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Abstract

Coral reef metabolism is dominated by benthic photoautotrophic communities that comprise varying
combinations of algae, coral, and sand. Rates of daily gross primary production (GPP) for these benthic func-
tional types (BFTs) are remarkably consistent across biogeographical regions, supporting the idea that reefs
exhibit modal metabolism. Most variability in reported rates likely arises from differences in light availability. In
fact, GPP is a linear function of incident photosynthetically active radiation (PAR), the fraction of PAR absorbed
(fAPAR) by photoautotrophic organisms or communities, and light-use efficiency (¢), which parameterizes
photosynthesizers’ biochemical capacity for CO, fixation: GPP = ¢ x fAPAR x PAR. On time scales of days to
weeks, fAPAR and ¢ are far more stable than PAR. ¢ is a critical parameter, because it represents productive
response integrated across all environmental conditions, other than light. If BFTs exhibit consistent GPP across
wide geographic ranges, then their s must also be consistent. The aim of this study was to estimate ¢ for algae,
coral, and sand. Using data collected during NASA’s CORAL mission in 2016-2017, ¢ was calculated for 32 mixed
communities at Lizard Island, Australia (10); Kane’ohe Bay, Hawai’i (8); Guam (6); and Palau (8). Nonnegative
least squares was used to solve for ¢ of each BFT, producing values of 0.038, 0.060, and 0.016 C photon~! for
algae, coral, and sand, respectively. These values can be used in light-driven models of reef metabolism. Further
work is necessary to refine these estimates and, importantly, to explore how ¢ is affected by environmental

conditions.

Knowledge of coral reef daily gross primary production
(GPP) is the foundation for understanding reef system function
(Odum and Odum 1955). GPP sets the maximum energy avail-
able to a reef community through autotrophic pathways and
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ultimately limits the biomass and secondary production of reef
consumers (Atkinson and Grigg 1984; Grigg et al. 1984;
Polovina 1984). Respiration (R) nearly balances GPP, so that
daily (and longer) net primary production (NPP) is typically
very small (Kinsey 1985; Falter et al. 2011), but anomalous rates
for NPP and GPP can be useful diagnostic indicators of reef tro-
phic status. Calcification (G) is the net gain of biogenically
derived carbonates, which determines the long-term growth of
the reef structure (Kinsey 1985). G is directly related to the
value of GPP (Chalker 1981; Barnes and Devereux 1984;
Gattuso et al. 1999; Atkinson and Falter 2003). GPP/R/NPP and
G represent the organic and inorganic growth of reefs, and they
are arguably the most basic and most important reef ecosystem
functions. Because GPP drives R and NPP (Falter et al. 2011), as
well as G (Gattuso et al. 1999), understanding the impacts of
global change on reef ecosystems cannot be complete without
knowledge of trends and dynamics of GPP.

Historically, in situ measurements of reef metabolism have
relied on smaller-scale (1s of m?) benthic enclosures (Kin-
sey 1978; Yates and Halley 2003) or larger-scale (100s-1000s
of m? flow respirometry (Marsh and Smith 1978; Falter
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et al. 2008). Recent application of boundary layer methods,
such as gradient flux (McGillis et al. 2011) and eddy correla-
tion (Long et al. 2013), has afforded researchers the ability to
measure productivity under conditions of natural water flow
at intermediate, community-level scales (10s to 100s of m?)
and in a wider array of environments than previously possible
with Lagrangian or Eulerian techniques (Falter et al. 2008).

Combined, these approaches have revealed some important
general trends. Reef metabolism is apparently tri-modal, with
high-biomass, three-dimensional benthic communities such
as coral thickets and knolls having the highest GPP at 1-2 mol
C m 2 d"'; algal dominated areas have rates about half that at
0.5-1mol C m 2 d™!; and sandy and rubble areas have rates
about an order of magnitude lower at 0.1-0.2 mol C m * d*
(Kinsey 198S5; Pisapia et al. 2021). In summarizing the early
research into reef biogeochemistry, Kinsey (1983, 1985) pos-
ited that, because of these modal rates, coral, algae, and sand
represent fundamental benthic functional types (BFTs). It fol-
lows that changes in the coral : algae : sand ratio therefore can
result in substantial changes to ecosystem function, as
suggested by Odum and Odum (1955).

