VERsd ( :
season x location 2143 11 0.32 negative and NCP positive). It is
season x distance 1143 11.6 0.0009 as if these states are not allowed
Iocatlionxdista(rilce 2143 06 0.55 for some physical, chemical, or
season X location x distance 2143 07 0.49 2 %
T location 224 06 0.54 biological reason.
distance 124 22 0.15 If we turn next to the slopes of
Sedson s 00 0.86 nTA-nDIC relationship for each
season x location 224 0.8 0.45 i B
e e T : e cruise we can make inferences
oAt onx Hisnee 224 04 0.65 about the relative rates of NCC
season X location x distance 224 00 0.99 and NCP on a reefal tract-wide
NCC location 278 104 <0.0001  basis. Recall from Figure 2 that if
distance e 05 05 data points fall along a line with a
season 178 29.4 <0.0001 | | to 0. th -
season X location 278 0.8 0.44 slope close to U, then we oW
season x distance 178 7.6 0.007 that the production/respiration
location x distance 278 1.6 0.22 of organic matter is the dominant
season x location x distance 278 13 0.27 biogeochemica| process a|tering
NCP location e 2.0 0.15 the carbonate chemistry of the
distance 177 0.3 0.58 G, TR e Gk Basit
season 177 1288 BRE ot Ui i e Sancy |
season x location 277 35 0.034 the line described by the data
season x distance 177 5.9 0.017 points is 20 we know that
location x distance 277 0.9 0.43 production/dissolution of CaCOs;
season X location x distance 277 25 0.09

is the dominant process. If the
#Significant results (p < 0.05) are shown in bold. slope of the line is 1.0, then we
know that the rates of organic
and inorganic carbon production or destruction are equal. Slopes were determined for each of the cruise data
sets by linear regression, and the information is summarized in Table 3. All of the regressions were highly sig-
nificant (P < 0.0001). Slopes ranged from alow of 0.43 to a high of 1.18 (Table 3, column 5). Using equation (3),
NCC:NCP ratios were computed from the each of the slopes (Table 3, column 8). NCC:NCP ranged from a low
of 0.27 to a high of 1.44. Change in the relative balance between NCC and NCP is important because it influ-
ences how community metabolism alters the Q,, of the water (Figure 2). When NCC:NCP is <1 drawdown of
nTA and nDIC results in an elevation of Q, relative to ocean source water when rates of NCC and NCP are
positive. An example of this is most clearly seen in the two spring cruises (Figure 4). The average elevation
in Q.. was 0.12 units in 09 April and 0.18 units in 10 May (Table 3, column 9). When NCC and NCP are negative
a slope <1 results in a depression of Q,,. Examples of this are the 09 and 10 December cruises (Figure 4),
where Q.. was depressed by —0.09 and —0.17 units (Table 3, column 9). When the slope of the nTA-nDIC data
is >1 the impact on the carbonate chemistry is reversed. Example of this is the August 09 cruise when +NCC
and +NCP resulted in the depression of Q,, by —0.06 units and in 09 October when a slope > 1 resulted in the
elevation of Q. by 0.15 units.

MUEHLLEHNER ET AL.
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Table 2. Post Hoc Mean Tests

DV Factor 1 Factor 2 Mean SE Connecting Letter
AnTA Season Distance pmol kg_I
Winter Inner 148 83 A
Quter 10.8 55 A
Summer Inner —85.2 93 B
Quter —6.1 6.0 A
Season Location pmol kg_I
Winter Lower -173 98 A
Middle 124 74 A B
Upper 438 84 B,C
Summer Lower —73.0 9.7 D
Middle —-327 83 C
Upper -313 10.6 C
AnDIC Season Distance pmol kg_I
Winter Inner 503 88 A
Quter 18.7 6.1 A
Summer Inner —126.0 10.0 B
Quter —29.1 6.7 A
Season Location pmol kg_I
Winter Lower 31 109 A
Middle 323 83 A
Upper 68.2 84 B
Summer Lower —844 10.8 (&
Middle -75.7 93 C
Upper —-725 11.0 C
(e Season Distance
Winter Inner 343 0.07 A
Quter 375 0.05 B
Summer Inner 3.70 0.08 A B
Quter 358 0.05 A B
T Season Distance days
Winter Inner 6.0 08 A
Quter 6.1 1.0 A
Summer Inner 7.4 1.2 A
Quter 43 09 A
Season Location days
Winter Lower 6.0 13 A
Middle 6.2 09 A
Upper 6.0 1.1 A
Summer Lower 6.8 1.5 A
Middle 4.8 1.1 A
Upper 6.5 13 A
NCP Season mmolCm 2d ™!
Winter —320 54 A
Summer 61.8 6.2 B
Season Location mmol Cm2d ™!
Winter Lower —124 104 B
Middle —275 79 B,C
Upper —56.1 98 C
Summer Lower 50.9 10.5 A
Middle 719 9.8 A
Upper 626 119 A
Season Distance mmolCm 2d ™"
Winter Inner —443 7.8 A
Quter —-196 76 A
Summer Inner 69.6 8.8 B
Quter 540 8.8 G
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Table 2. (continued)

