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Figure 5. Diurnal compilations of (a, ) NEC and (b, d) NEP rates. Dashed horizontal lines indicate O rates that separate net calcification
from dissolution and net photosynthesis from respiration. White and black circles indicate 3-6 June (during bleaching) and 10-14 June
(postbleaching) measurements, respectively. In Figures 5a and 5b, the solid black line and gray shading represent the mean rates =14 in

2 h bins, calculated using only the postbleaching data. (c, d) Measurements during bleaching and postbleaching overlap between approxi-
mately 06:00 and 12:30, and over this time the NEC and NEP rates during bleaching are significantly reduced (see section 3). Solid black
lines are linear regression fits, and light and dark shading are 95% confidence intervals for during and postbleaching data, respectively. All
points are plotted on the time axis as the midpoint between when the water parcel traversed the reef crest and the sampling time (see
Supporting Information for further details).

Figure 6. Diurnal compilations of seawater (a) Qurag, (b) pH, (c) pCO,, and (d) dissolved O,. Open and filled black circles indicate 3-6 June
(during bleaching) and 10-14 June (postbleaching) measurements, respectively, on the reef flat at station E5, and gray points are open-
ocean measurements from station E1 over the same time period as the reef flat measurements. The reef flat data were derived from RAS
samples and an O, sensor at E5, open-ocean pH and O, were measured at E1, and open-ocean Qa..q and pCO, were calculated from OR3
samples. Qa.g and pH are greatly elevated on the reef flat during the day, and in comparison they change relatively little in the surround-
ing open ocean. These carbonate system parameters follow similar diurnal patterns during and after the bleaching event, but they are all
significantly (p < 0.05; two-sample t tests) different during bleaching (pH, Qar.g, and O, decreased; pCO, increased).

DECARLO ET AL.

PRODUCTION MODULATES pH AND CALCIFICATION 754



@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC012326

Table 3. Global Compilation of NEC and NEP Rates Measured on Coral Reefs

NEC Max NEP Coral/Calcifier Open-Ocean

Study Location (mmolm~2d™") (mmolm—2h™") Cover (%) Qe Reef Type/Method
Kinsey [1985] 109 Literature review
Barnes and Lazar [1993] Red Sea 163° <80 ~100 42 Fringing reef, Lagrangian method
Gattuso et al. [1993] Moorea 243 <100 2-31 3.9 Barrier reef, Lagrangian method
Gattuso et al. [1996] Moorea 186° <100 2-31 3.9 Barrier reef, Lagrangian method

Great Barrier Reef (GBR) 253° <150 30 3.1 Barrier reef, Lagrangian method
Kraines et al. [1997] Japan 167-317° 50 0-20 3.6 Reef flat and lagoon, quasi-Lagrangian
Ohde and van Woesik [1999] Japan (daytime) 127-312 18 37 4.47 Reef flat and lagoon, slack-tide method
Langdon et al. [2003] Biosphere-2 41 <50 3 2.83 Mesocosm
Kayanne et al. [2005] Japan 70-127% <100 5.8-7.1 35 Barrier reef flat, quasi-Lagrangian

Palau 74-130° <100 1.4-8.1 3.9 Barrier reef flat, quasi-Lagrangian
Langdon and Atkinson [2005] Hawaii 370-380 <80 100 3 Mesocosm
Yates and Halley [2006] Hawaii —7.2t03? 10-22 3.5 Mesocosm/enclosure
Silverman et al. [2007] Red Sea —4to 108° 20-40 4 Fringing reef, Eulerian
Andersson et al. [2009] Hawaii 79° 20-30 2.8 Mesocosm
Bates et al. [2010] Bermuda —22to 104 21 37 Barrier reef and lagoon
Shamberger et al. [2011] Hawaii 235-2937 <80 20-30 3.9 Barrier reef flat, quasi-Lagrangian
Falter et al. [2012] W Australia 190-200° <150 50-90 3.6 Reef flat, Eulerian
Shaw et al. [2012] GBR 145° <40 40 3.5 Reef flat and lagoon, slack-tide method
Silverman et al. [2012] GBR 74-133* <63 14-15 3.65 Reef flat and lagoon, slack-tide method
Albright et al. [2013] GBR 77-166° <75 17-18 3.1 Reef flat, Lagrangian
McMahon et al. [2013] GBR 58° 113 <15 35 Lagoon, slack-tide method
Teneva et al. [2013] Palau 33.8° 3.9 Backreef, control volume
Jokiel et al. [2014] Hawaii 144° ~100 Mesocosm
Lantz et al. [2014] Hawaii 80° 40 10-17 35 Reef flat, quasi-Lagrangian
Silverman et al. [2014] GBR (1975-1976) 83-105% 8 3.6 Reef flat, quasi-Lagrangian

