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Abstract

Coral reef metabolism underpins ecosystem function and is defined by the processes of photosynthesis, respi-
ration, calcification, and calcium carbonate dissolution. However, the relationships between these physiological
processes at the organismal level and their interactions with light remain unclear. We examined metabolic rates
across a range of photosynthesising calcifiers in the Caribbean: the scleractinian corals Acropora cervicornis,
Orbicella faveolata, Porites astreoides, and Siderastrea siderea, and crustose coralline algae (CCA) under varying nat-
ural light conditions. Net photosynthesis and calcification showed a parabolic response to light across all spe-
cies, with differences among massive corals, branching corals, and CCA that reflect their relative functional
roles on the reef. At night, all organisms were net respiring, and most were net calcifying, although some incu-
bations demonstrated instances of net calcium carbonate (CaCO3) dissolution. Peak metabolic rates at light-sat-
uration (maximum photosynthesis and calcification) and average dark rates (respiration and dark calcification)
were positively correlated across species. Interspecies relationships among photosynthesis, respiration, and calci-
fication indicate that calcification rates are linked to energy production at the organismal level in calcifying reef
organisms. The species-specific ratios of net calcification to photosynthesis varied with light over a diurnal cycle.
The dynamic nature of calcification/photosynthesis ratios over a diurnal cycle questions the use of this metric
as an indicator for reef function and health at the ecosystem scale unless temporal variability is accounted for,
and a new metric is proposed. The complex light-driven dynamics of metabolic processes in coral reef organisms
indicate that a more comprehensive understanding of reef metabolism is needed for predicting the future

impacts of global change.

Coral reefs are highly productive ecosystems that build
some of the largest living structures on Earth. The services
obtained from the coral reef ecosystem include coastal protec-
tion, habitat provision, fisheries, and tourism (Hoegh-
Guldberg et al. 2019). These services ultimately rely on
biogenic calcification; the process by which a diverse commu-
nity of framework-building corals, crustose coralline algae
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(CCA), and other calcifying organisms contribute to the cal-
cium carbonate (CaCOs3) reef structure. Global climate change
threatens the survival of important framework-building coral
species, primarily through increasing seawater temperature
and ocean acidification, both of which have been shown to
directly impede coral growth and negatively impact coral reef-
dwelling organisms and ecosystems (Kleypas and Yates 2009;
Comeau et al. 2013). Exposed CaCOj3 structures and sediments
are vulnerable to dissolution exacerbated by ocean acidifica-
tion (Cyronak et al. 2013; Eyre et al. 2014), and it is expected
that reef structure could be lost at a pace faster than it is con-
structed in the near future (Eyre et al. 2018).

A positive relationship between photosynthesis and calcifi-
cation has been observed across cellular, organismal, and com-
munity scales in coral reefs (Gattuso et al. 1999; Allemand
et al. 2011). At the ecosystem scale, the balance of
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photosynthesis, respiration, calcification, and dissolution, col-
lectively known as coral reef metabolism, controls the coral
reef carbon cycle (Albright et al. 2015; Cyronak et al. 2018).
Net ecosystem calcification is defined as the rate of CaCOs;
precipitation offset by dissolution, while net ecosystem pro-
duction is defined as the difference between photosynthesis
and respiration (Smith and Kinsey 1978). Reef metabolism is
often measured through changes in the carbonate chemistry
of sea water as it flows over a coral reef ecosystem, which
requires detailed knowledge of the local hydrodynamics
(Marsh and Smith 1978). The ratio of net calcification to net
production has been proposed as a proxy for monitoring reef
function, which can be calculated from carbonate chemistry
data (Cyronak et al. 2018; Takeshita et al. 2018). This metric
provides useful insight into reef biogeochemistry as a simple,
effective tool for monitoring change in coral reef metabolism
over space and time (Cyronak et al. 2018). However, the suc-
cess of the calcification/production ratio metric depends on a
strong mechanistic understanding of how photosynthesis and
calcification are linked from the organism to the ecosystem.

At the organismal level, connectivity between photosyn-
thesis and calcification is reflected in the phenomena known
as light-enhanced calcification, or the observation of increased
calcification rates during the day compared to night
(Goreau 1959; Gattuso et al. 1999). Research into the mecha-
nisms behind light-enhanced calcification have not yet
reached a consensus, and it is possible that more than one
process is taking place for the different species and functional
groups exhibiting light-enhanced calcification, for example,
corals, calcifying algae, foraminifera (Cohen et al. 2016). One
hypothesis is that higher rates of photosynthesis associated
with optimal light conditions provide the coral with more
energy for calcification (Chalker and Taylor 1975). Other stud-
ies show that metabolic CO, production through respiration
is an important source of carbon for calcification (Furla et al.
2000). Another hypothesis is that photosynthesis influences
carbonate chemistry equilibrium at the site of calcification
through the uptake of CO,, which enhances CaCOj3 precipita-
tion (McConnaughey and Whelan 1997; Allison et al. 2014).
However, it is important to note that calcification and photo-
synthesis take place in different tissue layers (Jokiel 1978).
Cohen et al. (2016) demonstrated that calcification can be
decoupled from photosynthesis by providing corals with dif-
ferent wavelengths of light, indicating that both processes are
independently linked to sunlight. To make accurate predic-
tions about the impact of climate change on coral reefs, we
must understand the mechanistic relationships between calci-
fication and photosynthesis at the organismal scale before we
can fully understand their interactions at community or eco-
system scales (Edmunds et al. 2016).