DV Factor 1 Factor 2 Mean SE Connecting Letter
NCC Season mmol CaCO3 m 24!
Winter —6.6 36 A
Summer 234 42 B
Location mmolCaCOsm 2d ™"
Lower 255 50 A
Middle 6.6 42 B
Upper —6.9 5.2 B
Season Location mmol CaCO3 m 24!
Winter Lower 134 7.0 A B
Middle —6.1 52 B,C
Upper —-27.2 6.5 C
Summer Lower 375 70 A
Middle 19.2 6.5 A
Upper 134 7.0 A B
Season Distance mmol CaCO3 m 24!
Winter Inner —-124 52 ¢
Quter —-0.8 5.1 B, C
Summer Inner 329 59 A
Quter 139 59 A B
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Figure 7. Seasonal and spatial trends in AnTA and AnDIC by (a and b) location and by (c and d) distance from shore. The dissimilar letters indicate the means that
were significantly different (P < 0.05).
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The analysis above was based on the
OSpring/Summer aggregated data for each cruise.
AB B Breaking the data out by location
38T : Fall/Winter (upper =transects 1 and 2; middle =tran-
[ { sects 3, 4, and 5; and lower =transects 6
J AB and 7), distance from shore (inner
361 I <1.5km and outer >1.5km), and by
| season  (spring/summer=April, May,
and August and fall/winter=COctober,
34| ' November, and December) was helpful
= in revealing interesting temporal and spa-
tial trends at the regional level. Slopes
were quite low in the upper and middle
Florida Keys (0.46+ 0.06 and 0.51 £0.07)
indicating NCCNCP ratios of 0.30+0.04
to 0.34+0.05, meaning that organic
3.0 carbon production was 3 times inorganic
Inner Outer
carbon production. In the lower Florida
Figure 8. Seasonal changes in Q4 by distance from shore. Theerrorbars ~ Keys the slope was 0.96+0.13 indicative
are +SEM. of a NCC:NCP ratio of 0.92+0.13 (Table 3,
middle section). The outcome of the
dominance of photosynthetic activity in the upper and middle Florida Keys was an elevation in Q,, of
0.26-0.32 units, while in the lower Florida Keys despite a large drawdown in nTA and nDIC Q,, barely changed
(i.e., —0.01 units). During the fall/winter the vectors in the upper and middle Florida Keys were reversed (ie.,
directed into the upper right quadrant) with slightly reduced magnitudes () of 30,0 to 67.1 umol kg~ ', The
slopes were still low (0.56 + 0.09 and 0.45 +0.09), indicating that respiration exceeded dissolution by a factor
of 2. The result of this biogeochemical activity was a depression of Q,, by 0.15 to 024 units. In the lower
Florida Keys the vector was directed into the lower right quadrant (—NCP and +NCP). The slope of 1.28
+0.31 indicated that the NCCNCP was 1.78 + 0.43 and the change in Q,, was —0.03 units.

nar

32

Breaking the data out by season and distance from shore also revealed interesting trends (Table 3, bottom sec-
tion). The inner reefs displayed the greatest drawdown in nTA and nDIC. The magnitude of the metabolic vector
was 1509 pmolkg ' and the slope was 0.84+0.18, indicating a NCC:NCP ratio of 0.72 +0.16. The result of the
excess of photosynthesis over calcification was an elevation in Q,, of 0.11 units. The drawdown of nTA and nDIC
on the outer reefs was smaller, resulting in a vector with a magnitude of 30 umol kg~'. However, because the
slope was much lower (0.42 +0.07) indicating a NCC:NCP ratio of 0.27 +0.04, the impact on Q,, was bigger, ie.,
+0.17 units. During the fall/winter both vectors were directed into the upper right quadrant. The magnitude of
the vector for the inner reefs was greater than for the outer reefs (62.9 versus 29.1 pmol kg™, and the slopes
(0.78 £0.09 versus 0.63 +0.10) indicated that the NCC:NCP ratios were 0.46 to 0.64. Under these conditions the
excess of respiration over dissolution acidifies the water and lowers Q,, 0.08 units.

