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COASTAL AND MARINE ECOLOGY

Growth and feeding in the sponge Agelas tubulata from shallow to
mesophotic depths on Grand Cayman Island
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Abstract. On Caribbean coral reefs, sponges are important members of the benthic community and play
multiple roles in ecosystem structure and function. They have an important role in benthic-pelagic cou-
pling, consuming particulate organic matter (POM) and dissolved organic matter (DOM) and in turn pro-
viding food in the form of sponge biomass or the release of detritus for a variety of coral reef organisms.
Throughout the Caribbean, sponges show consistent increases in their abundance and growth rates as
depth increases into the mesophotic zone (30–150 m). This has been hypothesized to be driven by bottom-
up forces, particularly the increased supply of nitrogen-rich POM in mesophotic coral reef ecosystems
(MCEs). Here, we tested the hypothesis that the sponge, Agelas tubulata, exhibits increased growth rates on
MCEs relative to shallow reefs on Grand Cayman Island and that this is driven by bottom-up forcing. We
observed increased growth rates in mesophotic A. tubulata, compared with shallow conspecifics, despite
variability in feeding on both POM and DOM. Mesophotic sponges, however, were consistently exposed to
greater amounts of POM, which was seasonally variable unlike DOM. Changes in stable isotopic signa-
tures, and higher feeding rates with increasing depth, were consistent with increasing rates of growth in
sponges as depth increases. These observations support the hypothesis that mesophotic sponges have
higher growth rates due to increased POM availability and consumption over time. The results of this
study illustrate the crucial role that bottom-up forcing has in the structuring of sponge communities on
both shallow and mesophotic Caribbean coral reefs and the importance of POM as a source of nitrogen in
sponge diets.

Key words: coral reefs; dissolved organic matter; mesophotic; particulate organic matter; porifera; sponges; stable
isotopes; transplant; trophic ecology.
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INTRODUCTION

One of the dominant taxa of the benthic fauna
on Caribbean coral reefs is sponges, which
increase in abundance and biodiversity with
increasing depth from shallow to mesophotic

depths (10–150 m) (Trussell et al. 2006, Lesser
et al. 2009, 2018, 2019, Lesser and Slattery 2013,
2018, Macartney et al. 2021). Sponges have multi-
ple functional roles on coral reefs such as provid-
ing food and habitat for many ecologically and
economically important coral reef species (Diaz

 v www.esajournals.org 1 September 2021 v Volume 12(9) v Article e03764

https://orcid.org/0000-0002-9461-0445
https://orcid.org/0000-0002-9461-0445
https://orcid.org/0000-0002-9461-0445
https://orcid.org/0000-0002-9782-5150
https://orcid.org/0000-0002-9782-5150
https://orcid.org/0000-0002-9782-5150
https://orcid.org/0000-0001-8325-3262
https://orcid.org/0000-0001-8325-3262
https://orcid.org/0000-0001-8325-3262
https://orcid.org/0000-0002-0741-3102
https://orcid.org/0000-0002-0741-3102
https://orcid.org/0000-0002-0741-3102
info:doi/10.1002/ecs2.3764
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fecs2.3764&domain=pdf&date_stamp=2021-09-26


and R€utzler 2001, Bell 2008), reef stabilization
(Bell 2008), and in particular, benthic-pelagic
coupling (Pile et al. 1997, Lesser 2006, Perea-
Bl�azquez et al. 2012, Lesser and Slattery 2013,
Slattery and Lesser 2015). Sponges are also con-
spicuous on mesophotic coral reefs (MCEs) (Les-
ser et al. 2009, 2018, Loya et al. 2016, Slattery
and Lesser 2019) with communities structured
primarily by depth-dependent changes in irradi-
ance and trophic resources (Lesser et al. 2009,
2018, 2019, 2020). Upper MCE (˜30–60 m) com-
munities are important refuges for a variety of
shallow reef benthic fauna, while lower MCEs
(˜60–150 m) harbor endemic species that con-
tribute to the unique community structure of the
lower MCE (Lesser et al. 2018, 2019). Given the
importance of sponges, and the potential role of
MCEs as refuges, understanding what factors
regulate sponge distributions along the shallow
to mesophotic depth gradient will inform predic-
tions on their population dynamics in the future.