The spatial arrangement of these BFTs describes the funda-
mental zonation of a reef, which can be interpreted as a mea-
sure reef status. Healthy reefs exhibit high GPP on fore-reefs,
reef-crests, and reef-flats, leading to net autotrophy (GPP/R
> 1). Active sand burial in back-reef areas leads to low GPP and
net heterotrophy (GPP/R < 1; Kinsey 1979; Hatcher 1990;
Atkinson and Falter 2003). Kinsey (1985) has noted that reef-
flat communities typically have low topographical relief and
are usually a mixture of coral, algae, and sand, with GPP of
0.3-1.6 mol C m 2 d™' (Kinsey’s “standard” GPP is 0.6 mol C
m 2 d~'). While this overall zonation has been a convenient
pattern to evaluate reefs, there are many variations.

Falter et al. (2008, 2011) have made daily observations of reef
productivity for up to ~ 2.5 weeks. Their results demonstrate
tight coupling between GPP and R, which indicates that most
fixed carbon is rapidly respired within the autotrophs (Falter
et al. 2011). There is typically strong seasonality in GPP (and R),
with summer values ~ 2x those of winter (Kinsey 1985; Gattuso
et al. 1999). However, the strength of that effect is inversely pro-
portional to latitude (Kinsey 1985). Thus, while irradiance
should play a central role, there must also be a confounding
effect due to temperature and/or other climate variables.

Despite its importance, there seems to have been little effort
devoted toward studying changes in GPP specifically to evalu-
ate trajectories of reef ecosystems (Atkinson and Cuet 2008).
One reason scientists have not addressed this task might be that
traditional in situ measurements of reef metabolism are logisti-
cally unwieldy. The flow respirometry approach is confined to
shallow reef-flats under limited environmental conditions, and
it relies on integration over large reef areas that incorporate
multiple BFTs. The benthic enclosure approach allows rate mea-
surements for discrete BFTs, but enclosure deployment is cum-
bersome, and measurements are few. The boundary layer
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approaches theoretically enable flowing-water measurements in
any reef environment, but they have high associated costs and
are cumbersome for areally extensive measurements (Takeshita
et al. 2016, 2018).

Another reason that reef status assessments do not include
GPP is the inherent difficulty interpreting measured values.
Notwithstanding Kinsey’s concept of modal rates and a meta-
bolic standard for reef flats, values of GPP can be highly vari-
able between reefs, as well as for a single reef from one day to
the next. The largest driver of this variability is changing irra-
diance (Kinsey 1985; Gattuso et al. 1999; Atkinson and Fal-
ter 2003). Falter et al. (2011) have leveraged this light-driven
variability to demonstrate very nicely the strong short-term
coherency between GPP and R by measuring the two rates for
the same reef community over a period of sunny days imme-
diately followed by a period of cloudy days. However, it is
equally clear that, when assessing reef status, the widely differ-
ent values of GPP measured on sunny vs. cloudy days do not
indicate rapid shifts in benthic community structure or reef
function.

A census-based approach can be applied to extrapolate
respirometry-derived productivity values across whole-reef sys-
tems. First, rates are determined for each basic community-
type or habitat present on the reef, either measured in situ
(Atkinson and Grigg 1984; Brock et al. 2006) or taken from
the literature (Andréfouét and Payri 2000). Then, the total
coverage of each community-type or habitat is estimated,
either through in situ surveys (Courtney et al. 2016) or remote
sensing (Atkinson and Grigg 1984; Andréfouét and Payri 2000;
Brock et al. 2006). Finally, the average rate for each commu-
nity is multiplied by the community’s total area, and the
products are summed across all community types to give an
estimate for system-scale primary production. Given a map of
benthic types, as from remote sensing, rates can be applied on
a pixel-by-pixel basis, generating a map of spatially distributed
estimated productivity (Andréfouét and Payri 2000; Brock
et al. 2006; Moses et al. 2009). This approach has proven use-
ful for describing the general distribution of metabolism on
reefs, but it is ultimately limited because it does not allow for
variable rates within community types, and it does not allow
for variable community/habitat composition. Importantly, the
census-based approach does not (at present) accommodate
variable light intensity.