3.4. Residence Time

Residence times broken down by season, location, and distance from shore are shown in Figure 10 and
summarized in Table 2. The biggest range was during the summer when it varied from 7.4 days on the inner reefs
to 4.3 days on the outer reefs. However, ANOVA showed that difference and the others shown in Figure 10 were
not statistically significant (Table 1). The average residence time over the 20 month study was 5.6 +1.7 days. For
the purposes of computing NCC and NCP the actual measured value of t at each station was used in the calcula-
tion. If T was not measured at a specific location the value from the closest station was used.

3.5. Net Ecosystem Calcification (NCC) and Net Community Production (NCP)

Rates of NCC and NCP were computed from the AnTA, AnDIC, and residence time data using equations (1)
and (2). Figure 11 shows the data for each reefal line ordered from north to south. The most salient
features of the data are that during the spring/summer, rates of NCC are positive and fairly uniform across
the FRT ranging from 12.5 to 23.5mmolm 2d . However, during the fall/winter there was a gradient
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Figure 9. Contour maps of £, by season.
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Table 3. Metabolic Vector Characteristics and Computed NCC:NCP Ratios and AQara

Date AnTA (umol kg~ ) AnDIC 2 m° o P NeceneP?  AQ,S
09 Apr —22.9+62 —138+10.8 267 049+0.06 072 <00001 032+004 0.12
09 Aug —260+25.1 —264+196 371 1.18+0.10 088 <0.0001 144+0.12 —006
09 Oct 183+103 549+116 956 1.16+0.11 079 <00001 138+0.13 0.15
09 Dec —28+30 17.1+47 173 0.43+010 040 00002 027+006 —0.09
10 May —19.1+79 —489+129 525 057+005 085 <0.0001 040+003 0.18
10 Oct 183+103 549+116 579 0824009 076 <0.0001 069+0.07 —0.05
10 Dec 223+59 319+102 389 0504009 067 <0.0001 033+006 —0.17
Location Season

U S —221+118 —60.0+133 639 046+006 077 <0.0001 030+004 032
M S —20.5+92 —57.9+106 614 051+007 066 <0.0001 034+005 026
L S —458+109 —57.9+126 738 096+0.13 075 <0.0001 092+0.13 —0.01
U w 344+82 576+103 671 056+009 0.61 <00001 039+006 —0.24
M w 127 +8.2 272495 300 045+009 042 <00001 029+006 —0.16
L w —11.1+112 46+129 120 128+031 048 00007 1.78+043 —0.03
Distance Season

Inner S —843+10.1 —1252+10.7 1509 084+0.18 0.54 0.0002 072+0.16 0.11
Outer S —57+6.5 —295+70 300 0424007 047 <00001 027+004 0.17
Inner w 18.6+9.1 60.1+9.2 629 078+009 074 <00001 0.64+007 —0.08
Outer W 211459 20.1+63 291 063+0.10 041 <0.0001 046+007 —0.08

®Mean metabolic vectors were determined for each cruise and for groups of stations broken out by location and sea-
son or distance from shore and season and resolved into their component DnTA and DnDIC vectors (mean + SEM).

Magmtude was computed 'Jl',DnTA + DnDIC )

Results of linear regression of nTA-nDIC data points, slope m, adjusted 7, and significance level P.

9INCC:NCP ratio computed using equation (3) (mean + SEM).

€AQ,, computed using equation (4).

inNCC with strongly negative rates (dissolution) at Fowey in the north (—42.7 mmolm 2d ™), moderate
negative rates throughout the middle Florida Keys (—6.5to —10.9 mmolm 2d "), and reduced but still posi-
tive rates (calcification) of NCC at the two most southerly reefs (4.2 to 6.7 mmol m~2d™"). Simi larly, rates of
NCP are positive and uniform across the FRT in the spring/summer (46.2-89.3 mmolm~2d~"). During the
fall/winter rates of NCP became negative (respiration) with the most northerly reef (Fowey) standing out as
having the most negative rate (—107.3mmolm—2d~") and the rest of the reefs falling between (—7.9 and
—337mmolm2d 7).

3.5.1. NCC

Seasonal trends in NCC broken out by location (upper, middle, and lower Florida Keys) or distance from shore
are shown Figures 12a and 12c. Season and location and an interaction between season and distance from
shore were found to have significant effects on NCC (Table 1). The specific means that were found to be
different by Tukey's post hoc comparison are given in Table 2.

3.5.2. NCP

Seasonal trends in NCP broken out by location or distance from shore are shown in Figures 12b and 12d.
Season and interactions between season and location or season and distance from shore were found to have
significant effects on NCP (Table 1). The specific means that were found to be different by Tukey’s post hoc
comparison are given in Table 2.

