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Abstract Coral reefs in the northern Red Sea experience
strong seasonality. This affects reef carbon (C) cycling, but
ecosystem-wide quantification of C fluxes in such reefs is
limited. This study quantified seasonal reef community C
fluxes with incubations. Resulting data were then incorpo-
rated into seasonal linear inverse models (LIM). For spring,
additional sponge incubation results allowed for unique
assessment of the contribution of sponges to C cycling. The
coral reef ecosystem was heterotrophic throughout all sea-
sons as gross community primary production (GPP; 136—
200, range of seasonal means in mmol C m~2 d~!) was less
than community respiration (R; 192-279), and balanced by
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import of organic carbon (52-100), 88-92% of which being
dissolved organic carbon (DOC). Hard coral GPP (74-110)
and R (100-137), as well as pelagic bacteria DOC uptake
(58-101) and R (42-86), were the largest C fluxes across
seasons. The ecosystem was least heterotrophic in spring
(highest irradiance) (GPP:R 0.81), but most heterotrophic
in summer and fall with higher water temperatures (0.68
and 0.60, respectively). Adding the sponge community
to the model increased community R (247 + 8 without to
353 + 13 with sponges (mean + SD)). Sponges balanced this
demand primarily with DOC uptake (105 +6, 97% by cryp-
tic sponges). This rate is comparable to the uptake of DOC
by pelagic bacteria (104 +5) placing the cryptic sponges
among the dominant C cycling groups in the reef.
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Introduction

Warm-water coral reefs thrive under oligotrophic conditions
(Odum and Odum 1955; Webb et al. 1975; Kleypas et al.
1999) and maintain high gross primary production (GPP)
due to efficient utilization and recycling of nutrients and
organic matter (e.g., Wild et al. 2004; de Goeij et al. 2013).
This high productivity allows coral reefs to provide eco-
system services to close to a billion people living on their
shores (Sing Wong et al. 2022). To protect these valuable
services, it is important to understand the elemental cycles
(e.g., carbon; C) supporting them.

Coral reefs in the northern Red Sea experience higher
seasonal variation in light availability and water temperature
compared to most other warm-water coral reefs due to their
occurrence at relatively high latitude (29° N). The stratified
summer conditions and deep-water mixing in winter cre-
ate strongly oligotrophic conditions and higher inorganic
nutrient concentrations, respectively (Silverman et al. 2007;
Rasheed et al. 2012; Carlson et al. 2014). The annual vari-
ation in environmental conditions makes the northern Red
Sea an ideal natural laboratory to investigate effects of such
variation on key coral reef ecosystem functions, such as C
cycling (Berumen et al. 2019).

Trophic food web models have been developed for many
coral reefs to explore C-cycling through ecosystems (e.g.,
Johnson et al. 1995; Niquil et al. 1998; Varkey et al. 2012;
Heymans et al. 2014), but most have focused on fisheries
aspects and therefore on the top of the food web. To our
knowledge, only one such fisheries model exists for a Red
Sea reef (Tsehaye and Nagelkerke 2008). Additionally,
bottom-up trophic models for coral reefs—i.e., C cycling
through benthic and pelagic primary producers and import
of C from the open ocean—are largely lacking. Trophic
models are often based on a combination of field data and
estimates from literature with varying levels of uncertainty
on the studied system. Linear inverse trophic models allow
incorporation of these uncertainties into the model by enter-
ing data as ranges (Vézina and Platt 1988; Soetaert and van
Oevelen 2009). Uncertainties can then be transferred to the
model results by an iterative solution method. In this way,
the model output reflects the quality of various types of input
data in relation to the studied system. Additionally, linear
inverse models can cope with data gaps. This makes linear
inverse models well suited for resolving C cycling in com-
plex systems, such as coral reefs.

In this study, we applied linear inverse modeling to study
C fluxes on a northern Red Sea coral reef during four sea-
sons. In one season (spring), we included the role of sponges,
a less-studied component of the benthic community, in reef
C cycling. Sponges take up large amounts of organic C,
predominantly dissolved organic carbon (DOC) (e.g., Yahel
et al. 2003; de Goeijj et al. 2008; Hoer et al. 2018; Wooster

@ Springer

et al. 2019) at rates close to gross primary production rates
of an entire coral reef ecosystem (de Goeij et al. 2013).
Through the so-called sponge loop (de Goeijj et al. 2013),
sponges release particulate organic carbon (Alexander et al.
2014; Maldonado 2016; Rix et al. 2016; Kornder et al. 2022)
and shunt it to higher trophic levels (Rix et al. 2018; Bart
et al. 2021). Recently, an alternative penultimate pathway
for the sponge loop has been hypothesized for sponges with
massive growth, which do not release particulate organic
carbon, but produce biomass that feeds sponge predators
(McMurray et al. 2018; Pawlik and McMurray 2020). One of
the reasons sponges are less studied in terms of C cycling is
that a large part of the sponge community is generally over-
looked by standard survey techniques (Kornder et al. 2021;
Vicente et al. 2021). They are “hidden” within the three-
dimensional framework of reefs—the cryptic habitat—con-
sidered the largest and least explored habitat of coral reefs
(Richter et al. 2001; de Goeij and van Duyl 2007). The reef
under study here is one of the few locations where the extent
(e.g., volume and surface area) of the reef’s cryptic habitat
and its community composition have been thoroughly stud-
ied, although two decades ago (Richter et al. 2001). Richter
et al. (2001) used an endoscopic camera system to explore
cavities up to 4 m into the reef structure. They found for the
study area that each planar m? of reef harbors up to 7.5 m?
of cryptic surface area. Further, sponges constituted 51-73%
of live cover in the cryptic habitat. Combining these data,
Richter et al. (2001) calculated an average cryptic sponge
surface cover of 0.82 m? per planar m? of reef. However, the
potential role of sponges in C cycling at the ecosystem scale
has never been established for Red Sea reefs.

