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Climate change is threatening the persistence of coral reef ecosystems resulting in both
chronic and acute impacts which include higher frequency and severity of cyclones,
warming sea surface temperatures, and ocean acidification. This study measured net
ecosystem primary production (NEP) and net ecosystem calcification (NEC) on a reef flat
after the most severe El Nino-driven mass bleaching event on Australia’s Great Barrier
Reef (GBR) in 2016 and again in 2018 after another consecutive bleaching event in
2017. Our results indicate temporal changes in reef metabolism likely as result of both
the continuing press disturbance of ocean acidification and severe pulse disturbances
(cyclones and bleaching events). In 2016, NEP was within the range of values reported
in past studies, however, it declined in 2018. NEC over a 12-h period was lower in
2016 than 2018; but when compared with past studies there was a severe decline in
daytime net calcification from 2008–2009, to 2016 followed by an increase in 2018
(but still NEC remained lower than values reported in 2008–2009). Conversely, nighttime
net calcification was similar to that reported in 2009 indicating nighttime dissolution
did not increase over the past decade. Overall coral cover remained stable following
recent disturbances, however, algal turf was the dominant benthic component on the
reef flat, while calcifiers (corals and calcified algae) were minor components (<20% of
total benthic cover). This study documented temporal changes in community function
following major pulse disturbances (bleaching events and cyclones) within the context
of ongoing OA at the same location over the last decade. Repeated pulse disturbances
could jeopardize the persistence of the reef flat as a net calcifying entity, with the
potential for cascading effects on other ecosystem services.

Keywords: NEC, NEP, bleaching, cyclone, ocean acidification, Lizard Island, great barrier reef

INTRODUCTION

Coral reefs are highly dynamic ecosystems that have developed under a wide range of disturbances
operating at different spatial and temporal scales (Nyström and Folke, 2001). Therefore,
disturbance has a large role in regulating reef community structure. The effects of disturbance
on reef ecosystem function, either directly through modification of the physical/chemical
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environment, or indirectly through altered community structure,
are less studied. Two common metrics of ecosystem function
(measured in the field) are net ecosystem primary production
(NEP) and net ecosystem calcification (NEC) (Andersson
and Mackenzie, 2004). NEP/NEC typically are measured over
sections (100 s of meters) of reefs (Kinsey, 1979; Barnes,
1983; Odum and Odum, 1955), thereby integrating specific
community structure/function relationships over a larger scale.
While NEP/NEC have been quantified at a diversity of coral reef
locations (Kinsey, 1979; Shamberger et al., 2011; Albright et al.,
2015; Takeshita et al., 2016), repeated measurements over time at
a single location are rare. As a result, we have little understanding
of: 1) how reef community structure affects function, and 2)
how disturbances affect reef function. Disturbances can act at
a variety of spatial scales and, together with other processes
(e.g., competition, predation), can create spatial variability in
community structure. It is likely that many coral reefs are a
mosaic of patches at different stages of recovery depending
on the frequency and intensity of disturbances (Done et al.,
1991; Connell et al., 1997). The long-term trajectories for coral
abundance over the past several decades on reefs throughout
the tropics are consistently downward (Edmunds, 2002; Gardner
et al., 2003; De’ath et al., 2012; Pisapia et al., 2016), raising
concern that coral reef ecosystems are becoming dominated
increasingly by non-calcifying taxa and may cease to exist as
intact, calcified entities in the future (Kuffner et al., 2008;
Norström et al., 2009). To better understand responses of
coral reefs to environmental changes, most of the focus has
been allocated to investigating changes in live coral cover and
community composition (Gardner et al., 2003; Halford et al.,
2004; De’ath et al., 2012), while the current understanding
of the consequences of disturbance for community function
is more limited.

Primary production and respiration are the major
metabolic processes by which mass and energy move
through any community or ecosystem (Hatcher, 1997),
therefore measurements of these processes are fundamental to
understanding the responses of ecosystems to disturbance. NEP
is the net rate of photosynthetic carbon fixation into organic
matter, and together with nutrient assimilation, represents the
capacity of a community to capture energy into the production
of new biomass from inorganic precursors. Respiration (R)
represents the rate of decomposition of organic matter and is a
measure of the metabolic demand of a community of organisms
for biochemical energy. In coral reef ecosystems, an equally
important process to NEP and R, is NEC, which is the gross rate
at which CaCO3 is incorporated into organism skeletons, less the
rate of dissolution which is the physical and chemical conversion
of carbonate skeletons to sediments and carbonate ions,
respectively. Positive NEC indicates that the biogenic structure is
accreting calcium carbonate and that calcifying organisms such
as foraminifera, calcareous algae and reef-building scleractinian
corals, are producing CaCO3 faster than the physical, chemical,
and bioerosive processes are removing it, thus maintaining reef
accretion and growth.