Shifting benthic community compositions are expected to
alter the metabolism and carbon cycle of coral reef ecosystems
(Hughes et al. 2018). In the Caribbean, coral reefs historically
built by the skeletal calcium carbonate of reef-building corals,
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primarily branching Acropora spp. and massive Orbicella spp.,
have experienced unprecedented losses of coral cover and pro-
liferation of macroalgal cover in recent decades (Jackson
et al. 2014; Toth et al. 2019). Contemporary coral populations
have lower species diversity and are dominated by resilient,
weedy corals, such as Porites astreoides (Green et al. 2008),
which lack reef-building life-history traits (Darling et al. 2012).
As a result of these phase shifts, rugosity and carbonate accre-
tion rates in the Caribbean have decreased over the past
decades (Perry and Alvarez-Filip 2018), impacting the mainte-
nance of reef structure and habitat function (Muehllehner
et al. 2016; Yates et al. 2017; Kuffner et al. 2019). Quantifying
organismal metabolic rates and understanding the dynamic
interactions between metabolic processes is critical for
predicting the impact of changing coral reef ecosystems and
the ecosystem services they provide.

In this study, we measured the metabolic rates of key Carib-
bean coral reef calcifiers to determine the interaction among
photosynthesis, respiration, and calcification over natural
diurnal light cycles. We provide a comparison between species
with distinct ecological functions, chosen to reflect past and
present species dominance: (1) branching, rapid-growth
Acropora cervicornis; (2) framework-building Orbicella faveolata;
(3) resilient, weedy Porites astreoides; (4) framework-building,
stress-tolerant Siderastrea siderea; and (5) abundant, low-pro-
file, crustose coralline algae (CCA). We compared differences
in metabolism across these calcifying organisms over a natural
diurnal light cycle and developed metabolism-irradiance cur-
ves to determine the relationships among photosynthesis, cal-
cification, and irradiance at the organismal level.

Methods

Ex situ incubations of four species of scleractinian coral
and two crustose coralline algae (CCA) were conducted in the
Climate and Acidification Ocean Simulator outdoor experi-
mental facility at the Mote Marine Laboratory, Elizabeth
Moore International Center for Coral Reef Research and Resto-
ration, Summerland Key, Florida, in October and November of
2019. The Climate and Acidification Ocean Simulator facility
is supplied with 20-um particle-filtered Atlantic seawater
maintained by a dual heat exchanger system at 28.4°C £+
0.2°C (mean + SD) in 3800-liter header tanks. An automated
controller system (Walchem W900) maintains ambient seawa-
ter at a pH of 8.04 + 0.04.

Study organisms

Small colonies (mean surface area 13 & SD 3.54 cm?) of
A. cervicornis (n = 6), O. faveolata (n 12), P. astreoides
(n = 12), and S. siderea (n = 12) were randomly selected from
the Mote Marine Laboratory land nursery of micro-fragmented
corals (Fig. la—f; Supporting Information Table S1). While
small encrusting fragments do not represent the morphologies
of larger, older colonies in the wild, using similarly
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Fig. 1. Examples of top-down photos used for surface area measurements on Image-J: (a) Acropora cervicornis, (b) crustose coralline algae type 1
(CCA1), (c) crustose coralline algae type 2 (CCA2), (d) Orbicella faveolata, (e) Porites astreoides, and (f) Siderastrea siderea, (g) the incubation chambers
used during this study showing the oxygen sensor inserted through the chamber lid, transparent water jacket, and the white plastic holder below coral
with stir bar spinning underneath. Photos (a) through (f) show 1 cm scale bars.

fragmented corals with minimal differences in “colony-wide”
morphologies allows for better interspecific comparisons. All
corals originated from Mote’s restoration nurseries, where they
had been either sexually produced and/or micro-fragmented
from field-collected colonies between 2010 and 2017
(Supporting Information Table S2). In addition, crustose coral-
line algae growing on the base of two of the Mote restoration
raceways were chiseled off and glued to clean ceramic tiles
3 weeks prior to the study. Due to morphological differences
in color and surface texture (Fig. 1), CCA were thought to be
distinct species; however, we were unable to identify them
and are herein referred to as CCA type 1 (CCA1) and CCA type
2 (CCA2).

Each specimen was randomly assigned to one of 12 holding
tanks (19-liter volume, 40 x 20 x 25 cm, L x W x H) 2 weeks
prior to the study. Each tank received 160 mL min ' filtered
natural seawater via a separate manifold and each tank was
fitted with a circulation pump to maintain flow (Deluxe Sub-
mersible Water Pump 400GPH). While water flow has been
shown to modulate coral metabolism and their response to
environmental change (Comeau et al. 2014, 2019), the goal of
this study was to maintain a constant flow to compare the
metabolism between calcifying functional groups. Sea water
parameters of pH (Seven2Go Pro S8, Mettler Toledo), tempera-
ture, and salinity (YSI Professional Plus) were monitored twice
per day. For pH, electrodes were calibrated against National
Bureau of Standards scale buffers of 4.01, 7.00, and 10.00 at
25°C and validated using other carbonate chemistry parame-
ters (e.g., total alkalinity [TA] and dissolved inorganic carbon
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[DIC]). Water temperature was controlled by an automated
dual exchange heater and chiller, and, to maintain pH and
salinity within each tank, water inflow was adjusted and chan-
ged as necessary. Supporting Information Table S3 provides an
overview of the mean and standard deviation for all environ-
mental parameters in the holding tanks. A permanent shade
cloth (30% attenuation) maintained natural light conditions
(daytime = 321.38 +£179.73, umol m2 s}, and peak
494 4+ 64.4 ymol m 2 s~' photosynthetically active radia-
tion [PAR] mean + SD). The surface area of each fragment
was measured from top-down photos, with additional cyli-
nder calculations to incorporate the surface area of
A. cervicornis branches. All size measurements were extracted
from photos using Image-J (Schneider et al. 2012) with the
Simple Interactive Object Extraction plug-in (Wang 2016) to
identify live tissue cover and exclude any areas of cement
plug not covered in tissue (Fig. 1; Supporting Information
Table S1).