3.5.3. Annual Rates of NCC and NCP

Rates of annual NCC on each of the reefal lines ordered from north to south are shown in Figure 13a. Rates
ranged from —1.1+0.4 to 1.0+0.3kg CaCOs m 2 yr . If the negative rate at Fowey is included, the average
across the FRT is not significantly different from zero (029 +0.26 kg CaCO; m~2yr~', one-sided t test, T(6)
=1.15, P=0.15). If the data point for Fowey-1 is excluded (as a potential outlier), then the average annual
NCC for the FRT is significantly greater than zero (0.53 +0.13 kg CaCOs m~2yr~!, one-sided ¢ test, T(5)
=4.19, P=0.004). Of the seven reefal lines only Long Key-4 (0.67 +0.24 kg CaCOs m~2yr~', one-sided t test,
T(5)=2.91, P=0.017) and 7 mile-6 (0.97 +0.28 kg CaCO3 m_zyr_', one-sided t test, T(5)=3.60, P=0.008)
had annual NCC rates significantly greater than zero, while the rate at Fowey-1 (—1.10
+037kgCaCO;m 2yr ', one-sided t test, T(4) =2.98, P =0.048) was significantly less than zero. The annual
rates of NCP are shown in Figure 13b. If the negative rate at Fowey-1 is included the average across the FRT
was 10.1+£4.5 molCm—2yr~ ' (one-sided t test, T(6) = 2.2, P= 0.034). If the data point for Fowey-1 is excluded,
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Figure 10. Seasonal differences in water residence time by (a) location and by (b) distance from shore. The error bars are
+SEM. There were no significant differences.

then the average annual NCP for the FRT is 14.4+1.5molCm~2yr~' (one-sided t test, T(5) =9.3, P=0.0001).
Of the seven reefal lines only Fiesta Key-3 (209 +5.7molCm 2yr ', one-sided t test, T(5) = 2.7, P=0.028) and
Long Key-4 (6.1+0.28 molCm 2 yr ' one-sided ¢ test, T(5) = 2.7, P= 0.022) had annual NCP rates significantly
greater than zero. The NCP rate at Fowey-1 (—15.9+140mol Cm 2yr', one-sided t test, T(3) = —1.0, P=0.2)
was not significantly less than zero.

3.6. Relationship Between NCC and (), and Between NCC and NCP

A linear regression found that ., explained a significant amount of the observed variance in NCC, adjusted
=021, RMSE =15.8, F(1,27) =83, P=0.008 (Figure 14a). The best fit equation was NCC=—67.6 + 19.0 X Q,,.
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Figure 11. Seasonal and spatial trends in NCC and NCP by transect line.

Both the intercept (—67.6+ 23.6, P=0.0086) and the slope (19.0 £ 6.6, P =0.0077) were significantly different
from zero. The x intercept of the line or the threshold Q,, where NCC=0 was 3.6 +1.8. A linear regression
revealed that NCP explained a larger relative proportion of the variance in NCC but not in terms of the
absolute variance, adjusted =053, RMSE =15.0, F(1,30) =35.8, P < 0.0001 (Figure 14b). The best fit equation
was NCC=0.0002 + 0.29 x NCP. The intercept was not significantly different from zero (0.0002+2.7, P=1, ns)
but the slope was (0.29+0.05, P < 0.0001). Linear regression showed that Q,, and NCP were significantly
correlated (adjusted r* =0.46, P < 0.0001) and the best fit equation was Q,, = 3.65 +0.0052 x NCP (Figure S1
in the supporting information).

3.7. Sources of Error in the Measurements of NCC and NCP

The sign and magnitude of NCC are taken from the AnTA term in equation (1). Whether or not a measure-
ment of AnTA is indicative of calcium carbonate formation or dissolution that is significantly different from
zero was determined by performing t tests as described in section 3.3. If the mean nTA of the reefal water
is significantly less than the ocean water, then the deficit of nTA indicates that a statistically significant
amount of net carbonate has been formed. Similarly, if the mean nTA of the reefal water is significantly
greater than the ocean water, then the surplus of nTA indicates that a statistically significant amount of
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Figure 12. Seasonal and spatial trends in NCC and NCP by (a and b) location and by (c and d) distance from shore.

net carbonate has dissolved. As explained in section 3.3, AnTA values equaling or exceeding 5.2 pmol kg™
meet this test. During the spring and summer cruises 63% of the AnTAs were less than —5.2, indicating sta-
tistically significant formation of CaCOs3, and 19% exceeded +5.2, indicating statistically significant dissolu-
tion, The average nTA depletion from the water column due to net calcification was 42 pmolkg™" (+14%
analytical uncertainty). During the fall and winter cruises the situation was reversed; 61% of the AnTAs
exceeded +5.2 indicating significant dissolution while 22% were less than —5.2 indicating significant
CaCO; formation. Average carbonate dissolution was 34 pmol kg ™' (+17% analytical uncertainty).