Changes in CO2 concentration can affect both NEP and NEC
(Melillo et al., 1993; Kleypas et al., 1999; Nemani et al., 2003;

Albright et al., 2016). In the ocean, increased CO2 drives declines
in the saturation state of calcium carbonate (�), including
aragonite which is the dominant biogenic form of CaCO3
secreted by corals [� has declined from 4.6 to 4.0 in the last
century (Kleypas et al., 1999)] and since calcification is correlated
positively with � (Smith and Buddemeier, 1992), there is concern
that reef communities may reach a critical threshold beyond
which their ability to calcify will be compromised (Gattuso
et al., 1999). Effects of pCO2 on coral reef NEP are less well-
understood (Langdon et al., 2003) but there is the potential for
a “fertilization” effect by increased concentrations of dissolved
inorganic carbon (DIC) for photosynthesis, especially by free-
living algae. This could tip competitive outcomes between corals
and algae in favor of faster growing macroalgae and maintain or
even increase community NEP even though corals decrease in
abundance. Similarly, the increase in seawater temperature (SST)
may affect NEC and NEP because rising SST often results in coral
bleaching, which involves loss of symbiotic algae that normally
are the primary source of energy for corals (Hoegh-Guldberg,
1999; Hughes et al., 2017b) and thus may cause severe mortality
of calcifiers with subsequent declines in NEP and NEC (Kayanne
et al., 2005; DeCarlo et al., 2017).

The majority of studies have investigated species-specific
responses to bleaching and/or ocean acidification (Cooper et al.,
2008; De’ath et al., 2009; Comeau et al., 2013, 2016), but see
(Dove et al., 2013; Silverman et al., 2014) and have demonstrated
that some species are more susceptible to bleaching than others
and that effects of pCO2 on calcification also is species-specific
(Comeau et al., 2013) with the subsequent consequences at
community and ecosystem levels dependent on the relative
abundances of sensitive and less sensitive taxa (Dove et al., 2013).
However, it is extremely difficult to extend species-level effects to
effects on the wider community because responses of organisms
vary among taxa and among life stages (Russell et al., 2011;
Gaylord et al., 2015; Edmunds et al., 2016) and may depend on
the responses non-biotic components of the reef [i.e., sediments
and carbonate pavement (Comeau et al., 2015, 2016)].

The present study measured NEP and NEC following the
2016 and 2017 mass-bleaching events at Lizard Island in the
northern section of the Australia Great Barrier Reef (GBR) where
historical data on NEP and NEC are available (Limer, 1976;
Kinsey, 1979; Silverman et al., 2014). In 2014 and 2015, Lizard
Island was also affected by two consecutive cyclones (Madin
et al., 2018). Calcification rates were quantified first at Lizard
Island in 1975–1976 using the alkalinity anomaly technique
(Limer, 1976; Kinsey, 1979). Three decades later in 2008–2009
the same measurements were repeated at the same reef sites and
documented large reductions in net calcification (44% reduction)
over that 4-decade period, primarily due to a threefold increase
in nighttime dissolution rates (Silverman et al., 2014). When
comparing different studies, caution should be employed because
different methods may introduce variability (McMahon et al.,
2019). Here we report further changes in NEP and NEC likely
associated with both the ongoing press disturbance of ocean
acidification, and following four severe pulse disturbances (two
bleaching events and two cyclones) to the same reef where the
previous measurements were made. Since distinct zones of NEP
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and NEC have been identified on coral reefs (Barnes, 1983), we
also quantified NEC in two different zones from the reef crest
to the reef flat. We expected to find a decline in NEC due to
reduced live coral cover, while we predicted that NEP would
increase due to more abundant benthic algae which often increase
in biomass and percent cover following high coral mortality
(Hughes et al., 2007).