Benthic-pelagic coupling by suspension feed-
ers, through the consumption of particulate
organic matter (POM) and dissolved organic
matter (DOM), supports a large proportion of
benthic secondary production (Gili and Coma
1998, de Goeij et al. 2017) and the motile fauna
that depend on these resources for food and
habitat (Dayton et al. 1974, Diaz and R€utzler
2001, Saier 2002, Boudreaux et al. 2006, Bell
2008). The linkage between the planktonic com-
munities and the community structure of benthic
suspension feeders has been described for a vari-
ety of marine ecosystems including polar, tem-
perate, and tropical benthic communities (Gili
and Coma 1998, Cattaneo-Vietti et al. 1999,
Menge 2000, Coppari et al. 2016). The role of
food availability for suspension feeders is equally
important on oligotrophic tropical coral reefs as
an important factor influencing sponge abun-
dance and diversity (Lesser 2006, Trussell et al.
2006, Wulff 2017). Several studies have repeat-
edly observed that bottom-up control is the pri-
mary driver of increasing sponge abundances
and biomass into the mesophotic zone (Lesser
2006, Trussell et al. 2006, Lesser and Slattery
2013, 2018, Slattery and Lesser 2015, Lesser et al.
2018, 2019, 2020). As depth increases, POM, both
heterotrophic picoplankton and prochloro-
phytes, increases while a concurrent decrease in
DOM occurs (Lesser 2006, Trussell et al. 2006,

Lesser et al. 2019, 2020). Since heterotrophic
picoplankton and prochlorophytes have lower C:
N ratios compared with other cyanobacteria
(e.g., Synechococcus), it results in increased nitro-
gen availability with increased depth (Ducklow
et al. 1993, Campbell et al. 1994, Lesser 2006).
Increased consumption of picoplankton is

associated with increased growth rates in the
sponges Callyspongia vaginalis, Agelas conifera
(now correctly identified as A. tubulata), and
Aplysina fistularis (Lesser 2006). A reciprocal
transplant by Trussell et al. (2006) using C. vagi-
nalis between 12 and 25 m showed unequivo-
cally that increased growth rates occur in deeper
sponges, and sponges transplanted from shallow
to deep habitats where more picoplankton
occurred resulted in energy surpluses for deep
sponges. Additionally, stable isotope values of
d13C and d15N became less depleted from shal-
low to mesophotic depths for both Xestopsongia
muta (Morrow et al. 2016) and Agelas tubulata,
indicating that these species increasingly rely on
POM with increasing depth (Slattery et al. 2011).
Related to the increased reliance on POM with
increasing depth, Slattery et al. (2016) found that
the sponge Plakortis angulospiculatus displayed
phenotypic variability in chemical defense
between shallow and mesophotic specimens;
shallow P. angulospiculatus were more chemically
defended compared with their mesophotic con-
specifics, but mesophotic P. angulospiculatus
regenerated tissue faster. This plasticity between
chemical defenses and the capacity to repair tis-
sue damage was hypothesized to be the result of
increased trophic resources available to meso-
photic populations for tissue repair compared
with shallow populations.
Sponges also consume DOM, and the micro-

biome of high microbial abundance sponges
(HMA) can consume DOM and translocate by-
products of their metabolism (e.g., dissolved free
amino acids) to the host (de Goeij et al. 2008,
Freeman and Thacker 2011, Maldonado et al.
2012, Thacker and Freeman 2012, Fiore et al.
2013, 2020, de Goeij et al. 2013, 2017, Shih et al.
2020). However, many of these studies quantified
dissolved organic carbon (DOC) but not dis-
solved organic nitrogen (DON), and while DON
is generally an order of magnitude lower in
terms of availability compared with DOC (Lesser
et al. 2019), it should be quantified to obtain a
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complete representation of sponge DOM con-
sumption and reprocessing.

There is a need to integrate feeding measure-
ments with environmental and biochemical data
to provide, within a robust experimental frame-
work, evidence to identify and quantify what
trophic processes influence sponge distributions.
The use of reciprocal transplant experiments pro-
vides a quantitative approach to test the null
hypothesis that there is no effect of bottom-up
processes (i.e., feeding) on the distribution and
abundance of sponges, but also whether sponges
in the study exhibit phenotypic plasticity in
sponge trophic strategy. This design exposes the
transplanted sponges to all potential abiotic and
biotic factors, including predation, while also
allowing for the testing of specific hypotheses on
sponge growth along a depth gradient. The
sponge used in this study is Agelas tubulata,
which is commonly found along the shallow to
mesophotic depth gradient in the Cayman
Islands. Agelas tubulata is a chemically defended
(Pawlik et al. 1995, Richelle-Maurer et al. 2003,
Pawlik 2011), HMA sponge that is known to feed
on both DOM and POM (Lesser 2006, Slattery
and Lesser 2015, de Goeij et al. 2017). Here, we
present the results of a reciprocal transplant
experiment using A. tubulata to assess changes in
growth rates, trophic resource consumption, car-
bon and nitrogen stable isotopes, and proximate
biochemical composition between shallow and
mesophotic depths. We hypothesize that the
growth rates will be higher in mesophotic control
sponges as will the shallow to mesophotic
sponge transplants due to the increased avail-
ability of particulate organic nitrogen (PON) at
those depths and that this will be reflected in
their stable isotopic signatures and biochemical
composition.