Incubation protocol

Incubations were conducted over 12 d between 31 October
2019 and 21 November 2019, with each day selected for con-
sistency in wind, cloud cover, and rainfall. One fragment per
species was randomly selected each day and placed into an
incubation chamber for ~ 1 h at the following times: 2 h after
sunrise (AM), during the solar peak (PEAK), and 2 h after sun-
set (DARK). On 3 of the 12d, an additional incubation
between the solar peak and the sunset was included (PM). Sep-
arate readings of PAR were taken for each chamber position at
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Fig. 2. PAR measured during the different incubation time periods.
Boxplots show mean (circle), median (horizonal line), and IQR (box and
whisker). The number of individual incubations carried out within each time
period (n) including control incubations is shown above each box. Colors
represent the time periods: AM (2 h after sunrise 8 : 00 to 10 : 00), PEAK
(solar noon 12 : 00 to 14 : 00), PM (2 h before sunset 15 : 00 to 17 : 00)
and DARK (2 h after sunset 20 : 00 to 22 : 00). Average AM PAR was
155 + 66.8 yumol m~2 s~' (mean + SD), PEAK 494 + 64.4 yumol m~2 57,
and PM 171 + 43.9 yumol m—2s~' PAR.

the start and end of incubations with Li-cor model LI-1500G
and an underwater quantum sensor (LI-192SA), oriented hori-
zontally. Average PAR light values (mean of start and end)
were calculated for individual chambers and varied from 67 to
595 ymol m 2 s* between the three daylight incubation
periods (8:00-10:00, 12:00-14:00, and 15:00-17:00; Fig. 2).

Incubation chambers were set up in a dry raceway tank
adjacent to holding tanks for consistent light conditions.
Incubations consisted of four double-walled transparent
acrylic incubation chambers (300 mL) sealed with a transpar-
ent acrylic lid, with a rubber O-ring closure (Fig. 1g). A
thermocycler (VWR MX7LR-20) recirculated water through
the transparent cooling jackets of the incubators at
26.5°C +£ 0.5°C to maintain water inside the chambers at
27.6°C £ 1.5°C. Incubation chambers were positioned on
magnetic stirrers set at 600 revolutions per minute and flow
simulated using a 2-cm stir bar placed under the specimens
with a plastic grid base to allow water movement without dis-
turbing the organism. All incubations were run for
1 h £+ 3 min, with seawater samples taken at the start and end
(see below for details).

Environmental parameters

Dissolved oxygen (DO) fiber-optic oxygen sensors (Firesting
O,, Pyroscience) were inserted in each chamber to ~1 cm
above the coral 3-5 min prior to the incubation start time, to
allow for acclimation of the sensor and adjustment of its posi-
tion. The oxygen sensors were calibrated to 0% and 100% O,
saturation using air-saturated water prior to each incubation.
Real-time measurements of DO (umol 17') were recorded each
second during the incubation. To calculate oxygen fluxes, start
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and end values were calculated as the mean values over the
first and last minute of the 1-h incubations. The fluxes derived
from the start and end values were similar to fluxes derived
from linear slopes between time and DO during each incuba-
tion (Supporting Information Figs. S1-S6). Start and end fluxes
were used for a more direct comparison to fluxes derived from
the carbonate chemistry data.

Water samples for carbonate chemistry analysis were taken
at the start and end of incubations using a 100-mL plastic
syringe; immediately filtered (0.45 um), poisoned with 200 uL
of saturated mercuric chloride, and stored in 250-mL amber
borosilicate glass bottles at the Mote Ocean Acidification Labo-
ratory until they were processed. One sample was collected at
the start as all chambers were filled with the same water prior
to beginning the incubations. TA was measured by potentio-
metric titration wusing an automated titrator (Metrohm
905 Titrando), following the standard best practice (Dickson
et al. 2007). Mean values for each sample were derived from
two to three samples (40 mlL) with a precision of
+ 3.8 umol kg~'. Measurements were corrected to Dickson
Certified Reference Material (Batches 184, 187, and 189) mea-
sured at the start and end of each day. DIC was analyzed using
an Apollo SciTech Analyzer (Model AS-C3). Mean values were
derived from two to three replicates of 1 mL injections and
corrected for drift with measurements of certified reference
material at the start and end of the analysis. Precision of DIC
measurements was 2.4 ymol kg™ '.