Following an approach that is well developed in terrestrial
ecology, and somewhat less well-developed for oceanic sys-
tems, Hochberg and Atkinson (2008) proposed an optical
absorptance-based method for estimating reef community-
scale GPP. The basic concept is to account for all quanta
absorbed by the benthos, then apply an appropriate commu-
nity light-use efficiency (¢, C fixed or O, evolved per quanta
absorbed), thus deriving photosynthetic rates.

Hochberg and Atkinson (2008) pointed out that there are
no published values describing ¢ at the reef benthic commu-
nity scale or for reef BFTs, which remains true as of mid-2023.
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The authors surveyed the literature to compile initial slopes of
organism-scale photosynthesis-irradiance curves (Chalker 1981)
for various coral and algae types. They found a mean value across
all benthic types of 0.0328 C photon™!, with wide variability
(SD 0.0189 C photon™!). The compiled data did suggest that
organism-scale ¢ may vary between BFTs and with environmen-
tal conditions, but the volume of data was insufficient to deter-
mine significant trends. Variability in ¢ should be expected at
the community scale, but it is probably (much) less than that
reported for the organism scale. Reef benthic communities are
inherently mixed with 10s to 100s of different photosynthetic
taxa. Thus, ¢ should converge to a few, fairly stable values,
depending on the BFTs.

During 2016-2017, the NASA Earth Venture Suborbital-2
mission COral Reef Airborne Laboratory (CORAL) visited the
Great Barrier Reef, Hawai’i, Mariana Islands, and Palau. In sup-
port of the hyperspectral remote sensing map products,
CORAL conducted extensive in-water validation activities,
including measurements of community GPP, photosyntheti-
cally active radiation (PAR), and benthic cover (BC) (Pisapia
et al. 2021). The aim of the present study is to use the CORAL
data to make the first-ever estimates of ¢ for reef communities.
The specific objectives are (1) to estimate community-scale &
for each suitable CORAL validation site, and (2) to derive ¢ for
each of the fundamental BFTs (algae, coral, sand).

Methods

Background
The light-use efficiency model for GPP is

GPP =¢ x APAR =¢ x fAPAR x PAR (1)
where PAR is incident photosynthetically active radiation
(quanta m 2 d'), fAPAR is the fraction of PAR absorbed by
the photosynthetic organism or community (0...1), and
APAR = fAPAR x PAR is the total absorbed PAR (quanta m 2
d™!). This is the general form of primary production models
that are based on light-use efficiency, first suggested by Mon-
teith (1972, 1977). This type of model is now routinely used
in terrestrial remote sensing studies (e.g., Running et al. 2004;
Fensholt et al. 2006; Sims et al. 2006) and forms the basis for
standard MODIS global land GPP and NPP products (Heinsch
et al. 2003). Similar expressions have also been utilized with
respect to marine systems (Morel 1978; Platt 1986; Attard and
Glud 2020), including corals (Wyman et al. 1987). Through a
modeling study, Sawall and Hochberg (2018) have demon-
strated the applicability of this linear model of time-integrated
productivity for corals and reef communities.

In conceptual terms, fAPAR expresses the factors that deter-
mine light absorption, mostly photosynthetic pigment con-
centrations and the three-dimensional structure of the plant/
community (Gitelson and Gamon 2015). In contrast, ¢ is
the expression of physiological response to environmental
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conditions and ontogenetic status (Field 1991). Under stress
conditions (e.g., temperature or nutrient), plant/community &
is reduced from a theoretical ey« (efficiency under ideal con-
ditions). It is important to reiterate that Eq. (1) applies to
time-integrated rates. Thus, ¢ does not directly represent
instantaneous photosynthetic reactions, but their cumulative
result at the day scale (or longer).

Operationally, the main utility of Eq. (1) is that, given
knowledge of ¢, determination of GPP relies only on straight-
forward optical measurements, as opposed laborious and/or
expensive Lagrangian, Eulerian, or boundary layer observa-
tions. Eq. (1) also operates at any scale for which ¢ can be
defined, typically the organism or community, but potentially
even an entire ecosystem (Field 1991). Finally, rearranging
Eq. (1), it is clear that ¢ represents GPP normalized by APAR:

e =GPP -+ APAR = GPP =+ (fAPAR x PAR). (2)

This normalization removes the wide variability in GPP
engendered by variable light capture. This enables more direct
comparison between different communities/reefs or between
time points for the same community/reef. Any variation in ¢
is not due to light, but some other impact on productive
status.