METHODS

Study site
Both the reciprocal transplant and natural

growth measurements were conducted at the
USS Kittiwake (ASR-13) Anchor Buoy site, Grand
Cayman (Lat: 19.362756, Long: �81.402437). This
site provides a continuous shallow to mesophotic
depth gradient that is characterized by a sloping
spur and groove reef structure between 15 and
61 m, at which point reef topography turns into

a vertical wall. Both transplant areas were
located on bare coral rock and not on live coral
or sand channels.

Light and temperature data
Temperature data were collected along a depth

gradient (15, 22, 30, 46, 61, 76, and 91 m) begin-
ning in January 2018 using Hobo Water Temper-
ature Pro V2 loggers attached directly to the
substrate using cable ties. Sensors were checked
and data downloaded every 6 mo. A drop pack-
age was used to obtain profiles of photosyntheti-
cally active radiation (PAR: 400–700 nm), for
downwelling (Ed) irradiance, as a function of
depth using a single channel PAR recorder
(RBRsoloPAR; RBR Ltd., Ottawa, Canada) fitted
with a calibrated LiCor cosine-corrected, planar,
sensor (LI 192SA) combined with a Sea-Bird
SBE39 plus temperature and depth profiler. Pro-
files from the surface to ˜100 m depth were taken
between 11 AM and 1 PM on partly (25–40%)
cloudy days.

Reciprocal transplant and natural growth
experiment
To assess changes in growth rates and food

consumption, a reciprocal transplant experiment,
beginning January 2018, was established between
22 and 61 m. A total of 20 PVC frames (n = 10
per depth; Appendix S1: Fig. S1) were affixed to
the reef substrate using eye bolts epoxied into the
substrate with cable ties placed through the eye
bolt and PVC frame. We selected A. tubulata indi-
viduals with more than three tubes, tagged them
with cow tags (n = 5 at 22 and 61 m), and used
them as the source sponges for the transplant
study. Five sponge tubes were cut (8–19 cm tall)
from these sponges and transplanted from deep
(61 m) to shallow (22 m) (DS), and five were
transplanted from shallow to deep (SD). Deep to
deep (DD) and shallow to shallow (SS) controls
(n = 5 each) were also cut and transplanted back
to their respective depths of origin as disturbance
controls. All samples were identified with a
cattle tag on the sponge frame and a plastic
growth tag inserted 1 cm below the osculum lip
(Appendix S1: Fig. S1). Subsequent measure-
ments from the point of tag insertion to the top of
each sponge tube were taken to the nearest
0.1 cm in July 2018, January 2019, and June 2019,
and these measurements were used to calculate
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apical growth rates. Total length and osculum
wall thickness (total maximum diameter minus
inner diameter) were also measured to the near-
est 0.1 cm. Growth rates were reported as apical,
total length, and osculum wall thickness in cm/
mo. Unmanipulated A. tubulata along the depth
gradient (15–61 m) of the study site (n = 33) were
also tagged to provide data on the natural
growth rates, assessed as apical growth, across
the depth gradient where samples were collected
for the transplant experiment. Both transplanted
sponges and tagged natural sponges were revis-
ited every 6 mo and growth metrics measured.
Additionally, fish bite scars on sponges for each
treatment were counted as a relative measure of
predation on the experimental sponges. Trans-
planted sponges were removed from the reef
after final measurements at 18 mo. All sponges
were kept in a shaded cooler submerged in sea-
water until they were returned to shore for subse-
quent analyses. Any samples collected for
biochemical and stable isotope analyses were
immediately frozen at �20°C and transported
frozen to the University of Mississippi or the
University of New Hampshire, where they were
frozen at�80°C until analysis.

Ambient food availability
To quantify total POM and DOM availability

along the shallow to mesophotic depth gradient,
replicate water samples (n = 3 per depth) were
collected at 0, 15, 22, 30, 46, 61, 76, and 91 m in
July 2018 and January 2019. Acid-washed 180-
mL syringes were filled by divers, taking care not
to disturb sediment and detritus, approximately
1 m from the reef substrate. To quantify POM,
the samples were returned to the laboratory and
5 mL was aliquoted, fixed at a final concentration
of 0.5% electron microscopy grade paraformalde-
hyde, and frozen at 0°C. Samples were shipped
frozen to the University of New Hampshire and
stored at �80°C. These samples were subse-
quently shipped frozen, on dry ice, to the Bige-
low Laboratory of Marine Science, J.J. MacIsaac
Facility for Aquatic Cytometry where they were
stored in liquid nitrogen (�196°C) until analysis.
Each sample was analyzed using flow cytometry
for total cell abundances, as described and modi-
fied by Lomas et al. (2010), using a Becton Dick-
inson Influx flow cytometer equipped with a
15 mW, 488 nm, air-cooled Argon ion laser. Both