GBR (2008-2009) 54-61° 8 Reef flat, quasi-Lagrangian
Albright et al. [2015] GBR 1042 61 35 3.5 Reef flat, Lagrangian
Koweek et al. [2015b] American Samoa 216 46 4.06 Lagoon pools, quasi-Lagrangian
Longhini et al. [2015] Brazil 58-197% <70 5-50 3.8 Reef flat, slack-tide method
Shaw et al. [2015] GBR 33° <30 25 341 Reef flat, slack-tide method
Turk et al. [2015] Florida —35 to 50° 13 25 37 Mesocosm/enclosure
Bernstein et al. [2016] Red Sea 110 72 61 46 Reef flat, Eularian
Courtney et al. [2016] Bermuda 61-64 28 37 Rim reef, census and chemical
Kwiatkowski et al. [2016] GBR 36° <40 18 3.65 Reef flat, slack-tide method
Muehllehner et al. [2016] Florida —7to 17 2-7 37 Patch Reefs, Be-7 method
Takeshita et al. [2016] Palmyra Atoll 18-118° 23 30-70 3.9 Back reef, benthic gradient flux method
This study Dongsha Atoll 390 + 90° 112 25 34 Reef flat, quasi-Lagrangian

“Indicates nighttime net dissolution occurred.

PIndicates nighttime net dissolution did not occur. Ocean Qnrag is from data presented in each study, if offshore (i.e., open-ocean) samples were collected. For studies without off-
shore sampling, Q.4 values were calculated from climatology and are displayed in italics. Climatological Qar.q Was derived for the nearest 1° by 1° grid box with temperature, salinity,
nitrate, phosphate, and silicate climatologies from World Ocean Atlas [Levitus, 2010] and the DIC climatology of Key et al. [2004]. TA was calculated from temperature and salinity with
open-ocean relationships [Lee et al., 2006], and Qa,q Was calculated using the program CO2SYS [Lewis et al., 1998] and the acidity constants of [Mehrbach et al., 1973] refit by [Dickson
and Millero, 1987]. Koweek et al. [2015a] also measured NEC on Palmyra Atoll with Lagrangian and Eulerian methods, but because the reported uncertainties are generally larger than
the NEC signals, and the overlapping Lagrangian and Eulerian measurements differ by a factor of more than 2, it is difficult to estimate the diurnal-average NEC rate.

clear structure and the NEC residuals were significantly correlated with NEP using a second-order polynomi-
al, whereas NEC residuals of the exponential regression showed no clear structure and produced no signifi-
cant correlation with NEP. The best fit equation (+2 ¢) was

NEC:e0.016(0A003)NEP+243(0A1)7 (r2:0483, p < 001)7 (10)

where NEC and NEP are in units of mmol CaCO; m~ 2 h™ ' and mmol Cm~2 h™', respectively. There was no
significant difference in the NEC to NEP relationship during and postbleaching (Figures 7, S5, and S6).

4. Discussion

4.1. Interaction Between Carbonate Chemistry and Community Metabolism

Anthropogenic CO, emissions are forecast to drive changes in pH and Qa4 of 0.3 and 1.5 units, respective-
ly, in surface waters of the tropical oceans by the end of the 21st century. These waters bath coral reefs, and
the changes driven by ocean acidification are projected to cause declines in ecosystem calcification rates
[Shamberger et al., 2011; Shaw et al., 2012; Bernstein et al., 2016]. Yet these projections do not account for
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Figure 7. Interactive relationship between NEC, NEP, and Q.. Triangles and circles indicate

3-6 June (bleaching) and 10-14 June (postbleaching) measurements, respectively, and colors ate ChemiStry‘ The reef flat of
show Qarag at station E5. Solid black line is exponential fit between NEC and NEP. Theoretical Dongsha Atoll is shallow (~1-
vector in lower right shows the slope between NEC and NEP (0.87) that'mamtams an approxi- 3 m), wide (~3 km), and has
mately constant Qp,q. Greater slopes decrease Qg and lesser slopes increase Qarag. The . . .