Converting this mass balance into production or dissolution rates involves multiplying by the factor (h/7) in
equation (1). Uncertainty in depth and residence time contributes to uncertainty in rates of NCC and NCP
on a relative basis because they are multipliers and divisors in equations (1) and (2). In other words, the
relative uncertainty in NCC or NCP contributed by uncertainty in h and t is given by Vlon/h)? + (0,192,
where gy, is the standard error of depth and o, is the standard error of residence time (7). The standard
error of station depths where NCC and NCP were measured averaged 1m, and the average depth
was 6m so the relative uncertainty contributed by the depth term was 0.17. Uncertainty in residence
time measurements is given in Table S2. On a relative basis the error averages +39%. In a similar
study performed in Bermuda the relative error in residence time averaged +35% [Venti et al, 2012].
Therefore, we believe that +35-39% is a robust estimate of the error in residence time based on the
Be-7 method. The relative uncertainty in NCC and NCP contributed by depth and residence time is
V[(0.17)? +(0.39)°] =0.42 or 42%.
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Figure 13. Annual rates of (a) NCC and (b) NCP across the FRT. The asterisks denote the rates significantly different from
zero (P < 0.05).

The upshot of the error analysis is that we can say with an absolute uncertainty of +5.2 pmolkg~' that a
specified amount of CaCO3 has been formed or dissolved at a particular reefal location. Converting that
absolute amount of carbonate production or dissolution to a rate introduces an additional relative
uncertainty of +40%. It is therefore important to keep in mind that we can know the amount of carbo-
nate production/dissolution to a fairly high precision but the rate to a lesser precision.

4. Discussion

4.1. Historical Perspective and Comparison With the Broader Caribbean

The region-wide decline in live coral cover in the Caribbean from 50% in the 1970s to ~10% in the year 2000
has been well documented [Gardner et al., 2003]. In the late 1970s white band disease caused massive popu-
lation declines in two dominant Caribbean shallow-water species, Acropora palmata and Acropora cervicornis
[Gladfelter, 1982]. This was followed by a second disease epidemic in the early 1980s that affected the long-
spined sea urchin Diadema antillarum drastically reducing the numbers of the keystone herbivore, resulting
in overgrowth of many reefs by seaweeds [Cubit et al, 1984]. In the 1990s, Gardner et al.[2003] noted that the
rate of decline of corals had greatly decreased and that some subregions including Florida and particularly
Jamaica were showing signs of recovery. Despite that encouraging observation, studies in the Florida Keys
conducted between 1996 and 2012 have documented the significant loss of colonies of the species
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Figure 14. Relationships between (a) NCC and €, and (b) NCC and NCP. The blue line denotes the best fit linear regres-
sion. The gray shaded area denotes the 95% confidence interval.

Orbicella faveolata and the stasis of many other subdominant species (Siderastrea spp., Montastraea
cavernosa, Agaricia spp., and Porites astreoides) with the net result that the live coral cover has further
declined from 13% in 1996 to 8% in 2009 [Vega-Rodriguez et al, 2015]. The cause of these recent declines
is a point of contention, in particular, the role of overfishing and declining water quality versus regional-scale
processes. There were significant mass-bleaching events in1997/1998 and 2005 and a cold anomaly in the
winter of 2010 that together were responsible for considerable mortality [Lirman et al, 2011].

Given the considerable loss of coral in the last 35 years it is relevant to ask if contemporary rates of carbonate
production on Caribbean reefs are adequate to maintain the reefal framework and keep up with sea level rise.
Over the middle to late Holocene, core records indicate that reefs in the Caribbean maintained vertical accre-
tion rates of 3.6 mmyr~! [Perry et al,, 2013]. Making common assumptions about the density (2.9g cm—3) and
porosity (50%), as recommended in Kinsey [1985], this accretion translates into a net production rate of
~5kgCaCO; m 2yr~ . The present study found that on the FRT, one of the seven transects had a negative
annual NCC (Fowey —1.1kgCaCOsm 2yr ') and the other six fell into the low net production range of
0.1-1.0kgCaCOsm 2yr . Converting these net production rates to vertical accretion rates using the
same assumptions used above we

obtain 0.07-067 mmyr~'. According

to the Fifth Intergovernmental Panel

on Climate Change Assessment Report

75 - sea level is conservatively projected to
rise 0.4-1.0m above the present-day

level by the year 2100 [Church et al.,

50 - 6 2013]. Obviously, an increase in water
depth over the reefs of 0.4-1.0 m is not

going to drown any of the reefs in south
Florida; however, Ferrario et al. [2014]
found that water depth at the reefal
crest (shallowest point of the reefal pro-
file) was the most important factor
& & i i determining how much wave energy
=g the reef attenuates (~97%). This means