MATERIALS AND METHODS

Benthic Community Productivity and
Calcification
This study was conducted at Lizard Island (14◦41′S, 14◦528′E) in
the northern section of the Australia’s GBR. The study site was
on the reef flat between Bird Island and South Island, which is
exposed to the southeasterly trade winds that generate consistent
wave-driven flow over the reef (Figure 1).

NEP and NEC were measured in 2016 and 2018 (in the austral
spring similar to previous measurements) using a Lagrangian
approach. This method involves measuring total alkalinity (AT),
flow, water depth, and dissolved oxygen (DO) of water at
upstream and downstream locations on the reef flat community.
This approach can be used on reefs that experience unidirectional
flow of water across the reef flat (Langdon et al., 2010). The
positions of the up- and downstream stations were established by
deploying drogues and following them for repeated tracks under
different tidal conditions. The distance between the established
up- and downstream stations was 273 m.

The instruments deployed at both the up- and downstream
moorings consisted of a Nortek (Boston, MA, United States)
Aquadopp acoustic doppler profilers (ADP) to measure 3-D
velocity and water depth, and optode oxygen sensors (MiniDO2T,
PME, Vista, CA, United States). At the downstream location,
a 2π PAR sensor (Biospherical Instruments, San Diego, CA,
United States) connected to a SeaBird 16Plus CTD (Bellevue,
WA, United States) recorded PAR each minute in 2016; while
in 2018 an Odyssey 2π PAR sensor (Dataflow Systems Ltd.,
Christchurch, New Zealand) was used. The ADPs measured
water flow in 10-cm bins from 20 cm above the benthos to
the water surface at 1-min intervals. The oxygen sensors have
an accuracy of 10 µmol/L and were within factory calibrations.
Prior to deployment, the O2 sensors were moored together
overnight to provide cross-calibrations. The sensors recorded
oxygen each minute over the course of the deployment. On two
occasions (Day 4 and 6 of the deployment) water samples for
Winkler determination of O2 were taken adjacent to each of
the O2 sensors using a Niskin (General Oceanic, Miami, FL,
United States) bottle. Water samples were fixed immediately after
collection (in the boat) and Winkler titrations were performed
immediately after return to the lab using a Metrohm (Riverview,
FL, United States) Dosimat manual titrator. Instruments were
deployed on the transect from September 4–10 in 2016 and
from September 12–17 in 2018 resulting in five complete days of
measurements of NEP/NEC for each time period.

NEC was estimated using the AT anomaly method (Smith
and Kinsey, 1978). In 2016 replicate seawater samples were

taken at both the up- and downstream ends of the transect
in the morning (1000 h local time) and afternoon (1600 h
local time). Water samples were collected in 125-mL bottles
filled below the water surface and immediately poisoned with
200 µL HgCl2 to inhibit biological activity. AT was determined
by potentiometric titration using standard protocols (SOP6A,
Dickson et al., 2007). In 2018, AT was measured in two, replicate
seawater samples taken at each of the up- and downstream
ends of the transect 4 times each day (0900, 1300, 1500, 1800 h
local time). For one 24-h period (September 13, 2018) water
samples were collected every 2 h at both the up- and downstream
locations. Water samples were collected in 125-mL amber glass
bottles filled at∼100 cm above the substratum and were analyzed
for AT within 24 h by potentiometric titration using standard
protocols (SOP6a, Dickson et al., 2007). Accuracy for all titrations
were determined using certified reference materials (from A.
Dickson) and typically was ∼2–3 µmol kg−1. To compare NEC
measurements to previous estimates (Limer, 1976; Kinsey, 1979;
Silverman et al., 2014) and investigate spatial variation in NEC
across reef zones, in 2018 four replicate water samples also were
collected from the open ocean in front of the studied reef flat and
analyzed for AT using the above protocol.

To facilitate a comparison of our metabolism measurements
with those made previously, we also quantified benthic
community composition on the reef flat from individual images
and photomosaics. In 2016, photomosaics (10 m × 10 m) were
made at each the two endpoints of the transect from 400–
1400 overlapping digital photos. To estimate spatial variation
in benthic cover across the reef flat, seven additional sites were
surveyed on the reef flat with the same technique (Figure 1).
In 2018, > 800 overlapping photos were taken along the
whole 273 m transect to better estimate community structure
and capture temporal changes in benthic cover. Photos were
analyzed using Agisoft PhotoScan Pro (Agisoft LLC) software
and Coral Net (Coralnet.ucsd.edu). Relative abundances of the
major benthic taxa were estimated by standard point counting
methods, with 1000 points laid on an equidistant grid across
each mosaic. Since it was not possible to create a mosaic
representing the whole metabolic transect, cover of benthic taxa
in 2018 was estimated with 100 points across each photo. The
functional group underlying each point was identified as one of
the following: live coral, crustose coralline algae, other calcified
algae, macroalgae, algal turf, sediment, and other.