exponential curve is increasing in slope at higher NEP, but is always less than the 0.87 critical hlgh live benthic cover (61%
value, and thus the highest Q.4 values correspond to the highest NEC and NEP rates. The combined coral, algae, and

dashed black line shows a linear fit between NEC and NEP for only daylight hours (NEC:NEP is

0.35) and extrapolated to all hours of the day, showing that net dissolution would be expected
during night based on the daytime relationship. Even though respiration drives down Qaag to are imposed by most of the
<2 during nighttime, net dissolution did not occur. The 10-14 June data cover full diurnal benthic area (high living cov-
cycles, but the 3-6 June data cover only 06:00 to 12:30. Thus, while this figure shows that the .
relationship between NEC and NEP is maintained during bleaching, it cannot be used to er), chemical Changes accu-
interpret changes in diurnal-average NEC and NEP rates. See Supporting Information for com- mulate rapidly in the shallow
parisons of NEC and NEP between 3-6 June and 10-14 June only during the common hours of water column, and these
day.

seagrass). TA and DIC fluxes

changes are integrated as
seawater traverses the wide
reef flat. On the Dongsha reef flat at station E5, TA and DIC depletions relative to the surrounding open ocean
were as high as 481 and 707 pumol kg™, respectively (Figure 2), greater than those measured in water flowing
across other coral reefs with similar residence times and bathymetry [Shamberger et al., 2011; Shaw et al., 2014;
Silverman et al., 2014].

Due to these changes in reef-water chemistry, calcifiers on the Dongsha reef flat build their shells and skele-
tons in seawater with elevated pH and Qa.q. The vast majority of NEC (80%) occurs during daytime, when
reef-water pH and Qa,.g reach as high as 8.5 and 5.5, respectively, compared to ~8.0 and ~3.4 in the sur-
rounding open ocean (Figure 6). Under these conditions, the diurnal-average NEC rate on Dongsha Atoll
was greater than that measured for other coral communities studied to date (Table 3 and Figure 8). On aver-
age worldwide, reef flat NEC rates are ~110-130 mmol CaCO; m 2 d ™' [Kinsey, 1985; Atkinson, 20111, and
the highest diurnal-average NEC rate previously measured in the field was 290 mmol CaCO; m 2 d~'
[Shamberger et al., 2011]. Conversely, we measured diurnal-average NEC of 390 mmol CaCO; m~2d ™' on
the Dongsha reef flat. Although our measurements do not capture seasonal changes, the June NEC rate on
Dongsha Atoll is uniquely high relative to all seasons on other coral reefs, and this is not explained by calci-
fier cover or coral community structure. The calcifier cover on the Dongsha reef flat (25%) is similar to other
reefs where NEC has been measured (Table 3 and Figure 8), and even though community structure data are
not available for most metabolism studies, the relatively high abundance of fast-growing Acropora and Sty-
lophora [Dullo, 2005] on Dongsha is similar to that of other reefs with lower NEC rates [e.g., Gattuso et al.,
1996]. It is possible that the high NEC rates were a result of exceptional metabolism during the recovery
from the coral bleaching event, but more studies of community metabolism before, during, and after
bleaching events are needed to evaluate this hypothesis. Another possibility is that large internal waves col-
liding with the atoll deliver nutrient-rich waters that stimulate rapid metabolism [DeCarlo et al., 2015a]. Nev-
ertheless, our findings of extremely high NEC on Dongsha Atoll contrast with the paradigm that healthy
coral reefs with favorable conditions for calcification have low algal cover and high open-ocean Qar.q
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Figure 8. Global compilation of coral reef diurnal-average NEC rates plotted as functions of open-ocean Qa.q and % calcifier cover.
Despite relatively low open-ocean Q.4 and comparable calcifier cover, NEC rates on Dongsha Atoll are significantly higher than those of
all other reef systems studied to date. The data sources are tabulated in Table 3.

[Hoegh-Guldberg et al., 2007]. Rather, the benthic cover of fleshy algae on the Dongsha reef flat is relatively
high (19%) compared to most Indo-Pacific reefs [Bruno et al., 2009; Roff and Mumby, 2012], and the open-
ocean Qg (~3.4) in the northern South China Sea is near the minimum associated with most tropical coral
reefs today [Hoegh-Guldberg et al., 2007].