Assuming that GPP is an additive ecosystem function
(Hatcher 1997), a reef community comprising various
amounts of algae, coral, and sand would have a total rate
equaling the sum of the three BFTs:

GPPcommunity = GPPalgae + GPPcoral + GPPsand (33)

In the framework of Kinsey’s modal rates, each mode is
weighted by its contribution to the community:

GPPcommunity = ZBCi X mi (3b)
where i = (algae, coral, sand) is the set of BFTs, GPP is the
modal (or average) rate, and BC is proportional BC for
the given BFT. Eq. (3b) is the census-based model for GPP.

Equation (1) can be placed in a census-based framework by
partitioning ¢ and fAPAR as their weighted means with respect
to the BFTs, as

GPPeommunity = » _(BC;i x &) x Y _(BC; x fAPAR;) x PAR  (4)

This is a highly flexible model, allowing for variable light
intensity (PAR), variable light capture (fAPAR;), and variable
light-to-carbon conversion efficiency (g). Parameterizing
Egs. (1) and (4) is mostly straightforward. PAR and BC are
readily and routinely measured on coral reefs. Measuring
fAPAR is not difficult (e.g., Hochberg et al. 2003), though it

is rarely performed, if ever. It is ¢ that requires most
attention.
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Study sites and measuring GPP

CORAL validation campaigns were conducted during late
winter/spring at Lizard Island, Queensland, Australia (September
2016); Kane'ohe Bay, Hawai'i (February 2017); Guam (April
2017); and Palau May 2017). Within each locale, the gradient
flux method (McGillis et al. 2011) was deployed to measure GPP
(mol C m2 d™ %) over a full diurnal cycle at several sites
(Fig. 1). Details of deployments and calculations are in
Pisapia et al. (2021). GPP varied with BC, but not with geo-
graphic location, enabling the present analysis that ignores
location.

Measuring BC

At each GPP site, divers collected ~ 1000 overlapping
underwater photographs covering an area ~ 10m x 10m,
centered on the gradient flux mooring. The photographs were
collected in RAW format using a combination of Nikon
DS5500 and Canon EOS 7D Mark II cameras. Color tempera-
ture and exposure of the RAW images were adjusted in Adobe
Camera Raw to obtain relatively even balance between the
blue, green, and red channels. The adjusted photographs were
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saved in JPEG format at maximum quality. Agisoft PhotoScan
Pro (now Metashape Pro) was used to stitch the photographs
together into a single, large orthomosaic. BC was determined
by overlaying 100 points on the orthomosaic in a 10 x 10
grid, then identifying the organism or substrate under each
point to the lowest possible taxonomic level. For the purposes
of this study, identifications were simplified to the BFTs algae,
coral, or sand. BC was determined by dividing the number of
points identified as a given BFT by the total number of points.

Measuring PAR

A cosine irradiance sensor (Biospherical Instruments QCP-
2150) was deployed in conjunction with the GPP measure-
ments during the CORAL validation campaigns. The sensor
measured downwelling plane irradiance with a PAR response
at one-minute intervals for the duration of each campaign. In
some instances, the sensor was mounted directly on the base
of the gradient flux mooring. In other instances, the sensor
was moored nearby, but possibly at a different depth. To cor-
rect PAR for the depth difference, the following relation was
used (Maritorena et al. 1994):

157°48'W

144°39'E
R :

157°48"W
134°24'E

134°24'E

Fig. 1. Maps of CORAL campaigns showing gradient flux sites. (a) Lizard Island, GBR (September 2016). (b) Kane’ohe Bay, Hawai'i (February 2017). (c)
Guam (April 2017). (d) Palau (May 2017). Satellite basemaps from Sentinel-2 L2A data products.
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PAR(z2) =PAR(z;) x exp[—Kq4(PAR) x (z2 — z1)] (5)
where z; is the depth of the sensor, z, is the depth of the sea-
floor at the gradient flux mooring, and K4(PAR) is the diffuse
attenuation coefficient for downward PAR. Depths were mea-
sured at time of deployment via scuba. K4(PAR) was esti-
mated as the average value for reef waters from Hochberg
et al. (2020).