Calculations
NEP was calculated using the following:

NEP(R) =
(DODN − DOUP

L
(UUP + UDNHDN)

2
− Jair−sea (1)

where DO is dissolved oxygen concentration (µmol/L), UP is the
upstream mooring, DN is the downstream location, H is average
water depth (m), U is the depth-averaged vector-rotated velocity
along the axis of the transect (m/s), L is the distance between the
moorings (m), and J is the air-sea flux. This assumes that mean
depth-integrated Lagrangian transport along the transect path is
(UUPHUP + UDNHDN)/2. Respiration rates (R) were obtained
from the same equation using the data collected each night.
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FIGURE 1 | Study transect at Lizard Island (red line). Benthic cover in 2016 was measured at the two endpoints of the transect (red line) and in other sites (red dots),
while in 2018 it was measured along the entire length of the transect (red line). In 2018 NEC was calculated in different reef zones: reef crest (Zone A), and on the reef
flat between the upstream and downstream moorings (Zone B). During the 1970s measurements were made along the transect in yellow (Limer, 1976) (Kinsey,
1979). In 2008–2009 NEC was measured at SIRM02 (2008) and SIRM03 (2009) (the two black dots) (Silverman et al., 2014). Past benthic community surveys were
conducted along the two transects in orange (Pichon and Morrissey, 1981) and (Silverman et al., 2014) in 2008–2009.

Air-sea flux (J) is:

Jair−sea = Ko2(DOsat −Owater
2 ) (2)

where Owater
2 is the concentration of oxygen in the water, DOsat

is the saturation oxygen concentration and Ko2 is the gas transfer
coefficient. The saturation of oxygen at the air-water interface,
DOsat is computed from Henry’s Law (Benson and Krause, 1984).
NEP and R were calculated for each minute and then averaged to
give hourly values for each 24-period. The sum of hourly values
for each day then was used to calculate daily averages of NEP.
Daily gross ecosystem primary production (GEP) was calculated
as the sum of daily NEP and R for each day.

Calcification (NEC) was calculated using the AT anomaly
method (Smith and Kinsey, 1978), which uses the change
in AT as water flows across the reef and the stoichiometric
relationship between alkalinity depletion/addition and
calcification/dissolution to calculate NEC. Total alkalinity
decreases by 2 moles for each mole of CaCO3 precipitated. Total
alkalinity increases by the same ratio as a result of dissolution

of CaCO3. NEC was calculated using the AT anomaly method
(from the discrete water samples) as:

NEC = [(1AT/2)∗ρ]∗(H∗U)/D (3)

where: NEC is the net calcification rate (mmol CaCO3
m−2 d−1), 1AT is the difference between AT upstream and
AT downstream (µmol/kg), or between oceanic water and
upstream/downstream reef flat locations, ρ is the seawater density
(1024 kg/m3), H is the average water depth across the transect
(m), U is the average hourly water velocity between the moorings
(m/s), and D is the transect length between upstream and
downstream locations (m). To compare measurements in 2018
with past values (Silverman et al., 2014), NEC also was calculated
from the difference between AT measured in the open water off
the reef and the reef flat upstream mooring to quantify NEC rates
of the reef crest and seaward reef flat (Figure 1). Oceanic water
samples were collected within 10 m of the reef crest and it was
assumed that flow speed and depth were the same as measured
at the upstream mooring. It was also assumed that AT collected
in open ocean was constant over time (Andersson et al., 2014).
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All rates were converted to a 12-h day by summation of the
mean hourly rates.

RESULTS

During the 6 days of deployment in 2016 the sky was very
cloudy to clear with occasional heavy rain, while in 2018 the sky
was clear during the whole study. Water temperature averaged
25.7± 0.01◦C during both sampling periods.