Daytime photosynthesis plays a key role in sustaining chemical conditions favorable for rapid calcification
on the Dongsha reef flat. The NEC rates are so high that they alone would drive daytime Qx,,4 toward satu-
ration (Qarag = 1), and sometimes even below (Figure 9). We observed the opposite response, however,
with daytime Qa4 rising to greater than 5 on the reef at the same time of day as the most rapid NEC (Fig-
ures 4-6). This is explained by the effect of NEP on the seawater carbonate system. Using our diurnal meas-
urements of coupled TA and DIC changes, we isolated the effects of NEC and NEP on reef-water carbonate
chemistry. Our analysis indicates that daytime [CO%’] is elevated eightfold under the combined effects of
NEC and NEP compared to the isolated effect of NEC (Figure 9). NEP removes CO, from reef water, prevent-
ing aragonite under-saturation (Qang < 1) that would favor dissolution over calcification. Correlations
between NEC and NEP are a common feature both within [Shaw et al., 2012; Albright et al., 2015; Koweek
et al., 2015b], and among [Gattuso et al., 1999], coral reef communities. Likewise, we observed this link on
Dongsha Atoll, where it is maintained even at extremely high NEC and NEP rates (Figure 7). These results
highlight the important function of primary producers in modulating carbonate chemistry of coral reef
waters.

Community metabolism on Dongsha Atoll is also unique in that NEC increases exponentially, rather than lin-
early, with increasing NEP (Figure 7). Related to this exponential relationship, we found that NEC decreases
to near zero at night but we found no significant net dissolution, which is rare among coral reef community

1031

seawater
CO, system

pCO,T

08 10 12 14 16 18
Hour of day

Figure 9. (a) Schematic diagram showing that NEP elevates [CO%’], which is consumed by NEC. In turn, NEC elevates CO,, which is con-
sumed by NEP. (b) Daytime profile of calculated reef-water [CO3~] with isolated and combined effects of NEC and NEP. The calculations
were performed for a 1 m water column with residence time on the reef flat from dawn to dusk. Thus, the differences between curves
show effects of community metabolism and are not dependent upon residence times. The black curve is the calculated effect of NEC and
NEP, the red curve shows the [CO2] profile with the isolated effect of NEC, and the gray curve shows the combined effects of NEC and
NEP during the bleaching event (when NEC and NEP were reduced by 7 and 29 mmol m ™2 h™", respectively). The isolated effect of NEC
on [CO%'] is so strong that it alone would drive Q.4 to under-saturation (light red shading).
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metabolism studies (Table 3). In fact, the lack of nighttime dissolution is partly responsible for the uniquely
high NEC rates on Dongsha Atoll (Figure 7), as diurnal-average NEC on most other reefs is a balance
between net calcification during the day and net dissolution at night. Because our data reveal only the net
rates, we cannot determine if dissolution is entirely absent on the reef flat or if nighttime dissolution is bal-
anced by nighttime calcification. Identifying the factors that influence dissolution is thus a key question in
understanding net CaCOs production on Dongsha Atoll, and in coral reef ecosystems generally. Future stud-
ies of coral reef community metabolism may benefit by combining methods similar to ours for the net rates
with techniques to quantify certain components of the metabolic signals, such as by using benthic flux
chambers to measure dissolution in sediments [Andersson and Gledhill, 2013; Cyronak et al., 2013].

4.2. Effects of Bleaching on Community Metabolism

The role that the benthic community plays in modulating carbonate chemistry of reef water is further evi-
dent from changes in community metabolism associated with thermal stress. Anomalously high, or rapidly
increasing, temperature can induce coral bleaching, the loss of the symbiotic algae from the coral holobiont
[Glynn, 1993]. Coral mortality following bleaching has been shown to reduce NEC rates [Kayanne et al.,
2005], but no data exist to evaluate changes in community metabolism during a bleaching event. On Dong-
sha Atoll, reef-water temperature increased by 5°C in less than 3 weeks during May 2014, and by the begin-
ning of June most of the massive corals had bleached (Figure S1). As reef waters cooled, bleaching
subsided and corals regained their symbiotic algae populations by mid-June.