Calculations of metabolic processes

Metabolic rates were calculated from the difference
between measurements taken at the end of the incubation
minus the starting values (end - start) of DO (ADO), TA
(ATA), and DIC (ADIC) concentrations. To calculate fluxes,
all seawater chemistry measurements were normalized to
individual incubation chamber volumes (259.69 + 12.57 mL,
mean =+ SD) and coral surface areas (Supporting Information
Table S1). Control incubations (e.g., empty ceramic tiles)
showed negligible changes in seawater chemistry (ADO =
0.4 +6.8 umoll™!, ADIC -7.2 +£11.0 umolkg?,
ATA = —2.8 + 8.7 umol kg’l, mean + SD), and as such no
corrections in seawater chemistry due to water column pro-
cesses were made.

Net production (umol cm > h™!) for light incubations was
calculated from changes in DO (Ppp) and DIC (Ppic) concen-
trations according to the following equations:

ADO x V

Ppo=—>— 1

DO Axt ( )
ADIC — AI&) v

PMCZ_L__Z?%l__ (2)

where ADO, ADIC, and ATA represent the respective changes
in DO, DIC, and TA concentrations in ymol L. The volume
of the incubation chamber in liters is represented as V, while
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A is the surface area of the sample (cm?), and t is duration of
the incubation in hours (1 h). To calculate respiration (Rpo
and Rpic), the same equations were used with dark
incubation data.

Net calcification (Gpey) for light incubations was calculated
using the alkalinity anomaly technique according to the fol-
lowing equation:

() v

Gner = Axt

3)
For dark calcification rates (Gqark) the same equation was used
with data collected from dark incubations only.

The relationship between light and photosynthesis and cal-
cification was modeled using gross metabolic rates (i.e., photo-
synthesis + respiration and calcification + dark calcification)
using the following hyperbolic tangent function from Jassby
and Platt (1976):

E
)

max

ax

Pret = Prax X tanh ( (4)

where P, is the modeled net production rate, R is the average
dark respiration rate, and E is the irradiance (umol m~2 s,
The coefficients derived from the model include: the initial
slope between Ppe; and light (a) and the maximum gross pho-
tosynthetic rate (Ppyax)-

For calcification, we adapted Eq. 4 to model calcification
(Gney) as:

axE

Gret = Gmax X tanh ( ) + Gdark (%)

max

where Gga is the average dark calcification rate for each spe-
cies, representing the non-light-enhanced portion of the mea-
sured calcification rates, Gpax is the maximum gross
calcification, and alpha (e) is the initial slope between calcifi-
cation and irradiance.

The light saturation point (Ex) was calculated from model
coefficients Pp,x Or Gmax and alpha for each model using the
following equation:

7Pmax
Ex=— (6)

The absolute ratio of calcification to both calcification and
production was calculated as follows:

|Gnet|
G t Mt t=1p 11~ 1

net/ Moo= 5 Gl
where M, (or the sum of both calcification and production)
represents total carbon metabolism (see Discussion section for
more details about this metric).
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Statistical analysis

All statistical analyses were conducted in the statistical envi-
ronment R using RStudio version R.4.0.2 (R Core Team, 2020).
The RespR package (Harianto et al. 2019) was used to extract
and inspect oxygen data (Supporting Information Figs. S1-S6).
The Tidyverse (Wickham 2019) was used for data organization
and synthesis, and data visualization was conducted with
base-R functions and ggplot/ggpubr (Wickham 2016). Shapiro—
Wilkes tests were combined with visual assessments of density
and Q-Q plots to evaluate approximately normal distributions
for individual species. Repeated measures two-way ANOVA tests
were used to test differences between treatments and pairwise
comparisons. Post hoc Bonferroni-corrected t tests were used to
compare differences between all possible pairs of species at each
time of day and for each parameter. Models were fitted using R
linear and nonlinear least squares functions of the Stats pack-
age. Model fit was assessed by residuals plots generated using
the nlistools package (Baty et al. 2015). Models were evaluated
based on R? confidence intervals, and standard error of the
regression (sigma, o).

Results

Rates of metabolism were statistically different between
treatment times for photosynthesis (repeated measures
ANOVA for Ppo Fs155 =336.05, p =<0.05, and Ppic
F3143 =33137, p =<0.05), and for calcification (Gpet
repeated measures ANOVA F3q40 =27.24, p =<0.05)
(Supporting Information Table S4; Fig. S7). During the day,
photosynthesis (+Ppo and +Ppic) and calcification (+Gpet)
occurred in all incubations (Fig. 2). At night, respiration
occurred in all incubations (—Ppo and —Ppjc) while calcifica-
tion was still generally positive (+Gner), although some net
dissolution (—Gpey) Was detected (Fig. 3). Metabolic rates for all
species were highest during the peak treatment (Fig. 3).