The models for the four seasons and the model in spring
including the sponge community were fed with data from
incubation measurements of the most important functional
groups. These incubations measured the major C-cycling
processes such as primary production, respiration, uptake,
and release of organic C. The model design focused spe-
cifically on the bottom (i.e., benthic reef communities) of
the food web, which is often simplified in other models.
Compartments such as reef fish were not added in this
model as data were lacking for these compartments in the
study area.

Material and methods

The models presented here are based on a large amount of
data from various methods. Full descriptions of these meth-
ods can be found in the online resource. To keep this section
concise and focused on how the models were developed,
only brief descriptions of the field measurements and incu-
bation methods are presented here.
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Study site and environmental monitoring

The field work for this study was conducted on the fringing
coral reef adjacent to the Marine Science Station (MSS) of
the University of Jordan and Yarmouk University, Aqaba,
Jordan (29°27'31" N, 34°58'26" E). All sampling and moni-
toring were performed on the reef at 10 m water depth dur-
ing four 28-d study periods in February, April, September,
and November 2013. The timing of these periods (hereafter
called winter, spring, summer, and fall, respectively) was
previously determined from literature to best cover the
annual cycle of key environmental parameters in the Gulf
of Aqgaba (Silverman et al. 2007; Carlson et al. 2014). The
variation in light and temperature regime was monitored
continuously with Onset HOBO data loggers (Pendant
UA-002-64; temperature accuracy: +0.53 °C, spectral detec-
tion range: 150-1200 nm). Simultaneous measurements with
Onset HOBO data loggers and a quantum sensor (LI-COR
model: LI192SA) were then used to convert the continu-
ous monitoring light intensity data to photosynthetically
active radiation (PAR). Water samples were taken weekly
for measurements of inorganic nutrients (NH4+, NO,, PO43),
chlorophyll a (Chl a), particulate organic carbon (POC), and
DOC (n week™! =4-6).

Benthic cover estimation

The reef community composition (% cover) at the study
site was measured at the beginning of each seasonal period
by line-point intercept (LPI) transects (Nadon and Stirling
2006), six 50 m transects, point interval 0.5 m, n=600
points per survey. Additionally, exposed reef sponge ben-
thic cover was determined using 0.25 m? planar quadrats,
(n=15 per survey) to better quantify small specimens in
cracks. The ratio of benthic cover of cryptic sponges per
projected reef area was set at 0.82 (i.e., m? sponge cover
m2 planar reef surface), based on values obtained from an
extensive survey on cryptic sponges from 25 cryptic habitats
at the same study area (Richter et al. 2001). A set of 2D-3D
conversion factors were used to convert the planar reef ben-
thic cover data from the LPI transects to 3D surface areas
(see online resource). The exposed reef sponge and cryptic
sponge benthic cover data were already measured in 3D so
did not require conversion.

Benthic reef organism sampling and maintenance

Specimens of hard and soft corals, macroalgae, turf algae,
coral rock, and sediment, as well as exposed reef and
cryptic sponges, were collected from the reef for quanti-
fication of carbon fluxes. Eight specimens of four genera
of hard corals (branching: Acropora, Stylophora, Pocil-
lopora, massive: Goniastrea), one family and one genus

of soft corals (Xeniidae, and Sarcophyton), two genera
of macroalgae (Lobophora and Caulerpa), as well as turf
algal, sediment, and coral rock communities (each with
epibiont communities that were not further differentiated)
were collected from the study site. For the spring sea-
son, five individuals per sponge species—~MYycale fistu-
lifera (exposed reef), Callyspongia sp. and Hemimycale
arabica (exposed reef and cryptic), and Chondrilla sac-
chiformis (cryptic)—were collected. These sponge spe-
cies were found to be abundant on the investigated reef’s
surface or cavities (Wunsch et al. 2000; Kotter 2002). All
specimens were maintained in an outside running seawater
flow-through aquarium (800 L, flow-through 4000 L h™1)
with water pumped directly from the reef at 10 m water
depth and light conditions adjusted to in situ conditions at
10 m water depth using layers of plastic mesh.

Metabolic rate measurements of benthic reef organisms
and plankton

Closed cell respirometric incubations were conducted
in the aquarium system described above to measure net
photosynthesis (P,) at midday and dark respiration (R)
at night of plankton in the water column and all benthic
functional groups as described in Tilstra et al. (2018) for
plankton, Rix et al. (2017) for sponges, and van Hoytema
et al. (2016) for other benthic groups. Measurements were
standardized to specimen surface area using advanced
geometry (Naumann et al. 2009). Photosynthetic and res-
piratory quotients were assumed to be 1 for all incuba-
tions (Gattuso et al. 1996; Carpenter and Williams 2007),
leading to a direct conversion to measurements in mmol
C L~ h™! for plankton and mmol C cm™2 h™! for benthic
functional groups. Plankton P, and R were integrated over
10 m water column above the reef (i.e., 10 m®> m~ planar
reef surface). Gross primary production rates (GPP) were
calculated as the sum of P, and R, corrected for daylight
hours and assuming equal nighttime and daytime respira-
tion rates. Midday P, rates were corrected for the differ-
ence in P, over the entire day using a set of whole day P,
incubations covering various groups. R was multiplied by
24 h to obtain daily rates.