NCC, kg CaCO, m~*y that in coming decades the coastline

Figure 15. Histogram showing how rates of NCC from the present study pr{?tectlon offered by Florida’s reefs is
for the FRT compare with a study covering the wider Caribbean [Perry going to be degraded as water depth
etal, 2013]. over the reef is increased by 0.4-1.0m.

count

Perry

0.0 -
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Figure 15 shows how the rates of NCC on
the FRT from the present study compare
with rates measured across the wider
Caribbean in the Perry et al. [2013] study.
The median from the Perry study was
0.56kgCaCOsm 2yr ', and 50% of the
observations fell between —041 and
+243kgCaCOsm~2yr~! (based on ana-
: ,  lysis of the data in the supporting table
16 1.8 provided by Perry et al. [2013]). In the

present study the median for the FRT

was 0.47kgCaCOsm 2yr' and 50%

of the rates fell between 0.1 and

0.68kgCaCOsm 2yr . Clearly, the reefs
04l on the FRT are like many other reefs in

the Caribbean. They are net depositional
Figure 16. Relationship between the slope of the metabolic vectorand bt the median rate is just 10% of
the increase (positive feedback) or decline (negative feedback) of Q,
relative to offshore ocean water. U, M, and L denote upper, middle, and
lower Florida Keys. The error bars are +SEM.
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the historical rate for the region
(47kgCaCOsm~2yr™") [Perry et al,
2013]. The fact that the northernmost reef
was net erosional on an annual basis
(—1.1kgCaCOs m 2yr ') and that the next four transects experienced significant seasonal dissolution
(Figure 13a) means that these reefs are potentially at risk and should be closely monitored. We note, also, that
there was a significant trend for NCC to be higher on the inner (0.57 +0.20 kg CaCO; m~2yr~") than on the
outer reefs (0,16 +0.12 kg CaCOs m~2yr~ ). This is consistent with the findings of Lirman and Fong [2007] that
inshore patch reefs in the Florida Keys have higher coral cover and the corals on them have higher growth rates
and lower partial mortality than the offshore reefs. That the inshore patch reefs are in better shape than the off-
shore reefs suggests that proximity to land and the factors associated with that (nutrient runoff, pollution, and
sedimentation) cannot be the first-order cause for the pattern of reefal health that we are observing.

The low rates of net carbonate production on the FRT and the wider Caribbean are to be expected simply
due to the roughly 80% decline in coral cover [Gardner et al, 2003]. However, the decline of net calcifica-
tion relative to historical values may be related to more than coral cover loss. As corals die more and more
dead substrate becomes available to colonization by bioeroders, Eakin [1996] reported rates of bioerosion
as high as —3.65kg CaCO;m 2yr ', following the 1982/1983 mass mortality of corals on Uva Island,
Panama, on reefs that were net depositional before the mass mortality event. Other trends may be at
work as well. Studies have shown that decreasing pH stimulates the activity of bioeroders [Enochs et al.,
2015; Tribollet et al, 2009]. On the Florida Reef Tract, bioerosion is created by echinoderms, euendoliths
[Tribollet and Golubic, 2011], mollusks [Lidz and Hallock, 2000], and encrusting or excavating sponges
[Chiappone et al, 2007; Enochs et al., 2015]. Sea grass rhizomes are also known to cause dissolution of
carbonate sediments [Burdige and Zimmerman, 2002; Burdige et al., 2010]. In the present study we noted
that net dissolution was most evident during the fall and winter. We hypothesize that organic matter can
build up in winter following the die-off of annual sea grasses (e.g., Halophila decipiens) or the leaf-
shedding of perennial sea grasses like Thalassia testudium [Zieman et al, 1999; Thayer et al, 1982]. The
winter standing stock of sea grasses has been estimated as ~15% lower than in summer [Zieman et al,
1999], and the extensive coverage of sea grass beds on the reefal tract could provide a ready supply of
decomposing organic detritus [Thayer et al., 1982]. The subsequent oxidation of organic matter can result
in pH reductions to ranges of 7.0-7.4 in reefal pore water [Walter and Burton, 1990], thereby facilitating
the dissolution of calcium carbonate in reefal sediments [Andersson and Mackenzie, 2011; Falter and
Sansone, 2000; Tribble, 1993; Tribble et al, 1990]. In the Bahamas Bank, aragonite under saturation was
observed at depths as little as 4cm below the sediment-water interface [Burdige et al.,, 2010]. As ocean
acidification continues, permeable calcium carbonate sediments across the reef may also switch from
net precipitating to net dissolving as found by Cyronak et al. [2013], thereby affecting net reefal accretion
and calcification rates.
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Previous work measuring calcification on the Florida Reef Tract has been smaller in spatial and shorter in
temporal scales. Yates and Halley [2003] deployed a benthic chamber ~10-20km from our Pennekamp Park
transect. Their summer rate of NCC averaged 9.2 +85mmolm 2d~' compared to our rate of 13.7 +5.5.
Moses et al. [2009] used benthic habitat maps based on 30 m resolution Landsat 7 Enhanced Thematic
Mapper+ imagery to scale up measurements of calcification from habitat-specific measurements made at
the 10m? scale to the regional scale (10°-10* km? scale) and arrived at a rate of —0.02 mmolm=2d~" for the
northern FRT. This compares to our estimate for the upper Florida Keys of —6.8 +5.9mmolm~—2d~". The two
estimates agree to within the measurement error.