Metabolism was species specific, with O. faveolata,
P. astreoides, and S. siderea having the highest average rates of
calcification and photosynthesis, while both types of CCA had
the lowest (pairwise comparisons using f test; Supporting Infor-
mation Table S5). As O. faveolata, P. astreoides, and S. siderea had
consistently similar rates, we refer to this grouping as the “mas-
sive corals” herein. We report rates as mean + SD unless other-
wise indicated. Overall, metabolic rates were higher in the
massive corals than both A. cervicornis and CCA over a diurnal
cycle (Fig. 4). Night metabolism followed a similar grouping as
the daytime measurements: respiration was greater in the mas-
sive corals (Rpo = —0.75+0.23 ymolcm™2 h™', Rpc =
—0.854+0.35 umolcm™2 h7'), than in A. cervicornis
(Rpo = —0.32 + 0.05, Rpic = 0.38 + 0.08 ymol cm~2 h™!) and
CCA (Rpo =—0.31+0.14 ymolcm 2 h™!, Rpc =—-042+
19 ymol cm~2 h™'). Dark calcification (Gga) was higher in the
massive corals (Ggarx =0.31+0.24 ymolcm™2 h™!) than
A. cervicornis (Ggarx = 0.03 + 0.08 ymol cm~2 h™') and CCA
(Ggark = 0.06 + 0.18 ymol cm~2 h™!); however, this difference
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Fig. 3. Boxplots of metabolic rates at different times of day for each species. Y-axes show; photosynthesis from oxygen evolution (Poo), photosynthesis
by carbon assimilation (Ppic), and calcification (Gnet) rates, normalized to time and surface area (fluxes in umol cm? hr7h). Boxplots show median (hori-
zonal bar) and IQR (box and whisker), and individual data points are depicted as empty circles. Species are shown in colors and labeled above each plot.
CCA1 and CCA2 are two types of crustose coralline algae. Time of day is shown on the x-axis: AM 08 : 00 to 10 : 00, PEAK 12 : 00 to 14 : 00, PM 15 : 00
to 17 : 00, and DARK 20 : 00 to 22 : 00. Only three species were incubated during the PM treatment.

was only significant for S. siderea (Supporting Information
Table S5). Negative rates of dark calcification (i.e., —Gqark, Det
dissolution) were detected in 10 of the CCA, 1 of A. cervicornis,
and 2 of O. faveolata dark incubations, although dissolution
rates were relatively low and close to zero.

Relationships between metabolism and light

To elucidate species-specific relationships with light,
metabolic-irradiance curves were modeled using a hyperbolic
tangent equation (Egs. 4, 5; Figs. 5, 6; Supporting Information
Fig. S8). All photosynthesis-irradiance model evaluations had
a high R? (> 0.80), and coefficients were significant (p < 0.001)
for photosynthesis measured from changes to both DO (Ppo)
and DIC (Pp¢). Calcification-light models generally had lower
R? and higher sigma (o) relative to calcification (Gpe) values
(Supporting Information Table S6) than photosynthesis—
irradiance models, indicating a weaker model fit, and coeffi-
cient estimates were not always significant (alpha [a], p > 0.1
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for A. cervicornis and crustose coralline algae). Of the coral spe-
cies, A. cervicornis had the lowest maximum photosynthesis
and calcification (Ppax and Gpax). The initial slope (a) of the
photosynthesis—irradiance curves was highest for the massive
corals. Photosynthetic-irradiance saturation (Ex) was highest
in A. cervicornis (Ppic Ex = 356), and in calcification-irradiance
models light saturation (Ex) was highest for P. astreoides
(Gpet Ex =448 pumols™ m™2) and S. siderea (Gpet Ex =
544 ymol s~! m™3).

Relationships between calcification and photosynthesis
The model coefficients Pp,x and Gnax exhibited a positive
linear relationship (Fig. 7) across all species (R*> =0.88,
p < 0.05), while mean respiration (R) and dark calcification
(Ggark) rates exhibited a negative linear correlation between all
species (R* = 0.66, p = 0.05). This across-species relationship
demonstrates that calcification increases with rates of net pro-
duction during the day and with increased respiration in the
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Species-specific coefficients are displayed on each plot and full statistics provided in Supporting Information Table S6.

dark. When the metabolic rates of all species were grouped
together, linear correlations between Ppic and Gper Were wea-
ker (light R = 0.39, p < 0.001, dark R* = 0.15, p = 0.04) than
correlations between the model coefficients G.x — Pmax and
R — Ggarx (Fig. 7c). When the linear models were broken down
by species, regression models of Ppjc and Gpes were only sig-
nificant in P. astreoides (light R?> =0.39, dark R?> =0.78,
p <0.005; Fig. 8). These relationships indicate tight coupling
of photosynthesis, respiration, and calcification, and show dif-
ferences within and between different species of coral reef
calcifiers.

DO production (Ppo) was positively correlated with DIC
assimilation (Pp;c), indicating an overall metabolic quotient
(Q) of 1.18 (Fig. 9a) with individual differences in Q between
species (Fig. 9b; Supporting Information Table S7). The ratio
of carbonate precipitation to organic production (Gpet/Miot)
indicated that shifts in the balance of calcification to photo-
synthesis occur during the day in relation to irradiance
(Fig. 10).

Discussion

This study aimed to determine the relationships among
production, calcification, and light in a variety of calcifying
coral reef organisms from the Caribbean. Differences were
found in metabolism among morning, afternoon, and night
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incubations and were species specific; however, linearity
between metabolic-irradiance model coefficients demon-
strated that photosynthesis and calcification are correlated
across species (Fig. 7). The results from this study confirm that
photosynthesis and calcification rates of tropical benthic
calcifiers exhibit a hyperbolic response to diurnal light cycles
(Chalker and Taylor 1978; Cohen et al. 2016). Our analyses
revisit the current understanding of relationships between
organismal-level metabolism and irradiance in benthic coral
reef calcifiers, and we interpret these findings in the context
of ecosystem scale estimates of metabolism and predicted
changes due to ongoing anthropogenic change.