Organic matter uptake and release rates by hard and
soft corals, macroalgae, turf algae, coral rock, and sponges
were measured under the same conditions as described
above, using the methods of Rix et al. (2017) for sponges
and Naumann et al. (2010) for others. Measurements of
DOC and POC concentrations at the start and end of the
incubations were used to calculate DOC and POC uptake
and release rates in mmol C cm™2 specimen surface area
h~!. See online resource for the extrapolation to daily
rates.

@ Springer
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Linear inverse food web model (food web LIM)

A linear inverse model (LIM) was developed for each of the
four seasons as well as an additional spring version, which
includes the sponge community. A LIM consists of matrix
equations with equalities and inequalities (Soetaert and van
Oevelen 2009). The type of LIM used here assumes steady
state for all compartments. Carbon fluxes into and out of
each compartment, as well as the model as a whole, are
balanced. Therefore, the model does not allow for net in- or
decreases in biomass. However, coral reefs generally have
a balanced production/respiration ratio, indicating minimal
net growth (Hatcher 1988) and rates of net changes in bio-
mass of reef communities are considered small compared to
the magnitude of carbon fluxes between reef communities.
Additionally, Vézina and Pahlow (2003) investigated the
effect of the steady-state assumption in LIMs on simulated
food webs which were in steady and transient state. They
found that the steady-state assumption did not significantly
alter the accuracy of the ecosystem flux reconstructions.
Model constructions and solutions were run in R (version
3.0.2, R Development Core Team, 2013) using the R-pack-
age LIM (http://lib.stat.cmu.edu/R/CRAN/web/packages/
LIM/index.html). The LIM food web topology is identical
for all four seasons and consists of the water column and
the coral reef benthos. The additional spring model adds
the sponge community (both on the exposed outer reef and
cryptic in cavities) to this model. The LIM in each season
consists of 12 compartments and 60 fluxes while the spring
sponges included model has 14 compartments and 75 fluxes
(Fig. 1 and 2).

The pelagic food web — The pelagic food web consists of
particulate organic carbon (POC), dissolved organic carbon
(DOC), phytoplankton, and bacterioplankton. Both biotic
compartments respire. In addition to this, phytoplankton
perform photosynthesis and releases POC and DOC to the
water column. Bacterioplankton feed on DOC and release
DOC and POC. Finally, POC dissolves into DOC. As the
fringing reef is hydrodynamically relatively open—the
water residence time is measured in h™!, compared to yr~!
for a Pacific atoll lagoon (Niquil et al. 1998; Naumann et al.
2012)—influxes of C (i.e., import of C from outside the reef
ecosystem) are allowed for all water column compartments.
The relative composition of this imported C (concentrations
of DOC, POC, phytoplankton, and bacterioplankton) has to
reflect the relative amounts of C for the water column com-
partments as calculated from the environmental monitoring
and from literature on the study area (see online resource).
The total amount of imported C was not defined in the model
input. The model calculated this as the C needed in addition
to GPP to meet R demand.

The benthic food web — The coral reef benthos consist
of hard corals, soft corals, macroalgae, turf algae, coral
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rock, sediment, and (for spring) exposed reef and cryptic
sponges. All these compartments respire and photosynthe-
size, except for the cryptic sponges that only respire. Light
levels for cryptic sponges were assumed too low for GPP.
Hard and soft corals feed on bacterioplankton. Coral rock
with its suspension- and filter-feeding communities does the
same, but also feeds on phytoplankton (Yahel et al. 2006).
In addition, all these compartments together with macroal-
gae and turf algae can take up and release POC and DOC.
Hard and soft corals release mucus as POC into the water
column, of which 56-80% dissolves into DOC (Wild et al.
2004). Additionally, there is a direct flux from hard corals to
sediment based on the release of mucus strings (34-63% of
hard coral POC release), which settle quickly to the sediment
(Mayer and Wild 2010; Naumann et al. 2012). Both exposed
reef and cryptic sponge compartments take up phytoplank-
ton, bacterioplankton, POC and DOC, and release POC and
DOC. Sediment biota and organic C pools were combined
into a sediment organic carbon compartment, which pho-
tosynthesizes and respires and takes up and releases DOC
while only taking up POC.

Export fluxes out of the reef system were created for
macroalgae and turf algae to be able to balance the in- and
effluxes for their compartments in certain seasons. An addi-
tional export flux was created for sediment to reduce a feed-
back loop from water column POC and DOC to sediment
and back, which inflated those fluxes. Export for macroalgae
was set to 3.7, 2.4, 8.8, and 0.0 mmol C m~2 d~! for winter,
spring, summer, and fall, respectively. For turf algae, export
was set to 0.0, 1.3, 0.8, and 0.0 mmol C m~2 d~'. For sedi-
ment, the export fluxes are 1.0, 1.2, 1.2, and 1.0 mmol C m2
d~!. All these fluxes were set at their minimum level, and no
other export fluxes were entered to ensure that estimates of
C cycling remained conservative.

All data introduced to the model had been converted to
mmol C m‘zplanar reef surface 41 and were added as ranges
(inequalities) based on mean flux +95% confidence intervals
(95-CI) to incorporate natural variability obtained from the
respiratory measurements, or uncertainty of literature val-
ues. The only exception to this were the export fluxes from
turf algae, macroalgae, and sediment as described above,
which were entered as single values (equalities).