During the transient bleaching event, NEP decreased by 29 mmol m~2 h™" and NEC decreased by 7 mmol
m~2 h™", a 40% reduction compared to the nonbleaching measurements (Figure 5). Yet bleaching is not
the only possible explanation for these changes. Rates of community metabolism are naturally variable and
the percent differences between bleaching and nonbleaching periods that we observed are within the
range of natural variability recorded on weekly timescales [e.g., Shamberger et al., 2011]. Further, mean cur-
rent velocities during the bleaching event were approximately 50% lower compared to the nonbleaching
period (Figure 4), and this could have affected the rates of community metabolism. Nevertheless, using
multiple-regression analysis with our suite of physical measurements, we found that abiotic factors, includ-
ing temperature, light, sea level, and current speed, were unable to account for the changes in metabolism
(Supporting Information), leaving bleaching as a likely driver. Mean reef-water pH and Qg also declined
on average by 0.2 and 0.8 units, respectively, during bleaching (Figure 6). Reef-water chemistry is directly
related to the rates of metabolism and to the residence time of water on the reef. Therefore, these changes
in carbonate chemistry cannot be ascribed solely to changes in metabolism because the residence time of
water on the reef was, on average, twice as long during the bleaching period relative to the nonbleaching
period. To illustrate how the changes in metabolism alone would affect reef-water chemistry, we calculated
the influence of metabolism on a parcel of water residing on the reef from dawn to dusk under the
observed NEC and NEP rates during the bleaching and nonbleaching periods (Figure 9). This analysis shows
that bleaching-induced changes in metabolism, primarily the reductions in NEP, were sufficient to reduce
maximum daytime [CO2™ ] by ~40%. These effects, which occurred in less than 2 weeks and are comparable
to changes predicted for the open ocean by the year 2100 [Feely et al., 2009], further highlight that varia-
tions in community structure or health strongly modulate reef-water carbonate chemistry.

The tight relationship between NEC and NEP rates was maintained during bleaching and postbleaching
(Figure 7), even though the rates were lower during the bleaching event (Figure 5). Several possibilities exist
to explain how thermal stress affects NEC and NEP rates together, without decoupling them. If photosynthe-
sis by the symbiotic algae within coral colonies constitutes a significant proportion of the total NEP rate,
then the expulsion of these algae from bleached coral colonies could decrease NEP directly. The simulta-
neous response of NEC may be due to some combination of increasing seawater CO, concentrations and
direct energetic stress imposed on corals by the loss of their symbionts [Cohen and Holcomb, 2009]. Alterna-
tively, symbiont photosynthesis may not contribute substantially to the NEP rates. If this is the case, then
the bleaching event potentially reduced NEC directly by perturbing the coral-algal symbiosis, and/or NEP
directly by thermal stress on seagrass or fleshy algae [Campbell et al., 2006]. Because our metabolic rate
data do not identify the relative contributions of various organisms, we cannot determine whether the link
between NEC and NEP is established at the organismal level (i.e., the link is driven by the coral-algal symbio-
sis) or the community level (i.e., the link is driven by interactions between calcifiers and photosynthesizers
and is mediated by the seawater carbonate system). Yet whichever is the dominant mechanism, a reduction
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in one of the metabolic rates is clearly associated with a reduction in the other (Figures 5 and 7), indicating
that they are inextricably linked.

4.3. Implications for Coral Reef Resilience to Ocean Acidification and Warming

A worldwide search is underway to locate the coral reef ecosystems most likely to withstand the effects of
climate change into the next century [Castillo et al., 2012; Karnauskas and Cohen, 2012; van Hooidonk et al.,
2013; Shamberger et al., 2014; DeCarlo et al., 2015a]. Our findings imply that anthropogenic CO,-driven
changes in open-ocean chemistry will not necessarily translate directly to changes in reef-water chemistry.
Decreases in open-ocean pH and Qa.q projected by the end of this century (~0.3 and 1.5, respectively)
[Feely et al., 2009] are less than the daytime elevation of pH and Q.4 driven by productivity on Dongsha
Atoll. While ocean acidification poses a major threat to coral reef ecosystems, it will not be the sole driver of
reef-water carbonate chemistry, nor will it affect all coral reefs equally. Feedbacks between community
metabolism and reef-water carbonate chemistry may influence the sensitivity of coral reef ecosystems to
acidification of the open ocean, and reefs with high rates of photosynthesis to remove CO, from seawater
may be the most likely to sustain conditions favorable for rapid calcification. Yet the capacity of benthic
communities to modulate reef-water chemistry depends on community structure and health, which are
sensitive to thermal stress. By the end of this century, temperatures on more than 80% of the world’s reefs
are projected to exceed coral bleaching thresholds annually [van Hooidonk et al., 2013]. Ocean warming
therefore poses an inescapable threat to the metabolic performance of coral reef ecosystems, one that ben-
thic communities cannot buffer.
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