Species-specific differences in metabolic rates

From the results of the incubations, three general groupings
were apparent: (1) massive coral species O. faveolata,
P. astreoides, and S. siderea; (2) A. cervicornis; and (3) crustose
coralline algae. The highest metabolic rates were observed in
massive coral species under all conditions (Figs. 3, 4). The met-
abolic rates of A. cervicornis and CCA were relatively similar,
but they were grouped separately due to distinctions between
the mechanisms by which coralline algae and corals calcify,
and to reflect differences in the ecosystem function they pro-
vide. We discuss differences and similarities between the three
groups in relation to their ecological function below.
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Metabolic rates were highest in the massive corals demon-
strating that per area of live tissue, they produce more oxygen
and calcium carbonate. Despite their higher metabolic rates, it is
unlikely that massive corals have a stronger influence on com-

munity metabolism than branching A. cervicornis and
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encrusting CCA because of the relative benthic cover and archi-
tectural complexity of each species found in nature. Given the
distinct ecological function and life-history traits within the
massive coral grouping (Darling et al. 2012), the similarity in
their metabolic rates was unexpected (Fig. 4). P. astreoides is
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considered a weedy species of the Caribbean due to its fast
growth, low-relief morphology, and ability to thrive in sub-
optimal conditions, whereas O. faveolata and S. siderea are key,
framework-building corals (Darling et al. 2012). As Caribbean
benthic communities undergo phase shifts, P. astreoides is colo-
nizing space once dominated by massive, framework building
corals to become one of the most abundant scleractinian corals
on Caribbean coral reefs (Green et al. 2008). Our results show
that the contribution of P. astreoides to community reef metabo-
lism is at the same scale as that of traditional reef-building
corals; however, the similarity in biogeochemical signal does
not confer the same ecological traits, as P. astreoides does not
provide habitat or architectural complexity to the reef (Green
et al. 2008). Therefore, while shifts toward weedy species
dominance may not be detectable via changes in reef metab-
olism, the changes in benthic composition will still impact
reef carbon cycles and accretion through changes in calcium
carbonate morphology and composition (Perry and Alvarez-
Filip 2018). The third massive coral, S. siderea, is generally
considered a slow-growing species. However, its calcification
rates were also high, and the observed slow growth despite
high calcification rates could be related to the high density
of S. siderea skeletons (Hughes 1987).

Fast-growing A. cervicornis had the lowest calcification rates
of the corals in this study, but they can also have relatively
lower skeletal densities than the massive corals (Kuffner
et al. 2017). Historically, A. cervicornis was a primary reef-
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building coral species and occupied more space on shallow
water tropical reefs in the Caribbean than any other
scleractinian coral (Rodriguez-Martinez et al. 2014; Toth
et al. 2019); however, it and Acropora palmata have declined
by over 80% over recent decades in the Caribbean (Jackson
et al. 2014; Rodriguez-Martinez et al. 2014). It is possible that
the lower rates of calcification observed in A. cervicornis were
influenced by the relatively low flow induced within the
mesocosm setting, as higher wave action may stimulate
growth in this species (Jokiel 1978); however, our calcification
rates agree with previous estimates (Chalker and Taylor 1975;
Chalker and Taylor 1978). Colonies of A. cervicornis have a
complex, branching structure with high surface area and they
contribute different ecosystem functions compared to massive
corals (Alvarez-Filip et al. 2011; Darling et al. 2012), which is
reflected in the lower metabolic rates observed in our study. In
general, A. cervicornis has low calcification yet high accretion
rates, although skeletal density shows plasticity based on
growing conditions (Kuffner et al. 2017). The life-history trait
of lower density skeletons could promote asexual reproduc-
tion when high energy wave action fragments branches of
larger colonies, allowing for the rapid proliferation of Acropora
spp. (Tunnicliffe 1981; Lirman 2000). Despite having lower
calcification rates than the massive corals, A. cervicornis pro-
vides a unique habitat for the biodiversity of species which
reside in the dense thickets formed by this branching coral
(Tunnicliffe 1981; Precht et al. 2002).
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The lowest metabolic rates were recorded for crustose coral-
line algae; biogenic calcifiers which reinforce and strengthen
the calcium carbonate matrix to cover otherwise exposed coral
skeleton (Littler and Littler 2013). In addition, they promote cal-
cification by scleractinian corals (Chisholm 2000) via inducing
larval settlement and providing substrate for juvenile corals to
grow (Heyward and Negri 1999). Due to their encrusting mor-
phology, crustose coralline algae are often overlooked in quanti-
fication of coral reef calcification and accretion based on visual
surveys. We report rates of calcification and photosynthesis in
CCA in line with framework building A. cervicornis (Figs. 3, 4).
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This demonstrates the important contribution that crustose cor-
alline algae can play in coral reef ecosystem metabolism beyond
their other ecological functions. The two crustose coralline algal
types were the closest to displaying net dissolution, indicating
calcification slows or stops at night within this functional
group, potentially due to dependence on light. Crustose coral-
line algae are expected to be more heavily impacted by ocean
acidification than corals due to the higher proportion of high
magnesium calcite in their skeletons, which could dispropor-
tionately impact the role of these organisms as important ben-
thic calcifiers (Diaz-Pulido et al. 2012).
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Impact of light on species-specific metabolism

Coral reefs encompass diverse and dynamic light environ-
ments over hourly, daily, and seasonal scales (Edmunds
et al. 2018). However, most reef-wide estimates of community
metabolism are conducted on timescales that do not incorpo-
rate instantaneous changes in light, even though community
metabolism can change on sub-hourly timescales (Takeshita
et al. 2016). Applying metabolic-light models to high-
resolution time series of light could provide more complete
estimates of community level metabolism. Studies have
shown that scaling up to community and ecosystem levels
from organismal studies can be complicated in coral reef eco-
systems (Edmunds et al. 2016); however, the comparisons in
our study add important insight into coral reef metabolism
research. In this study, net metabolic rates (both photosynthe-
sis and calcification) fit a commonly used hyperbolic function
with light (Figs. 5, 6) (Jassby and Platt 1976), supporting the
idea that both photosynthesis and calcification are driven by
light (Falkowski et al. 1984; Cohen et al. 2016).