The models were solved for the flux values by a Monte-
Carlo sampling method (Soetaert and van Oevelen 2009).
Briefly, 10,000 food web structures were sequentially sam-
pled resulting in 10,000 estimates for each C flux. All esti-
mates were different, but consistent with the matrix equa-
tions constructed from the topology and entered values and
ranges. The mean and standard deviation of the sample col-
lection for each modeled flux as presented in the results sec-
tion represent the best estimate and a measure of its uncer-
tainty, respectively. The script files which contain the input
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Fig.1 Ranges of seasonal means for all fluxes produced by the
seasonal food web models in mmol C m_zplanm ot d71 Pelagic:
BA =bacterioplankton, PH =phytoplankton; Benthic: TA =turf algae,
MA =macroalgae, CR=coral rock, SE=sediment, SC=soft cor-
als, HC=hard coralst. Fluxes around each functional group defined

data and structure of the models are available at DOI: https://
doi.org/10.5281/zenodo.7534570.

by legend in top right corner. Gray arrows: fluxes between functional
groups. Influxes of dissolved organic carbon (DOC) and particulate
organic carbon (POC) and dissolution of POC to DOC given in top
left corner

Results

In the results below, data will first be presented for the
annual C-cycle model excluding the sponge community
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Fig. 2 Mean=standard deviation for all fluxes produced by the
spring inc. sponges food web model in mmol C m_zplanaI oot AL
Pelagic: BA=bacterioplankton, ~PH=phytoplankton; Benthic:
TA=turf algae, MA =macroalgae, CR=coral rock, SE=sedi-
ment, ES =exposed reef sponges, SC=soft corals, HC=hard corals;
Cryptic: CS=cryptic sponges. Fluxes around each functional group
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defined by legend in top right corner. Gray arrows: fluxes between
functional groups. Influxes of dissolved organic carbon (DOC) and
particulate organic carbon (POC) and dissolution of POC to DOC
given in top left corner. Fluxes into and out of each compartment may
appear to not be balanced. This is due to rounding to the nearest inte-
ger
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Table 1 Seasonal . Winter (Feb) Spring (Apr) Summer (Sep) Fall (Nov)

measurements of environmental

parameters in the research area Temperature (°C) 22.3+0.1 22.4+0.1 27.0+0.2 24.9+0.1

at 10 m water depth PAR (mol photons m~2 d~") 3.45+0.26 5.76+0.13 6.99+£0.32 3.80+£0.34
Ammonium (pmol LY 0.32+0.09 0.46+0.07 0.11+0.01 0.28+0.12
Phosphate (pmol L) 0.11+0.01 0.10+0.02 0.04+0.02 0.04+0.01
Nitrogen oxides (pmol L) 0.71+0.15 0.56+0.12 0.06 +£0.02 0.22+0.23
Chla (ug L7 0.21+0.03 0.21+0.01 0.10+0.01 0.19+0.05
POC (umol L) 6.16+1.29 10.3+3.0 7.96+2.46 8.81+0.98
DOC (pmol L™ 729452 72.0+£7.5 90.5+1.0 86.2+2.5

Values are given as mean=+SD. Feb=February, Apr=April, Sep=September, Nov=November.
PAR =photosynthetically active radiation. Nitrogen oxides = nitrate + nitrite concentrations. Chl a =chloro-
phyll a, POC = particulate organic carbon, PDC =dissolved organic carbon

followed by the additional spring model including the
sponge community.

Environmental and benthic cover monitoring

The environmental monitoring confirmed the expected
seasonal variations in light, temperature, and inorganic
nutrient concentrations within the ecosystem (Table 1).

The total reef surface area was dominated by hard cor-
als (49%; Table 2) and soft corals (25%). Only 10% of
the reef surface was covered by macro- and turf algae,
which exhibited the largest relative seasonal changes in
benthic cover. When including the sponges in spring,
cryptic sponges comprised 18% of reef surface, joining
hard (38%) and soft corals (21%) as groups with highest
benthic cover. The exposed reef sponges covered the least
of the reef surface at just 1.2%.

Table 2 Annual average surface areas (in m? m_zplanﬂr reefs S€€ Online
Resource table S4 for 3D/2D conversion factors used), seasonal
standard deviation (SD) and seasonal coefficient of variance (CV)
are given of dominant benthic functional groups and substrates in the
study area. Exposed reef and cryptic sponge surface areas are only

Model-resolved carbon fluxes

To compare model results for different compartments in
a concise way, values will be presented below as “annual
mean + SD, range over seasons”. When specific seasons are
compared, values will be presented as seasonal mean + SD.
The mean values of fluxes (all in mmol C m_zplanm reer A7
throughout text unless stated otherwise) returned by the four
seasonal models and the sponge model fell within five orders
of magnitude (1072—10?), except for certain fluxes in winter,
summer, and fall for macroalgae and turf algae (DOC and
POC uptake), which the model put at O to balance fluxes in
and out of their compartments (Fig. S1-S5).

The largest annual mean influx of C into the ecosystem
was the gross primary production (GPP) rate of hard corals
(93+16, 74-110; Fig. 1), followed by the import of DOC
to the reef (67 +£23, 46-91), which exceeded hard coral GPP
in fall (82 +4 and 84 + 10 for fall hard coral GPP and DOC

for spring. Benthic cover (%) per functional group is given based on
the total surface area. For functional groups with a seasonal CV > 15,
differences from the mean annual surface area (%) are given for each
season.