In 2016, photosynthetically active radiation (PAR) in situ (at
3-m depth) averaged 541 ± 45 µmol quanta m−2 s−1 during
the day (Figure 2A). In 2018, at the same location, PAR was
slightly lower averaging 490 ± 41.3 µmol quanta m−2 s−1

during the day (Figure 2B). Mean (± SE) upstream flow speeds
ranged from 0.22 ± 0.01 m/s on the first day and declined
to 0.12 ± 0.01 m/s during the last 2 days of deployment of
2016. During the measurement period, flow was higher upstream
than downstream with large variation within days due to tidal
height changes, with higher flows at high tides. Over the 6 days,
mean flow velocity (± SE) upstream was 0.22 ± 0.01 m/s and
0.13 ± 0.01 m/s downstream. In 2018, flow was strongly swell-
driven with a strong tidal signal. Mean (± SE) flow at the
upstream mooring was 0.17 ± 0.01 m/s and 0.10 ± 0.01 m/s
downstream. Dissolved oxygen increased during the day and
declined at night in response to photosynthesis and respiration
and water exchange with the open ocean. Average depth across

FIGURE 2 | (A) Hourly values of NEP/R (black line) and PAR (dotted line) in
2016, and (B) hourly values of NEP/R (black line) and PAR (dotted line) in
2018 at the study site.

the transect was 2.3 ± 0.02 m with an average tidal range of
1.3± 0.06 m during the measurement period.

NEP showed a clear diurnal pattern with maximum rates near
the solar zenith. In 2016, NEP ranged from−19.5 to 119.7 mmol
O2 m−2 h−1 with a mean (± SE) of 36.2 ± 3.33 mmol O2
m−2 h−1. Nighttime respiration ranged from 8.1 to 33.1 mmol
O2 m−2 h−1 and averaged −20.3 ± 1.36 mmol O2 m−2 h−1

(Figure 2A). GEP, calculated from NEP and R in 2016 was similar
to values reported in 1970s for the same location (Table 1). NEP
values in 2018 were lower than measured in 2016 for the same reef
flat (Figure 2B). In 2018, NEP ranged from to−71.4 to 52.8 mmol
O2 m−2 h−1 and averaged−17.4± 3.4 mmol O2 m−2 h−1 while
nighttime respiration ranged from −23.9 to −79.01 mmol O2
m−2 h−1 and averaged −53.6 ± 2.8 mmol O2 m−2 h−1. NEP
was < 20 mmol O2 m−2 h−1 during the first 3 days of the
deployment and increased to values similar to those measured in
2016 during the last 3 days (Figure 2 and Table 1).

In 2016, NEC for the reef flat was consistent over the
measurement period, ranging from −6.76 to 22.8 mmol CaCO3
m−2 h−1 (Figure 3) with a mean (± SE) of 10.6 ± 2.44 mmol
CaCO3 m−2 h−1. In 2018, NEC on the reef flat (Zone B, Figure 1)
ranged from 12.5 to 57.6 mmol CaCO3 m−2 h−1 with a mean
(± SE) of 34.8 ± 18.6 mmol CaCO3 m−2 d−1. Nighttime NEC
of the reef flat in 2018 had a mean (± SE) of 12.3 ± 9.93 mmol
CaCO3 m−2 d−1 (Figure 3 and Table 2).

In 2018, there were distinct differences in NEC among the
two reef zones (Figure 3). NEC was lower on the reef crest
and higher on the reef flat (Figure 3). Dissolution on the reef
crest (Zone A) was higher than calcification during both night
and day. Daytime NEC of the reef crest ranged from 1.45 to
−21.6 mmol CaCO3 m−2 h−1 and averaged −29.1 ± 20.9 mmol
CaCO3 m−2 d−1, while nighttime NEC in this zone ranged from
−1.2 to −46.05 mmol CaCO3 m−2 h−1 with a mean (± SE) of
−49.6± 106.01 mmol CaCO3 m−2 d−1. Nighttime NEC over the
entire reef (reef crest and flat) ranged from 7.02 to −38.6 mmol
CaCO3 m−2 h−1 with a mean (± SE) of −38.4 ± 86.7 mmol
CaCO3 m−2 d−1 and was within the range of values measured
previously. The negative NEC values observed at night indicated
nighttime net dissolution. Importantly, daytime NEC also was
lower [ranging from 16.6 to −25.3 mmol CaCO3 m−2 h−1 with
a mean (± SE) of 5.32 ± 23.04 mmol CaCO3 m−2 d−1] than
values reported in 2008–2009 measured in the same reef zone,
suggesting a decline in net calcification and a potential increase
in dissolution (Tables 1, 2).