Photosynthesis-irradiance models fitted with both oxygen
and carbon data sets (e.g., Pho and Pp;c) demonstrated that
photosynthetic efficiency (a), modeled maxima (Ppa.x), and
average respiration were greatest in the massive corals,
highlighting that these species are drivers of coral reef produc-
tion (Fig. 5; Supporting Information Fig. S8). Light saturation
(Ex) was higher in A. cervicornis and CCA, potentially reflecting
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their ability to thrive in the shallowest and most sunlit areas
of the reef (i.e., lagoon and crest). For calcification-irradiance
models, the massive species group had the highest maximum
and dark rates (Gpax and Ggari), While estimates of calcifica-
tion efficiency () were mixed across species. The differences
between metabolic-light models support previous work show-
ing that photosynthesis and calcification have species-specific
and independent relationships with light (Gattuso et al. 2000;
Sawall et al. 2018).

Relationships among photosynthesis, respiration, and calci-
fication have been shown to exist across a wide range of
marine calcifiers, and in the current study, we demonstrate
that a strong relationship exists across different species, gen-
era, and functional groups (Fig. 7). The strong positive linear
relationship between Gp,,x and Pp,,x indicates that maximum
net daytime photosynthesis and calcification rates are linked
(Fig. 7b). We also found a strong negative linear relationship
between average respiration and dark calcification across all
species at night, indicating that dark calcification is linked to
energy produced from respiration (Fig. 7a). Linear relation-
ships also existed during the day and night for measured
values of calcification and photosynthesis across all species
(light R* =0.46, p <0.0005, dark R*> = 0.15, p= 0.005;
Fig. 7c). However, relationships between calcification and pho-
tosynthesis were less clear within each individual species
(Fig. 8). This could be due to lower replicates within each
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species and smaller ranges in dark rates that made it difficult
to detect a clear relationship by species. While our study
shows that photosynthesis and calcification are linked across
benthic calcifiers, we also saw differences at the species level
(Fig. 8), likely related to ecological function (Gonzalez-Barrios
and Alvarez-Filip 2018). For example, P. astreoides has a strong
linear relationship between calcification and photosynthesis
(light R*> =0.39, dark R*> =0.78, p <0.005, Fig. 8), whereas
other species such as A. cervicornis did not. Calcification of dif-
ferent species of corals has been shown to respond to global
change differently (Kornder et al. 2018), which may reflect the
interaction of these two processes at the cellular or organismal
level. Light has also been shown to modulate the response of
calcification to ocean acidification (Suggett et al. 2013). There-
fore, developing species level metabolic irradiance curves
under current and predicted ocean chemistry is important for
understanding future impacts of global change.

The functional relationship among light, photosynthesis,
and calcification is complex and operates at multiple levels
(Allemand et al. 2011). We demonstrate a positive linear rela-
tionship between modeled metabolic maxima (Gpax and
Piax), indicating that energy from photosynthesis and respira-
tion drive calcification. It is clear that coral metabolic pro-
cesses are tightly coupled (Gattuso et al. 1999). However,
recent research indicates that photosynthesis and calcification
are parallel but independent light-driven processes (Cohen
et al. 2016). The link between photosynthesis and calcification
(i.e., light-enhanced calcification) at the organismal scale may
be related to these processes co-evolving to occur at similar
times due to increased energy supply for calcification (Sorek
et al. 2014). If that is the case, then the relationships between
photosynthesis and calcification found at the organismal level
may not be as intimately linked within cells as previously
thought. Further research is needed to define the functional
relationships among light, photosynthesis, and calcification
from the cell to the organism to better predict the impacts of
global change on coral ecosystems.

Knowing instantaneous relationships between light and
metabolism at the organismal scale (Figs. 5, 6; Supporting
Information Fig. S8) could help scale metabolism rates up to
the community and ecosystem at finer temporal scales. Direct
measurements of coral reef net ecosystem metabolic rates are
time consuming, expensive, and often require specific envi-
ronmental conditions (Gattuso et al. 1999). Newer technology
is being developed that can estimate community benthic
metabolism rates over high-resolution temporal scales (< 1 h)
using boundary layer techniques (i.e., eddy correlation and
BEAMS) that measure oxygen and pH (Barnes and Dever-
eux 1984; Long et al. 2013; Takeshita et al. 2016). These tech-
niques require that we know the ratio of carbon and oxygen
uptake and removal during the processes of photosynthesis
and respiration (e.g., ADIC/ADO). For an organism, these
values are usually seperated between day and night and
known as the gross photosynthetic (PQ) and respiratory
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quotients (RQ), respectively. However, over daily cycles across
organisms, communities, and ecosystems, the net metabolic
quotient (Q) is needed for calculating metabolic rates from
oxygen and pH measurements (Barnes and Devereux 1984;
Takeshita et al. 2016). By measuring both oxygen and carbon
fluxes, we were able to determine the net metabolic quotient
for the different species in this study (Fig. 9). The net meta-
bolic quotient (Q) was higher for crustose coralline algae
(1.55 £ 0.49) than coral species (1.24 + 0.38), which reflects
elevated carbon assimilation compared to oxygen production.
For corals, the metabolic quotient was similar across species
(1.1-1.2), and closer to a 1 : 1 ratio, although the values still
indicated a greater assimilation of carbon compared to DO
production. Overall, the net metabolic quotient (Q) was 1.18
for all species and incubations combined. Interestingly, there
was a trend of increasing Q with light when all corals were
grouped together, indicating that the metabolic quotient may
be more variable over short time scales than previously
assumed (Supporting Information Fig. S10). Further under-
standing the influence of light on the balance of carbon
assimilation to dissolved oxygen production will help to build
our understanding of the reef net metabolic quotient and how
it changes with light variability over hourly, daily, and sea-
sonal cycles. More estimates of species-specific metabolic quo-
tients for coral reef organisms will help in efforts aimed at
using readily available pH and oxygen sensors to monitor the
metabolism of coral communities at a greater resolution in
both space and time.