Surface area (m? m_zplanar reef) Seasonal difference (% from annual mean)

Average SD CV Winter Spring Summer Fall
Hard corals 1.74 0.08 5
Soft corals 0.88 0.09 11
Macroalgae 0.22 0.08 37 =21 43 17 -39
Turf algae 0.15 0.14 96 142 -30 -71 —-41
Bare substrate 0.34 0.05 14
Sediment 0.25 0.03 13
Seasonal surface total 3.58
Exposed reef sponges Spring 0.05 N/A N/A
Cryptic sponges Spring 0.82* N/A N/A

N/A =not applicable: *Cryptic sponges were taken from Richter et al. (2001)
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import, respectively). Further major influxes of C were GPP
for soft corals (24 + 6, 17-33), phytoplankton (14 +5, 9-16),
macroalgae (13 +6, 5-20), and coral rock (10 +4, 5-16).
The largest C effluxes from the ecosystem were represented
by respiration (R) rates of hard corals (112+17; 100-137,
the annual mean largest flux in the model), bacterioplankton
(70+18; 42-86), soft corals (26 +6; 19-34), and coral rock
(12 +£5; 6-20) (Fig. 1).

The C influxes within the ecosystem were dominated by
the uptake of DOC by bacterioplankton (86 +18; 58—101;
third largest flux derived from the model), followed by
hard corals POC uptake (19+35; 16-22) and DOC uptake
(16 +13; 2-31) (Fig. 1). Largest release rates of C within the
ecosystem were DOC release by hard corals (18 +11; 8-30)
and the sediment community (8 +4; 4-13), followed by POC
release by phytoplankton (8 +4; 5-9) and bacterioplankton
(7+4; 6-8) (Fig. 1).

The addition of sponges to the spring model required
the import of DOC (136 + 14) to overtake hard coral GPP
(111 £2) as the largest influx of C to the ecosystem. Cryptic
sponges R (89 +11) joined bacterioplankton R (89 +4) as
the largest C effluxes next to hard coral R (106 + 2) (Fig. 2).
The dominant C fluxes within the ecosystem in the sponge-
added spring model were cryptic sponges DOC uptake
(102 +£5) and bacterioplankton DOC uptake (104 +5), fol-
lowed by cryptic sponge POC release (33 +7).

Ecosystem productivity and seasonal C-budgets

Total GPP was highest in spring and summer (200 +7 and
190 + 7, respectively; annual mean 167 +29), while total R
was highest in summer followed by spring (279 + 15 and
247 +7, respectively; annual mean 236 +33; Fig. 3). GPP
and R reef ecosystem rates resulted in daily GPP:R ratios
0of 0.75+0.05 and 0.81 +0.04 in winter and spring, respec-
tively, which decreased into summer (0.68 +0.04) and fall
(0.60+0.04), indicating that the reef carbon balance was
always net heterotrophic (i.e., GPP:R < 1), and most hetero-
trophic in summer and fall (Fig. 3).

Hard and soft corals were the dominant contributors to
reef ecosystem GPP (Fig. 4). Their combined contribution
ranged from 63% in winter to 77% in fall. Phytoplanktonic
GPP was relatively stable and contributed between 6 (fall)
and 11% (winter) to total GPP. The increase in hard coral
GPP from 74 +5 to 110+2 from winter to spring is pri-
marily responsible for the highest total GPP rate in spring
(Fig. 4). The main contributors to R were the hard corals
(40-53%) and bacterioplankton (22-35%), Fig. 4). The
increase in bacterioplankton R from 42 +3 to 86 +7 from
winter to spring was the main driver behind the increase in
total R from winter to spring, while hard coral R remained
stable (101 +9 to 100+ 5). The subsequent increase in hard
coral R to 137+ 11 in summer with bacterioplankton R
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remaining stable (Fig. 4) caused summer to be the highest
season for total R (Fig. 3).

Total influx of C (i.e., the sum of GPP and import of
external organic C) increased strongly from 197 +10 in
winter to 290 + 15 in summer and then decreased again
in fall (228 +9) (Table 3). Over the seasons, the relative
importance of GPP and import of organic C to balance R
changed as the system became more heterotrophic from
spring into summer and fall. The ratio between total GPP
and total external organic C import decreased from 2.9 and
4.1 in winter and spring to 2.0 and 1.5 in summer and fall,
respectively (Fig. 3, Table 3). Seasonal organic C influx to,
and uptake by, reef communities was dominated by DOC,
constituting 88-92 and 79-85% of total organic C influx and
uptake, respectively (Fig. 1, Table 3). POC played a much
smaller role in the system’s C cycle than DOC. Biotic uptake
of POC (annual mean 23 +5) was a fifth of the uptake of
DOC (annual mean 110+ 23) and changed little over the
seasons. In contrast, DOC uptake increased strongly from
winter (78 + 10) to summer and fall (122 + 14 and 131 +13),
reaching the same order of magnitude as GPP and R rates
(Table 3).

Grazing on phytoplankton (2 + 1; 1-3) and bacterioplank-
ton (8 +4; 7-9) by reef benthos showed no substantial sea-
sonal differences and were among the smallest fluxes in the
model. (Fig. 1, Table 3).

The addition of sponges to the spring model made the
system more heterotrophic. While GPP increased little (from
200+ 7 to 204 +7), R increased substantially from 247 + 8 to
353+ 13. This caused GPP:R to decrease from 0.81+0.04 to
0.58 +0.03 (Fig. 3). Cryptic sponges joined bacterioplankton
and hard corals as the main drivers of system R contributing
25, 25 and 30% of the total R, respectively (Fig. 4). The rela-
tive importance of GPP and import of organic C to balance
R changed drastically as the ratio between total GPP and
total external C import decreased from 4.1 to 1.3 (Fig. 5).
The addition of sponges did not alter the relative importance
of DOC for organic C import or uptake. While DOC and
POC uptake both more than doubled (105 +8 to 214 +9 and
20+ 3 to 47 + 8, respectively), their ratio remained similar
at DOC uptake being five times POC uptake. While DOC
release remained comparable (57 +5 to 61 +8), adding the
sponges strongly increased system POC release from 17 +3
to 50+9. While sponges do filter-feed on plankton, their
addition caused only a minor increase in predation on phy-
toplankton and bacterioplankton (2+1 to 6+2 and 7+3 to
10+ 3, respectively).