Modeling fAPAR

fAPAR was not measured during the CORAL field validation
campaigns and therefore was estimated via modeling for this
study, based on the relation fAPAR = APAR + PAR (see Eq. 1).
Here, both APAR and PAR were modeled to ensure proper scal-
ing between the two.

First, to obtain modeled PAR, spectral irradiance just below
the sea surface [E;(4;07), where A = 400-700 nm] was modeled
(Gregg and Carder 1990), then propagated to depth (H) of the
given site following E (4;H) = E4(4;07) x exp[—K,(1) x H].
Average reef K (1) from Hochberg et al. (2020) was used. PAR
for this arbitrary (realistic, but not real) condition was deter-
mined as [E4(4;H) dA.

Next, a spectral reflectance [R(4)] library (Hochberg
et al. 2003) was randomly sampled in the proportion of algae :
coral : sand dictated by BC for the given site. For example, if
BCiigae was 80%, then 80 random algae R(1) were sampled from
the library. Community mean R(4) was calculated from this

0.8
0.6
0.4
0.2
100% 0

coral

100%
sand

(o

100%,
algae

100%.¢ @
algae
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weighted sample. Community APAR was calculated as [E,(4;
H) x [1-RW)] dA.

Finally, fAPAR was calculated as APAR =+ PAR. The process
to calculate fAPAR was repeated 1 x 10° times, and the aver-
age result was used as the estimate for further calculation of e.

Calculating community-scale ¢ (Objective 1)
Given measured GPP and PAR, as well as model estimates
for fAPAR, calculation of ¢ simply followed Eq. (2).

Estimating e for algae, coral, and sand (Objective 2)
Given community-scale ¢ and BC;, Eq. (4) suggests that a
series of linear equations can be used to solve for ¢;:
Ecommunity = BCalgae X Ealgae + BCcoral X Ecoral BCsand X €sand (6)
Nonnegative least squares with bootstrapping (1 x 10°

times) was utilized to estimate probability distributions for
each g;.

Results

Community-scale &

With respect to BC, GPP tends to be higher for coral-rich
communities, slightly lower for algae-rich communities, and
lowest for sand communities (Fig. 2a). However, there are sev-
eral exceptions to that trend. Lowest GPP is ~ 0.025 mol C
m 2 d7! for a community with 79% algae. Highest GPP is
~ 1.6 mol Cm % d! for a community with 73% coral.

100%
sand
Q

0.06

0.02

100%

® coral

Fig. 2. Ternary plots illustrating results in the context of benthic community structure: the proportional cover of algae, coral, and sand. (a) GPP. (b)
PAR. (c) fAPAR. (d) Community light-use efficiency. Data are provided in Supporting Information Table S1.
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Fig. 3. Relative probability distributions for light-use efficiency of algae,
coral, and sand.

There are no apparent trends of PAR with respect to BC
(Fig. 2b). This is to be expected, since community composition
has no meaningful effect on incident irradiance (multiple scat-
tering and reflection are not significant; Maritorena et al. 1994).

Modeled fAPAR is lowest for sand communities and higher
for algae/coral communities (Fig. 2¢). Algae and coral commu-
nities have roughly equal fAPAR, because their respective R(4)
are of the same magnitude (Hochberg et al. 2003). The lowest
fAPAR is ~ 0.5 (100% sand), while maximal values are ~ 0.95.

Finally, ¢ exhibits a clearer trend with respect to BC, with
higher values for coral-rich communities and lower values for
algae- and sand-rich communities (Fig. 2d). Even still, there
are notable exceptions to the trend. The two most coral-rich
(~ 85%) communities have & of ~0.03 C photon’l, while
communities with slightly less coral (50-75%) have ¢ in the
range 0.07-0.09 C photon~'. One algae-tich community
(94%) has ¢ of ~ 0.07 C photon ™.

Across all communities, mean ¢ is 0.040 C photon~'. Con-
sidering only those communities where algae or coral are

dominant, mean ¢ is 0.042 C photon .