The sites measured in 2016, and in particular the two
endpoints of the metabolic transect, were dominated by algal
turf and sand with mean (± SE) percent covers of 67 ± 4.66
and 21.6 ± 3.81 respectively (Figure 1 and Table 1). Macroalgal
percent cover was only 2.07 ± 1.73, and importantly, calcified
organisms such as corals and crustose coralline algae were only
minor components, with percent covers of 2.6 ± 1.86 and
4.2 ± 2.37 respectively (Table 1). Community structure in 2018
was measured along the whole transect and was overall similar
to 2016. Community structure was again dominated by algal turf
and sand 43.7 ± 1.4 and 29.1 ± 1.8 respectively. Dead coral
skeletons covered with turf and crustose coralline algae were very
abundant along the transect. Cover of macroalgae and calcified
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TABLE 1 | Atmospheric pCO2, NEP, R, NEC (day and night), and percent covers of live coral, crustose coralline algae, macroalgae and algal turf on the Lizard Island reef
flat for past and the current studies.

Limer, 1976 Kinsey, 1979 Pichon and
Morrissey, 1981

Silverman
et al., 2009

Silverman
et al., 2009

This
study 2016

This
study 2018

Atmospheric pCO2 (µatm) 331 386 387 401 406.9

NEP (mmol·m−2
·d−1) 50 36.2 ± 3.3 −13.5 ± 5.5

R (mmol·m−2
·d−1) −47 −20.2 ± 1.4 −19.2 ± 5.5

NEC day (mmol·m−2
·d−1) 83–105 83 61 ± 12 54 ± 13 10.6± 2.44 34.8± 18.6

NEC night (mmol·m−2
·d−1) −19−11 −57−38 12.3 ± 9.9

Coral 15–10 15–10 8.0 ± 5.6 8.3 ± 3.2 7.1 ± 1.5 2.6 ± 1.9 8.2 ± 0.7

Calcified algae 4.2 ± 2.3 9.3 ± 0.4

Macroalgae 11.9 ± 1.8 2.1 ± 1.7 2.5 ± 0.3

Algal turf 67 ± 4.7 43.3 ± 1.4

Values are means, ranges, or means ± SE.

FIGURE 3 | (A) NEC for the reef crest in 2018; (B) NEC for the reef flat
between upstream and downstream moorings for 2016 (grey circles) and
2018 (black circles and line). The gray boxes indicate the 24-h sampling in
2018.

algae remained low at 2.2 ± 0.3 and 9.6 ± 0.4 respectively,
while total live coral cover was higher compared to 2016, and
was similar to values reported in the past for the same reef flat
(8.2± 0.7) (Table 1).

TABLE 2 | Daytime and nighttime NEC in each reef zone on the Lizard Island reef
flat during September 2018.

Zone A Zone B Zone A + B

NEC day (mmol·m−2
·d−1) −29.1 ± 20.9 34.8 ± 18.6 5.32 ± 23.04

NEC night (mmol·m−2
·d−1) −49.6 ± 106.01 12.3 ± 9.9 −38.4 ± 86.7

The reef zones are: reef crest (Zone A), the reef flat (Zone B), and along the whole
reef tract (Zone A + B). Values are means ± SE.

DISCUSSION

This study measured NEP and NEC following two consecutive
cyclones in 2014–2015, and the El Nino-driven mass bleaching
events in 2016 and 2017 on a reef flat on Australia’s GBR
and documented changes in community function. While NEP
measured in 2016 was similar to values reported in the 1970s
(Kinsey, 1979), NEP measured in 2018 showed a decline. In
2016, NEC was depressed, compared to rates measured in 2008–
2009 (Limer, 1976; Kinsey, 1979; Pichon and Morrissey, 1981;
Silverman et al., 2014), but importantly, increased by a factor
of 3 in 2018, perhaps as the result of increased abundances
of live coral and calcified algae. Detecting changes in reef
community metabolism over time often is complicated by a lack
of baseline data, including data on changes in benthic community
composition. This study leverages the availability of baseline data
on organic and inorganic carbon production that have been
quantified over the past four decades. The changes in community
function associated with recent disturbances, and within the
context of ongoing OA suggest that dissolution rates may have
increased in the past decades causing a decline in NEC, especially
at night. Importantly, increases in dissolution rates varied among
different reef zones, with highest rates on the reef crest. While,
this study did not directly investigate ocean acidification, the
increase in dissolution observed here and past data (Silverman
et al., 2014) suggest this ongoing press disturbance may have an
effect on ecosystem function at the study site.