Ratios of organic and inorganic carbon cycling in coral
reef organisms

Ratios of net calcification to photosynthesis (Gpet/Pnet)
quantify the relative balance between these two processes and
have been proposed to be a useful metric for reef biogeochem-
ical function and health (Cyronak et al. 2018). Previous stud-
ies have shown that Gpe; to Ppe¢ ratios range from —8 to 17 on
the organismal scale and from O to 0.7 on an ecosystem scale
(Gattuso et al. 1999; Cyronak et al. 2018). In this study, we
calculated absolute ratios of net calcification to the sum of net
calcification and net photosynthesis (Gpet/Mior) according to
Eq. 7. We chose this metric because both calcification and pro-
duction can be negative, which results in unreliable values as
either the denominator or numerator approach 0. Also, we
believe thatGpet/Mior is more intuitive than Gpet/Pret as it rep-
resents the relative proportion of total carbon metabolism due
to calcification and ranges between 0 and 1. In all of the incu-
bations, Gpet/Mior ranged from 0.03 to 0.66, which indicates
that when both calcification and production are occurring
production tends to dominate (Fig. 10). However, when the
ratios were calculated using the metabolism-irradiance curves,
Gpet/Mior ranged from O to 1 and all organisms exhibited a
strong peak at the irradiance level where net photosynthesis
crosses 0. This is because as net photosynthesis approaches 0
the absolute ratio comes closer tO |Gpet|/|Gnet- Ratios
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calculated using the model coefficients for maximum calcifica-
tion and photosynthesis (i.e., net Gpax and net Pyax) and night
calcification to respiration (i.e., Ggarx and R) ranged from 0.11
to 0.23 and 0.06 to 0.36, respectively (Fig. 10).

The light-induced changes in Gpet/Miot indicate that there
is not one value that can readily describe the relative ratio of
calcification and production for each calcifying organism, and
that organisms can “equilibrate” to very different values dur-
ing the day and night. In fact, the highly dynamic nature of
Gret/Mior related to light brings into question the use of Gpe;
to Phet ratios as a single, determinant value of reef function
and health at the ecosystem scale (Cyronak et al. 2018). If
Gret/Mior do not stabilize to one consistent value on an organ-
ismal scale, it is difficult to imagine that these ratios stabilize
over varying light regimes across reef communities and ecosys-
tems made up of many calcifying and non-calcifying organ-
isms. Future work into determining the importance and
usefulness of Gpet/Mior as a metric for reef biogeochemical
cycling is needed.

Conclusions

We identified patterns in the metabolism of six Caribbean
benthic calcifiers under natural diurnal light cycles. Our find-
ings support previous work showing that photosynthesis and
calcification are parallel processes driven by irradiance
(Gattuso et al. 2000; Cohen et al. 2016), highlighting
the importance of considering natural variations in light
for all reef metabolism studies. Some metabolic rates of indi-
vidual species could be generalized to larger categorical
groupings such as the “massive coral” species. However, both
A. cervicornis and crustose coralline algae had similar metabolic
rates despite occupying very different functional niches in
coral reef accretion. While calcification and photosynthesis
both fit traditional hyperbolic tangent functions with light,
coefficients of the metabolism-irradiance models varied
between species. Interestingly, the modeled metabolic maxima
(Gmax and Pp,x) and dark calcification and respiration (Ggark
and R) were correlated across all photosynthesising calcifiers
in this study. These correlations support the idea that energy
provided by photosynthesis and respiration may be an impor-
tant control on organismal calcification across different calci-
fying functional groups. However, mechanistic studies are
needed to further address this. Understanding the dynamic
species-specific balance of calcification and production could
provide useful insights into estimates of community- and reef-
wide carbon cycles. For example, our results demonstrate that
benthic surveys with simple groupings of calcifying and non-
calcifying organisms could give important insights into coral
reef carbon cycles. Finally, we established dynamic relation-
ships between calcification and photosynthesis over diurnal
light cycles that bring into question the application of calcifi-
cation to photosynthesis ratios to monitor biogeochemical
function on an ecosystem scale. Overall, the carbon cycle of
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coral reefs is highly dynamic at the organismal scale, driven
by complex relationships between photosynthesis, respiration,
calcification, and light. These relationships likely scale up and
interact with other biogeochemical and hydrodynamic pro-
cesses to create the intense variations in carbon chemistry
observed on modern coral reefs.
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