Overall, the fluxes in the inverse models appear well
constrained, especially so for the larger and therefore more
important fluxes (Fig. S1-S5) as also evidenced by the coef-
ficient of variation (CoV, i.e., standard deviation normalized
to its corresponding mean). When we investigate the CoV
for fluxes into and out of each compartment (Table 4), we
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Fig. 3 Seasonal reef com-
munity metabolism. Values

are mean + SD. GPP=gross
primary production, R =respira-
tion, GPP:R =gross primary
production to community
respiration ratio

find that the mean CoV per compartment falls below 0.5 for
most compartments in most seasons. Fluxes mediated by
macroalgae and turf algae show very low CoV because their
mass balance required them to be at their minimum or maxi-
mum levels for the model to be solvable. Breaking the CoVs
down per type of flux (Table 4) shows that import, GPP,
and R fluxes are more constrained while the internal DOC-,
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POC- and predation-related fluxes were less constrained.

GPP

Winter Spring

R

Spring
inc.
Sponges

Ea

Summer

Fall

Winter Spring

GPP:R

Spring
inc.
Sponges

Summer

Winter Spring

Discussion

Spring
inc.
Sponges

Summer

Fall

Fall

This study is the first annual carbon (C) cycle model for
a Red Sea coral reef ecosystem that specifically incorpo-
rates seasonal variation and sponges. The model shows
that the northern Red Sea coral reef ecosystem is net
heterotrophic (i.e., gross community primary production
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Fig. 4 Seasonal mean gross primary production (GPP) and respiration (R) for various functional groups. The GPP graph does not contain data

for bacterioplankton or cryptic sponges

Table 3 Modeled seasonal carbon cycling by the system as a whole.

Winter  Spring Spring Summer Fall
sponges
GPP 144+7 200+7 204+7 190+7 1365
Import 53+12  52+12 154+16 100£16 93+11
R 192+10 247+8 353+13 279+15 227+9
Export 5+0 5+0 5+0 11+0 1+0
DOC uptake  78+10 105+8 214+9 122+14 131x13
DOC release 24 +5 57+5 618 29+5 44+11
POC uptake  21+4 20+3 47+8 27+5 22+4
POC release  23+5 17+3  50+9 2245 17+4
Predation 10+4 9+3 16+4 10+4 9+4

Community gross primary production (GPP), organic carbon import,
community respiration (R), organic carbon export, uptake and release
of dissolved organic carbon (DOC) and particulate organic car-
bon (POC), and predation by all functional groups. Values in mmol
C m‘zpmnar et 71, (mean +SE). Predation is the sum of all fluxes
between functional groups, except hard coral mucus deposition to
sediment

Fig. 5 Major system C fluxes 400 4
in spring with and without
sponges. GPP = gross primary 3501
production, R =respiration,
Import=import of organic C 300
into the system; a=dissolved -
organic carbon (DOC) as part :E’ 2501
of import, DOC uptake is biotic 1S
DOC uptake in the system; O 2001
b=bacterioplankton as part of g
DOC uptake; c=sponges as £ 1501
part of DOC uptake
100 A
50 A
0 +4
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(GPP) < community respiration (R)) and balanced by C
import, predominantly of dissolved organic carbon (DOC).

Seasonal Red Sea C cycling: main ecosystem processes

The ranges—all rates in mmol C rn_zplzmm reet d7! through-
out text, unless stated otherwise—of seasonal mean GPP
(136-200), R (192-279) and GPP:R (0.6-0.8) ratios are
comparable, but at the lower end of rates found for other
coral reefs (Table 5). Ecosystem primary productivity was
highest and comparable in spring and summer, coinciding
with highest levels of irradiance. Respiration was higher
than GPP in all seasons with highest respiration in spring
and summer, although the GPP:R ratios were lowest in sum-
mer and fall, the seasons with highest water temperature.
Looking at the seasonal response of the reef, a community
metabolism study for a nearby Israeli reef crest (Silver-
man et al. 2007) found a similar trend. For both the Israeli
reef and our Jordanian reef, GPP and R were higher during

B Spring

OSpring inc.
C Sponges

a b
DOC uptake

GPP R Import
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Table 4 Coefficients of

variation (standard deviation/ a. Winter Spring Spring inc. Sponges Summer Fall
corresponding mean) for the Phytoplankton 0.34 0.32 0.45 030 037
model fluxes averaged per (a) Bacterioplankton 0.50 0.46 0.52 0.50 048
compartment they flow into/out POC 0.42 0.38 041 0.42 0.41
of- and (b) type of flux DOC 046 041 0.42 046 041
Hard corals 0.35 0.27 0.27 034 029
Hco POC 0.43 0.28 0.42 043  0.39
Soft corals 0.43 0.33 0.32 045 040
Sco POC 0.33 0.20 0.20 0.31 0.34
Macroalgae - 0.24 0.25 - 0.30
Turf algae 0.25 0.25 0.31
Coral rock 0.43 0.44 0.44 046 043
Sediment 0.28 0.23 0.26 023 022
Exposed reef sponges _
Cryptic sponges 0.47
b. Winter Spring Spring inc. Sponges Summer Fall
Import 0.24 0.25
GPP
Respiration
Internal DOC fluxes 0.47 0.47 0.47 048 048
Internal POC fluxes 0.44 0.46 0.47 043  0.50
Internal predation fluxes = 0.56 0.50 0.57 0.56