Rising seawater temperatures, cyclones, and ocean
acidification are predicted to change coral reefs into new
configurations in which the reef flats may no longer exist as
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calcifying entities, thus potentially losing many ecosystem goods
and services (Hughes et al., 2017a). To better understand the
response of coral reefs to environmental changes, it is critical
to investigate the accumulated effects of both pulse and press
disturbances on both community structure and function. Even
though these disturbances operate on different time scales,
they simultaneously have direct and indirect effects on reef
community structure and function. Pulse disturbances such as
bleaching and cyclones often result in high levels of mortality,
especially among key habitat-forming reef organisms (Connell,
1997) and thereby indirectly affect community structure and
function (Harmelin-Vivien, 1994). Importantly, the recovery (or
lack thereof) from pulse disturbances occurs within the context
of longer-term press disturbances such as ocean acidification
and SST warming which also may cause mortality and further
alter community structure and function (Connell et al., 1997;
Wakeford et al., 2008; De’ath et al., 2009; Comeau et al., 2016).
Studies investigating responses of coral reef flat communities to
climate change usually focus either on the impact of bleaching
[e.g., (Cantin et al., 2010; Frieler et al., 2013; Van Hooidonk
et al., 2013)] or on ocean acidification [e.g., (Ricke et al., 2013)].
While the few studies that do combine both the impact of ocean
acidification and increasing temperatures, have not linked the
responses of NEP and NEC to these two disturbance drivers
[e.g., (Guinotte et al., 2003; Buddemeier et al., 2008; Silverman
et al., 2009)]. In particular, most studies often manipulate
individual coral colonies and/or other calcifying organisms [e.g.,
(Grottoli et al., 2014; Schoepf et al., 2015)] without extending
organism level responses to the community level, thus limiting
our understanding of how these disturbances, and in particular
bleaching, might affect community metabolism [but see (DeCarlo
et al., 2017; Courtney et al., 2018)].

Press and pulse disturbances resulted in changes in NEP
and R. R remained constant with similar values in 2016 and
2018. However, R measured here was lower than previous
studies on reef flats at Lizard Island (Kinsey, 1979) likely
as a result of lower biomass of benthic organisms associated
with recent disturbances. The NEP values measured in 2016
were consistent with previous studies on reef flats at Lizard
Island (Kinsey, 1979) and elsewhere (Albright et al., 2015; Shaw
et al., 2015), indicating that gross production and respiration
were roughly similar, and that the communities consume
roughly the same amount of organic carbon as they produce
(Atkinson, 2011). Conversely, NEP values measured in 2018
were lower, likely due to reduced abundance of algal turfs. Algal
turfs are one of the most productive benthic components of
many reefs (Odum and Odum, 1955) and can be affected by
abiotic disturbances such as cyclones. In both years, benthic
algae constituted the majority of the total benthic cover and
therefore were the dominant component contributing to NEP.
Maintaining NEP is critical because this process removes DIC
from seawater, thus providing some short-term buffer for
aragonite saturation. Furthermore, NEP and NEC are correlated
in coral reef communities thus lower NEP may further suppress
NEC (Gattuso et al., 1999; Shaw et al., 2012; Albright et al.,
2015). There is compelling evidence that high CO2 may suppress
primary productivity and favor net dissolution in calcifiers such

as CCA (Anthony et al., 2008). However, more experimental
manipulations would be needed to confirm this hypothesis on the
studied reef flat.

Daytime NEC of the Lizard Island reef flat declined between
1976 and 2008–2009 (Limer, 1976; Kinsey, 1979; Silverman et al.,
2014) and was reduced further between 2008–2009 and 2016. By
2018, daytime NEC of the reef flat had increased threefold (but
still remained lower than values reported in 2008–2009) and was
likely associated with an increase in live corals and a doubling
of the abundance of calcified algae. It is possible that the high
NEC rates were also a result of increased metabolism during the
recovery from the two consecutive bleaching events as observed
in Dongsha Atoll (DeCarlo et al., 2017), however, more studies
before, during, and after bleaching events are needed.