Distributions of ¢ for algae, coral, and sand

Figure 3 shows relative probability distributions of e for
algae, coral, and sand. Algae has a mean ¢ of 0.038 C pho-
ton™!, and 95% of the distribution falls in the range 0.021-
0.058 C photon . Coral exhibits a much broader distribution
of higher values, with a mean of 0.060 C photon™' and a 95%
data range of 0.033-0.097 C photon . Sand has a low mean &
of 0.016 C photon™! and a narrow 95% data range of 0.001-
0.037 C photon ™.

Discussion

This is the first attempt to estimate light-use efficiency for
reef communities based on absorbed light (GPP + APAR). This
is important because ¢ represents productive status that is dec-
onvolved from variations in available light and light absorp-
tion. Thus, variations in e are due to other environmental
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factors. A few prior studies have derived efficiencies based on
available light (GPP + PAR). Smith (1981) reports an efficiency
of 0.038 for an Acropora community. Odum and Odum (1955)
estimate an efficiency of 0.058 for a largely coral-dominated
reef flat at Eniwetak, and Atkinson and Grigg (1984) give an
average value of 0.016 for the coralline algal-dominated reef
flats of French Frigate Shoals. Assuming an fAPAR of 0.85,
these values become 0.045, 0.068, and 0.0188, respectively,
which agree well with ¢ determined in this study.

Mean community ¢ from this study (0.042 C photon™!) is
slightly higher than that derived from the initial slopes of tra-
ditional photosynthesis—irradiance curves (often termed quan-
tum yield, 0.032 C photon~!; Hochberg and Atkinson 2008).
In theory, the difference may be important: Quantum yield
refers to instantaneous photosynthesis, while ¢ is time-
integrated efficiency (Sawall and Hochberg 2018). In fact, for
the same plant or community, quantum yield is expected to
be higher than ¢, since quantum yield represents the unsatu-
rated, steeper portion of the photosynthesis-irradiance curve
(Chalker 1981). ¢, on the other hand, integrates the entire
curve over an extended duration of both unsaturating and sat-
urating irradiances (Sawall and Hochberg 2018), which effec-
tively reduces the slope. In practice, it may not be reasonable
to make the comparison presented here. While Hochberg and
Atkinson (2008) collated a fairly extensive data set from the
literature, the mean value here is for a small collection of sites.

Methodological issues may contribute to the variability
observed here. Measurements of underwater PAR are fairly
routine and accurate. However, some values here are extrapo-
lated under the assumption of an average reef water clarity,
which may lead to deviations from actual PAR. Also, there
may be inaccuracies in determination of GPP using the gradi-
ent flux approach, which relied on measurements from four
separate instruments (two dissolved oxygen sensors, two
acoustic Doppler velocimeters) working in tandem (McGillis
et al. 2011; Pisapia et al. 2021). Though rigorous inter-
calibration was performed, there is a possibility of drift or
other errors. Importantly, the specific physical environment
and dissolved oxygen gradient of a benthic community can
impact calculated GPP (Coogan et al. 2022). While best prac-
tices were utilized during CORAL for deployment and subse-
quent calculations—in fact, data for several sites were
discarded because measurement conditions did not meet
requirements—it is possible that some variability in the final
GPP data is due to suboptimal placement of sensors. That
would translate to commensurate variability in e.

Regardless of possible instrument or physical errors, the
values for GPP used here are likely underestimates. The
method employed by Pisapia et al. (2021) to derive GPP inte-
grates net community production from sunrise to sunset, then
adds the average of nighttime respiration (scaled to day
length). This approach does not account for differences
between rates of light and dark respiration. Light respiration is
higher than dark respiration in corals (Kihl et al. 1995;
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Schrameyer et al. 2014) and in at least some algae (Comeau
et al. 2017). It stands to reason that community-scale respira-
tion would also be higher in the day than at night. However,
there is no simple approach to measure community daytime
respiration, and nighttime values are the best available means
to calculate GPP. As Falter et al. (2011) point out, this
approach is consistent with virtually all studies of reef com-
munity metabolism since the 1950s and thus provides an
unbiased comparison with values in the literature. If higher
daytime respiration rates were to be used, the values for GPP
reported by Pisapia et al. (2021) would be higher, leading to
higher estimates of ¢ in this study.