Color coding from blue =low to red =high

Table 5 Comparison of metabolic parameters with literature

Site GPP R GPP:R Reference

Agaba, Jordan, reef slope, seasonal range 136-200 192-279 0.6-0.8 This study

Agaba, Jordan, reef slope, spring inc. sponges 204 353 0.6 This study

Aqaba, Jordan, reef slope, annual average 268 154 1.7 Cardini et al. (2016)

Eilat, Israel, reef crest, winter 260 180 14 Silverman et al. (2007)
FEilat, Israel, reef crest, summer 400 390 1.0 Silverman et al. (2007)
French Frigate Shoals, reef flat, winter 356 213 1.7 Atkinson and Grigg (1984)
French Frigate Shoals, reef flat, summer 710 405 1.8 Atkinson and Grigg (1984)
Kaneohe Bay, Hawaii, USA, reef flat 400 465 0.9 Lowe and Falter (2015)
Florida Keys, USA, reef crest 944 566 1.7 Long et al. (2013)

Florida Keys, reef slope 193 199 0.97 Long et al. (2013)
Colombian Caribbean, reef slope, seasonal range 250-305 136-146 1.7-2.2 Eidens et al. (2014)
Various Caribbean/Pacific, reef slope 167-583 158-250 0.5-5.5 Hatcher (1988)

All values in mmol C m~2 d~! given as means or ranges. GPP = gross primary production, R =community respiration, GPP:R = gross primary
production to community respiration ratio. An O,:C ratio of 1 was assumed when transforming O, to C fluxes (Gattuso et al. 1996; Carpenter

and Williams 2007)

summer when both light availability and water temperature
were high, than in winter when these parameters were lower.

Taking the average across seasons, hard corals contrib-
uted most to system GPP (56%) and R (48%). In the sea-
sonal model without sponges, bacterioplankton DOC uptake
was the largest internal flux at 86 + 18. This estimate of the
microbial loop over a coral reef is slightly above previous

estimates (5-50, de Goeij et al. 2013). The reef system relies
on external organic C (particularly DOC) to offset the differ-
ence between R and GPP. Direct comparisons between GPP
and import of organic C to reefs in literature are rare, but
the relative importance of import here (annual mean 46% of
GPP) is larger than a previous estimate (15% of GPP) for a
Pacific reef flat. However, that estimate did not include DOC
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fluxes (Alldredge et al. 2013), which are the largest C fluxes
contributing to import here.

The import of C into a coral reef from offshore happens
through convective transport across a turbulent boundary
layer. This turbulence is enhanced by the reef’s rugosity
(Lowe and Falter 2015). Drag coefficients for an Israeli reef
close to the reef studied here were found to be 3 to 5 times
higher than a nearby sandy site (Reidenbach et al. 2006). In
many reefs, an additional factor enhancing mass transfer to
the reef is wave-driven oscillatory flows increasing water
flow within the reef, thereby enhancing exchange (Lowe
and Falter 2015). However, the reefs of the northern Gulf
of Agaba experience relatively little wave action (Reiden-
bach et al. 2006). Another study on diurnal water movement
around a nearby Israeli reef found a cycle where surface
water temperature changes across the day drove currents
that moved water into the reef from offshore (Genin et al.
2002). Such a cycle might well exist in the reef studied here,
continually importing new organic C to meet the reef’s meta-
bolic demand.

The addition of the sponge community to a Red Sea
coral reef C budget

The addition of the sponge community to the spring model
causes major changes to the ecosystem. These changes were
mainly driven by the cryptic sponge community in our study
site, since cryptic sponges were on average 16 times more
abundant than the exposed reef sponges. Rates of sponge
community DOC uptake and R are comparable to bacterio-
plankton, which substantially increases the heterotrophy of
the ecosystem.

The cryptic habitat on coral reefs is often overlooked,
since most coral reef benthic surveys use traditional 2D pho-
tographs (de Goeij et al. 2017; Kornder et al. 2021). This
causes a remarkable oversight, given that the cryptic habitat
can represent more than half of the total volume, surface,
and benthic biomass of the reef (Ginsburg 1983; Richter
et al. 2001; Kornder et al. 2021). In our study area, the cryp-
tic reef surface was found to be up to 7.5 m? per projected
m? reef surface (Richter et al. 2001).

Our model estimates are in line with evidence that the
cryptic habitat is a major sink of DOC (de Goeij and van
Duyl 2007) and that many sponges drive ecosystem pro-
ductivity by shunting DOC to higher trophic levels as POC
(de Goeijj et al. 2013, 2017; Rix et al. 2016, 2018). First
(rough) estimations of DOC cycling through the sponge loop
(90-350) were in the same order of magnitude as commu-
nity GPP (200-600) and higher than the well-established
microbial loop on a Caribbean reef (5-50) (de Goeij et al.
2013). Indeed, at the Aqaba reef system, the sponge loop
DOC uptake (105 +6) is in the same order of magnitude as
GPP (199 +7), while the microbial loop DOC uptake rates
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(104 +5) are comparable to the sponge loop in terms of car-
bon cycling.