4.2. Seasonality of Carbonate Chemistry and Relationship to Biological Activity

The seasonality in Q,, reported in this study was the result of the switch between net photosynthesis dur-
ing the spring and summer and net respiration during the fall and winter. During the spring and summer
the process of calcification partially offsets the increase in Q,,, and during the fall and winter dissolution
partially offsets the decrease in Q,,. The increase during the spring and summer can be considered a posi-
tive feedback that will enhance calcification, and the decrease in Q,, during the fall and winter can be
considered a negative feedback that will depress calcification and increase dissolution. The magnitude of
the feedback varied with location in relation to the slope of the TA-DIC metabolic vector (Figure 16).
Note that elevation in the spring/summer and the depression in the fall/winter were greatest on the middle
and upper Florida Key reefs, where the slopes were very low. While in the lower Keys where the slope was
1.0 to 1.3, there was very little effect on Q,, and a much weaker seasonality in NCC and no net dissolution
during the fall/winter,

The positive biological feedback where DIC drawdown is associated with increased Q,, has been demonstrated
for several coastal environments over diumal and seasonal time scales [Suzuki et al, 1995; Semesi et al., 2009;
Bates et al., 2010] and has been suggested to provide corals with a refuge from ocean acidification [Kleypas
et al, 2011; Manzello et al, 2012]. Negative biological feedback resulting when respiration of organic matter
causes an increase in DIC has received less mention but may be important in systems that accumulate a lot
of organic matter that then breaks down by bacterial action during the fall and winter and depresses Q...
During this study, mats of black decaying sea grass were observed on the reefs in the middle and upper
Florida Keys during the fall and winter trips. The low NCC:NCP ratios measured in the middle and upper
Florida Keys are consistent with the low coral cover now in the 6-8% range [Vega-Rodriguez et al., 2015] and
the fact that macroalgae and sea grass beds cover ~56% of the 3141 km? of reefal tract [Lidz et al., 2007;
Lirman and Biber, 2000].

4.3. Relationships Between Net Ecosystem Calcification (NCC), Aragonite Saturation State ((},,), and
Net Community Production (NCP)

There is great interest in developing a relationship between NCC and Q,;, that will allow predictions to be
made of when different reefal systems might be expected to cross a tipping point between net carbonate
accretion and net erosion. NCC-Q,, relationships based on mesocosm experiments containing a carbonate
sediment substrate have placed the threshold Q,, at 1.7+0.3 [Langdon et al.,, 2000], 2.5 +0.4 [Yates and
Halley, 2006], and 1.46-1.94 [Andersson et al,, 2009]. Leclercq et al. [2002] found no evidence that the rela-
tionship would fall below zero even at Q,,=0 in their coral community mesocosm, but interestingly, their
sand-only mesocosm had an x intercept of 2.65. Some field studies are reporting threshold Q,; in the same
range as the mesocosm studies, 1.7+ 0.8 [Shamberger et al, 2011] and 1.2+ 1.6 [Shaw et al,, 2012], but
others are reporting significantly higher values, 49 [Ohde and van Woesik, 1999], 3.4+0.5 [Silverman
et al, 2007al, 2.8+ 1.3 [Falter et al., 2012], 3.2 winter and 3.4 summer [Albright et al., 2013], and 3.6 + 1.8 (pre-
sent study). An explanation that remains to be tested is that the differences in the x intercepts are
explained by differences in dissolution with the natural systems generally having much higher dissolution
than the mesocosms and hence having higher threshold saturation states. In the Shaw et al. [2012] study it
is interesting to speculate that the rate of dissolution varied seasonally.