Another potential methodological issue contributing to var-
iability in ¢ is determination of fAPAR. In this study, that
parameter is modeled based on a spectral library. The BFTs
each exhibit R(1) that is globally conservative with respect to
spectral shape, but there is within-class variability with respect
to spectral magnitude/brightness (Hochberg et al. 2003, 2004).
The fAPAR modeled here for a given BC is an expectation
value that could deviate from actual fAPAR for the specific reef
community. Thus, an important improvement to more accu-
rate determination of ¢ would be direct in-water measurement
of fAPAR. Such observations should include not only the
“foreground” macroscopic corals and algae, but also the “back-
ground” algal turfs, sediment pockets, and so on. That is,
fAPAR needs to describe the same, complete ecological com-
munity for which GPP is measured.

This study considers GPP and ¢ at the community
(~100m? and day+ scales, but ecological processes occur
across a hierarchy of scales in both space and time
(Hatcher 1997). Light capture and photosynthesis actually oper-
ate at the molecular level and at time scales of ms. These pro-
cesses scale across thylakoid membranes, chloroplasts, cells,
algal thalli or coral polyps, to fully differentiated macroalgae or
coral colonies. At each level, different factors influence light
availability. Up to the cell level, absorption and photosynthesis
are strongly influenced by pigment density and pigment pack-
aging (Dubinsky and Falkowski 2011). Within algal thalli or
coral polyps, microhabitats (e.g., corallite structures) add further
geometric complexity (Enriquez et al. 2005; Wangpraseurt
et al. 2014). Habitat composition and topography affect light
capture and photosynthesis at the organism scale (Hedley and
Enriquez 2010; Wangpraseurt et al. 2014). It is important to
note that each higher level of organization integrates the pro-
cesses across all lower levels. Thus, community GPP and ¢ inte-
grate those processes across all photosynthetic organisms that
comprise the community, which is useful—if not essential—to
understand reef function at the system scale (Kinsey 1985;
Hatcher 1997).

The light-use efficiency model can conceivably be applied
at any level where light absorption and photosynthesis can be
measured. However, the method for determination of avail-
able light would probably need to vary between scales. For a
corallite (0.001-0.01 m), surfaces are as likely to be vertical as
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horizontal, and surface normals are distributed across the
upper hemisphere (Fig. 4a). For a boulder-shaped coral colony
(0.01-1 m), the situation is similar, though surface normals
are mostly distributed within 60° of zenith (Fig. 4b). A reef
community (0.1-10 m) is oriented much more horizontally,
and surface normals are mostly within 30° of zenith (Fig. 4c).
Finally, a barrier reef and adjacent lagoon (10-1000 m) are vir-
tually flat, with surface normals all near zenith (Fig. 4d). The
implication is that, at smaller scales, measurements of incom-
ing light flux should account for complex distributions engen-
dered by microhabitats; the best choice would be a scalar
irradiance probe. At larger scales, the incoming light flux is
almost entirely downward, and it is sufficient to utilize a
cosine corrected plane irradiance probe to quantify light enter-
ing the system.

Many reef communities are both biologically and structur-
ally complex. For example, algal turfs may comprise > 100 spe-
cies mixing at the cm scale (Berner 1990), and coral colonies
of various species can co-occur at scales of cm to m
(Stoddart 1969). Light-use efficiency may vary both between
and within all of these species. Further, they occupy a hetero-
geneous, three-dimensional seascape, with various taxa prefer-
ring different microhabitats (Edmunds et al. 2004). The
different taxa are likely to photoacclimate to their respective
light environments (Falkowski and Dubinsky 1981), resulting
in different organism-scale efficiencies. It is important to note
that the community-scale GPP and ¢ reported here integrate
all the constituents of the community at the time of measure-
ment. The derived ¢ for BFTs is a statistical latent variable that
represents the theoretical average for the different BFTs.

Clearly, reef communities have variable ¢, depending at least
partially on their compositions of BFTs. There may also be varia-
tion within the BFTs, for example, between massive, encrusting,
and branching coral forms. It is very possible that different algal
groups—chlorophytes, phaeophytes, rhodophytes—possess dif-
ferent ¢ (Hochberg and Atkinson 2008), owing to their different
ecological strategies. Exploration of these possible variations, and
whether there are predictable trends, is very important to further
refine and improve this light-based model.