Release rates of POC by sponges are estimated as an
important flux (35 +7), representing a large potential food
source for higher trophic levels, such as detritivores. Most
sponges tested in the mentioned literature have an encrusting
growth form, i.e., following the contours of the reef surface.
Recent studies have shown that massive, upward-growing
sponges that are often dominant on the exposed reef surface,
including in the Red Sea (but not in our study area), show a
fundamentally different C cycling than encrusting sponges.
Several massive sponge species did not produce significant
amounts of POC after DOC uptake (McMurray et al. 2018;
Wooster et al. 2019), and some species with low abundances
of associated microbes showed limited DOC uptake or a
net release (Hoer et al. 2018; Olinger et al. 2021). This led
to a sponge loop hypothesis based on spongivory, rather
than C cycling through POC (Pawlik and McMurray 2020).
Recently, both hypotheses were tested valid for two deep-sea
sponge species, although no clear evidence pointed to either
one (Bart et al. 2021). Moreover, in another recent study it
was shown that (massive) sponges can "sneeze" and release
detritus from their inflow (not outflow) openings and may
have caused this detritus production undetected in earlier
studies (Kornder et al. 2022). Our study supports that cryptic
sponges act as ecological engines (de Goeij et al. 2017) and
have the potential to drive carbon and nutrient cycling on
coral reefs (Maldonado et al. 2012).

These results indicate that reefs including their cryptic
sponge community may behave far more heterotrophic than
previous reef metabolism studies indicated and that certain
reef ecosystems may be more reliant on external sources of
nutrients (Atkinson 2011). Indeed, as oceans warm, corals
are expected to become more heterotrophic due to increased
respiration (Bahr et al. 2018), as was found here with sub-
stantially lower GPP:R in warmer summer than in spring
even though light availability increased as well.

Limitations and future considerations

The models presented here are based on extensive field
data of C fluxes directly measured on the functional groups
of the Aqaba reef. However, any ecosystem-based model
comes with uncertainties and assumptions. For example, we
assumed stable respiration rates over a 24-h cycle. How-
ever, respiration rates are most likely underestimated due to
higher R rates under higher light regimes (e.g., Kuhl et al.
1995; Schrameyer et al. 2014), negatively affecting P, and
thus GPP, since R measurements were all done at night.
Increased respiration in the light remains an important,
but illusive parameter in coral reef metabolism research. It
should also be noted that the extensive dataset of C fluxes
was collected through aquarium incubations. The water used
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was directly pumped from the reef area at 10 m depth, light
was adjusted based on in situ measurements, and incubation
duration was limited to prevent effects like hyperoxia due
to photosynthesis, but incubations of specimens outside of
their environment will always introduce incubation effects.
Water movement included in the incubations will never be
fully comparable to the complex water movement across a
full coral reef in situ (Shashar et al. 1996). Additionally,
the biochemical composition of coral reef water can vary
across the reef (van Duyl and Gast 2001) and be particu-
larly distinct inside cavities (de Goeij and van Duyl 2007).
However, except uncertainties predicting precise ecosystem
GPP, R, and P, overall reef C fluxes from our LIM show
representative dominant seasonal trends and patterns within
the C food web.

Additionally, the walls of coral reef cavities are almost
100% covered with “coelobites”, mostly filter-feeding organ-
isms—e.g., tunicates, bryozoans, polychaetes, dominated by
sponges—but also include communities of primary produc-
ers, such as crustose corraline algae, soft- and hard corals
(Jackson and Winston 1982; van Duyl et al. 2006; Kornder
et al. 2021; Vicente et al. 2021). This study did not include
the non-sponge heterotrophic and autotrophic cryptic com-
munities due to a lack of data, and therefore, their impact on
C cycling remains unknown.

We also used surface cover as metric to calculate rates
on exposed reef and cryptic habitat. From a biogeochemical
perspective, it would be better to use the metric biomass,
such as (ash-free) dry weight or organic carbon, to determine
food web rates (de Goeij et al. 2017; Kornder et al. 2021).
The 2D-3D conversion to projected cover presented in this
study is already an enormous improvement, but still discards
different surface-to-volume ratios of organisms, underesti-
mating erect organism (e.g., soft corals, massive sponges)
compared to non-erect organisms (e.g., non-branching cor-
als, algae, encrusting sponges). Kornder et al. (2021) tested
these metric conversions in Curagao and found that tradi-
tional 2D surface cover surveys (excluding the cryptic habi-
tats) estimated non-calcifying phototrophs and scleractinian
corals to be the largest benthic groups. However, the 3D
biomass (ash-free dry weight) survey, including the cryptic
habitats, estimated sponges to be the largest group. In fact,
half of the available surface and of the benthic biomass was
estimated to be residing in the cryptic habitats of the reef.

Conclusions
Here, we provided a first reef-wide estimation of carbon

cycling throughout four seasons in the Red Sea and a first
quantification of the role that sponges play in such a reef.

The model shows that previously understudied and neglected
functional groups and carbon pools can be major players
in coral reef carbon cycling. It is vital for future coral reef
research and conservation to include organisms, nutrients,
and processes we cannot see, but which are important: the
role of organisms in the cryptic habitat as well as the role
of micro- and macrobial processing of dissolved organic
matter. Processes of recent reef decline are well described
and global effects are well studied, and we are beginning
to understand the ecological processes underlying these
changes (Riddecker et al. 2014; Santos et al. 2014; Roth
et al. 2021). However, it is very likely that the less visible
functional groups and processes will play a large role in
how reef functioning will change. The findings presented
here highlight the need for key ecosystems drivers such as
DOM, microbes, and sponges, to be incorporated into future
ecological studies and conservation management strategies.
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