NEC varied across reef zones with the lowest NEC measured
on the reef crest where live cover of calcifiers (corals and algae)
was low (authors personal observations). While the frequency of
water sampling to quantify NEC differed between 2016 and 2018
(with more frequent sampling in 2018), it is unlikely that this
would result in such large differences in rates of NEC. Similarly,
variation in NEC between years/decades likely is not due to
seasonal variability, as all measurement were made during the
same season. Apparent total live coral cover remained overall
stable at ∼ 8% in the last decade thus suggesting that non-biotic
components of the reef (i.e., sediments and carbonate pavement)
may have also played a big role in the observed decline in NEC at
the community level.

Nighttime measurements of NEC were similar to those
reported previously (Limer, 1976; Silverman et al., 2014)
indicating dissolution has not increased on this reef over
the past four decades, despite an ongoing decrease in pH
due to OA. Nighttime dissolution on reef flats generally
is attributed to processes occurring primarily within the
carbonate sediments (Santos et al., 2011; Eyre et al., 2014).
Dissolution of sediments can occur even when the overlying
seawater is supersaturated with respect to aragonite, due to
respiration of organic matter within the sediment (Andersson
and Gledhill, 2013). Such microbial activity reduces pH as the
result of microbial respiration, creating conditions that enhance
carbonate dissolution.

There is increasing evidence on the effects of disturbances
and changes in community structure on ecosystem function
(Alvarez-Filip et al., 2009, 2011, 2013; Carricart-Ganivet et al.,
2012). Disturbances have selective effects on coral assemblages
and taxonomic differences contribute to changes in community
structure (Done, 1999; Loya et al., 2001). Shifts in coral
assemblages may not ensure maintenance of community function
(Alvarez-Filip et al., 2013). For instance, changes to coral
composition may cause mortality of fish and invertebrates
directly relying on corals for food and shelter (Stella et al.,
2010, 2011; Pratchett et al., 2011; Richardson et al., 2018).
Shifts in coral assemblages also have resulted in declines in
reef spatial complexity and calcification (Alvarez-Filip et al.,
2009, 2011, 2013; Carricart-Ganivet et al., 2012). These declines
suggest that some reefs may not display vertical accretion rates
sufficient to keep pace with projected rates of global sea-level rise
(Perry et al., 2012).

Frontiers in Marine Science | www.frontiersin.org 7 September 2019 | Volume 6 | Article 575

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00575 September 9, 2019 Time: 15:14 # 8

Pisapia et al. Multi-Decadal Change in Reef-Scale Production and Calcification

Overall reef accretion (carbonate accumulation and vertical
growth) is a balance between CaCO3 precipitation, dissolution,
and physical and biological erosion. It is important to consider
that for coral reefs to persist, the rate of diel CaCO3 production
must be higher than the diel rate of dissolution to ensure that
gross calcification is greater than dissolution and physical damage
(Hoegh-Guldberg et al., 2007). NEC for the entire reef transect
(reef crest + reef flat) indicates a net balance that may not
support continued accretion under current conditions. While
coral reefs worldwide are exposed to the long-term perturbation
of OA (over multiple decades to centuries), shorter-term pulse
disturbances will magnify the challenges for calcifiers on coral
reefs. Coral mortality due to bleaching reduces calcification and
alters the ratio between net calcification and dissolution, and
thus poses a severe threat to reef persistence over shorter times
scales (years-decades). Importantly, the high dissolution rates on
the reef crest may challenge this section of the reef which may
be severely subject to erosion as consequence of sea level rise
(Storlazzi et al., 2011).

This study compared changes in reef function over shorter
time scales than changes previously documented over decades.
While community function can recover following major pulse
disturbances such as bleaching (Courtney et al., 2018), the
degree to which coral reef function recovers will depend upon
disturbance regime. With increasing frequency and severity
of mass bleaching events and cyclones and the ongoing
(slower acting) stress of OA, the persistence of the reef
flat as a calcifying entity may be jeopardized. Long-term
measurements of both reef community structure and function
are needed to facilitate predictions of the trajectories of the
responses of coral reef ecosystems in a future warmer and
more acidic ocean.
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