It is environmental drivers of variability in ¢ that are of eco-
logical interest. It is likely that community-scale variability is
controlled mostly by the ambient light field to which the com-
munity is acclimated, for example, ¢ varies with depth, which
has been demonstrated at the organism scale (Hochberg and
Atkinson 2008). More generally, for a photosynthetic organism
or community, limitation of resources or physical stress lead to
increased cost of resource acquisition, which in turn drives opti-
mization of resource allocation (Field 1991). The result is that
carbon fixation does not occur at biochemical capacity, but at
some level below that capacity. That is, under stress conditions,
light-use efficiency is not at its maximal value ¢,ax, but at some
reduced value ¢ (Goetz and Prince 1999). Kinsey (1985) suggests
that coral reef GPP can (should) be monitored to detect changes
in reef function, which would indicate stress. Monitoring &
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Fig. 4. Cross sections and distributions of corresponding surface normals for reef components at different spatial scales. (a) Corallite of Isophyllia sinuosa
in Bermuda. (b) Colony of Porites lutea in Palau. (c) Fore-reef community in Palau. (d) Northern barrier reef and lagoon of Cocos Lagoon, Guam. Three-
dimensional data in (a—c) derived via photogrammetry. Data in (d) measured via airborne lidar (2020 NOAA NGS Topobathy Lidar). Scales for all cross

sections have units of m.

might be more useful, because ¢ normalizes for variations in
light. Such monitoring is common for estimating carbon
uptake in terrestrial systems (Hilker et al. 2008). For reefs, it
would be important to identify trends of ¢ with respect to the
important ecological drivers: temperature, salinity, water flow,
prevailing light field, and nutrient availability, among others.

It has been observed in terrestrial plants that different func-
tional types have similar ¢ (Goetz and Prince 1999). This suggests
that any type of resource shortage or stress leads to similar adjust-
ment in biochemical capacity for CO, fixation (Field 1991). In
turn, this adjustment in photosynthetic machinery causes adjust-
ment of light capture, that is, pigmentation. Thus, light capture
integrates both resource status and biochemical capacity for CO,
assimilation. Inversely, the amount of photosynthetically avail-
able radiation absorbed (APAR) by the plant or community

719

measures biological investment in light capture. This points to
the possibility for optical measurements of e. In fact, Eq. (2)
directly states that ¢ is a function of absorptance (fAPAR). Gamon
et al. (1992, 1997) have utilized this relationship to develop the
“physiological reflectance index,” which is an optical index
derived from R(1) (= 1 — spectral absorptance), and which can be
used as an indicator of ¢ across terrestrial plant species and func-
tional types. This concept has led to a top-down approach for
remote sensing of productivity without the use of field measure-
ments to provide global and regional metabolic estimates for ter-
restrial systems (Goetz et al. 1999). It is straightforward to
envision a similar optical tool that can be applied to coral reef
BFTs and communities. The ultimate application would be rou-
tine satellite-based observations of reef e across local, regional,
and global scales.
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This study presents the best available data describing ¢ for
whole reef communities and for key BFTs. Average community
¢ is ~ 0.04 C photon~!, which is the same value as for algae.
Coral has a higher mean ¢ at ~ 0.06 C photon™!, and sand
has a lower value of ~ 0.02 C photon™". These values, or their
probability distributions, can be applied to introduce light-
driven variability into census-based estimates of reef-scale pro-
ductivity. Ultimately, ¢ itself can be targeted for in-water and
satellite-based monitoring of reef productive status.

Data availability statement

The CORAL data are publicly available in NASA’s SeaWiFS
Bio-optical Archive and Storage System (SeaBASS), with DOI
10.5067/SeaBASS/CORAL/DATA001. GPP and PAR data
reside at https://seabass.gsfc.nasa.gov/archive/ CSUN/Carpenter/
CORAL/. BC data reside at https://seabass.gsfc.nasa.gov/archive/
BIOS/Hochberg/CORAL/. All calculated values are provided as
Supporting Information.
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