There is probably some value in simply averaging all of the threshold values based on field studies and
calling that the best guess of the global coral reefal threshold value available today. That value would be
3.0+05 (based on the values reported above). However, that begs the question of whether there are real
reef-to-reef differences in the threshold that we should know about and understand. Getting to that point
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will require understanding why the scatter in the field-based NCC-Q,, relationships is typically so large and
figuring out what can be done to reduce it. The scatter would be reduced if we could improve the precision
of the NCC measurements. It could also be reduced by getting a better handle on the environmental factors
(light, temperature, nutrients, and food) that covary with Q,, which are known to influence the rate of NCC,
and hence can confound the interpretation of NCC-Q,, relationships. An obvious example is light. More
studies need to report measurements of light and the relationship between NCC and light. The studies that
have included light have found that most of the variability in NCC can be explained by light or NCP (which
covaries with light) and very little additional predictive power is gained by including Q,, [Falter et al., 2012;
Shaw et al, 2012; Albright et al., 2013; present study]. This finding does not necessarily mean that Q,;, is not
also controlling NCC. It could simply mean that the effect of light or NCP on NCC is masking the effect of
Q.. because the two factors covary. See Marubini et al. [2001, Figure 3] for an example of both light and Q..
simultaneously controlling the rate of NCC of corals. The effect of light on NCC is much stronger than the
effect of Q,,, making it easy to understand how in a field study the effect of light could mask the effect of
Q... Increasing the range of Q. values would increase the predictive power of NCC-Q,, relationships
because less extrapolation to the threshold will be required. Extrapolation carries the assumption that
the relationship remains linear beyond the range constrained by data. This can be achieved by conducting
studies over longer periods of time because seasonal variability in Q,, is generally greater than diel varia-
bility. Longer studies are also desirable because few studies have compared the response of NCC to varia-
bility in Q,, on time scales from days to years and shown that the responses are comparable [Langdon et al.,
2000, Figure 7].

Another thought on the source of the variability in field-derived NCC-Q, relationships is that we are measur-
ing the Q,; of the bulk water overlying the reef. This may be a good approximation of the Q,, that the corals
and other calcifiers are experiencing, but we know it is not representative of the Q; in the environments
where dissolution is occurring. In environments where calcification dominates this limitation is less impor-
tant. However, in environments where the balance between calcification and dissolution is closer to one this
limitation may become more extreme and this may be evidenced as a high degree of variability in the rela-
tionship between NCC and Q, precisely in the region of the relationship that we are most interested. The
solution may be not only to continue to relate calcification rates to bulk water Q,, but also to make efforts
in future studies to make measurements of the carbonate chemistry of the interstitial waters and see if that
yields a tighter relationship to rates of dissolution. The same studies could also yield relationships between
the Q, of the overlying bulk water and the profile of Q; in the interstitial water.

4.4, Conclusions

The results of this study showed that many of the reefs on the Florida Reef Tract were experiencing significant
dissolution during the fall and winter months of 2009 and 2010 and that the northernmost reefs were net
erosional on an annual basis during those two years. These results should be cause for alarm. Previous think-
ing was that reefs would not reach this point until atmospheric pCO; reached levels in excess of 500 or even
1000 patm [Yates and Halley, 2006; Hoegh-Guldberg et al., 2007; Silverman et al., 2009; Andersson et al., 2009].
Studies looking at the balance between carbonate production and bioerosion on coral reefs using a census-
based approach have also arrived at the conclusion that many reefs in the Caribbean and on the FRT in
particular are already net erosional [Enochs et al, 2015; Perry et al., 2013], but this is the first study based
on geochemical data that unequivocally provides evidence of widespread carbonate dissolution that appears
to be seasonal in nature.

The north-south gradient in dissolution was an interesting feature of this study and should be followed up.
Is it a static feature reflecting the fact that the Florida Reef Tract is located at the transition between the
tropics and the temperature zone and therefore is located where latitudinal gradients in light, tempera-
ture, and Q,, may exert a strong influence [Muir et al.,, 2015]? Or does it reflect the influence of human
disturbance from the 2.6 million people living in nearby Miami/Dade County? What role is the progressive
acidification of the reefal waters playing? It has been well established that the upper Florida Keys are
losing corals at a faster rate than the reefs in the middle and lower Florida Keys [Reich et al, 2002].
Lower coral cover means less carbonate production and more, dead substrate available for colonization
by bioeroders, a positive feedback that could accelerate the approach to a tipping point in the carbonate
balance on coral reefs.
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