Chl a (692 � 20 nm) and phycoerythrin (PE,
585 � 15 nm) bandpass filters were used, and
the instrument was calibrated daily with 3.46-µm
Rainbow Beads (Spherotech Inc. Lake Forest, Illi-
nois, USA). Each sample was run for 3–5 min
(� 0.2–0.3 mL total volume analyzed), with log-
amplified Chl a and PE fluorescence, as well as
forward and right-angle scatter signals, recorded,
and analyzed using FlowJo 9.8 Software (Becton
Dickinson, San Jose, CA). Pico-autotrophs were
identified as either Synechococcus, Prochlorococ-
cus, or picoeukaryotes based upon cell size and
the presence or absence of phycoerythrin. For
pico-autotrophs, the concentration of cells in each
population was enumerated and converted to
cell abundances by the volume-analyzed method
(Sieracki et al. 1993). For heterotrophic bacterial
abundance, samples were diluted 1:10 and
stained using SYBRTM Green I Nucleic Acid Stain
(Thermo Fisher Scientific) at room temperature
for 15 min (Marie et al. 2005). Samples were ana-
lyzed on a BioRad ZE5 Cell Analyzer using a
488 nm (100 mW) blue excitation laser for a total
volume of 100 µl. Files were analyzed from scat-
ter plots based on green (525/35 BP filter) fluores-
cence and right-angle light scatter (side scatter—
SSC) using FlowJo 10 Software (Becton Dickin-
son, San Jose, CA). Heterotrophic bacterial
counts were gated based on cell size and pres-
ence of green fluorescence.
All counted cells were converted to their car-

bon and nitrogen equivalents (sensu Lesser et al.
2019) to provide the concentrations of live partic-
ulate organic carbon (POC) and particulate
organic nitrogen (PON) available to the sponges.
The following conversion values were used:
heterotrophic bacteria: 20 fg�C�cell�1 (Ducklow
et al. 1993); Prochlorococcus: 53 fg�C�cell�1 (Morel
et al. 1993); Synechococcus: 470 fg�C�cell�1

(Campbell et al. 1994); heterotrophic bacteria:
3.3 fg�N�cell�1 (Fagerbakke et al. 1996);
Prochlorococcus: 9.4 fg�N�cell�1; and Synechococ-
cus: 35 fg�N�cell�1 (Bertilsson et al. 2003). For
phytoplankton, the carbon and nitrogen contents
were computed where C = 0.433 (biovolume,
lm3)0.863 and N = 0.883 (biovolume, lm3)0.837

(Verity et al. 1992).
To quantify DOM, 40 mL aliquots were col-

lected from the same water samples used for
flow cytometry analyses. These samples were fil-
tered through a 0.2-µm GF/F filter and
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immediately frozen at 0°C and transported fro-
zen to the University of New Hampshire. The fil-
tered seawater samples were analyzed at the
UNH Water Quality Analysis Laboratory. Dis-
solved organic carbon (DOC, µmol�C�L�1) and
dissolved organic nitrogen (DON, µmol�N�L�1)
were quantified using high-temperature catalytic
oxidation and high-temperature oxidation with
chemiluminescent detection, respectively. Dis-
solved inorganic nitrogen (DIN) as NOx (i.e.,
NO3

� + NO2
�), ammonium (NH4), phosphate

(PO4), and silicon dioxide (SiO2) were analyzed
using a SmartChem 200 automated colorimetric
chemistry analyzer (Wesco, Brookfield, Connecti-
cut, USA) or a Seal AQ2 (Seal Analytical,
Mequon, WI, USA) discrete colorimetric ana-
lyzer. Standard EPA protocols for each com-
pound (NOx: #353.2, NH4: #350.1, PO4: #365,
SiO2: #370.1) were used.

Sponge feeding measurements
To assess sponge feeding, paired ambient and

ex-current water samples were collected from
each transplant and control sponge in July 2018
and January 2019. Feeding samples from tagged,
naturally occurring, sponges were collected in
January 2019. Ambient water samples were col-
lected approximately 10 cm from the base of a
sponge tube, and ex-current samples were col-
lected in acid-washed 180-mL syringes with sur-
gical tubing inserted approximately halfway
down the osculum of the sponge (Lesser 2006).
POM and DOM were quantified as described
above. After feeding samples were collected,
sponge pumping rates were assessed using fluo-
rescein dye injected at the base of the tube; the
time of appearance of the dye at the osculum
was recorded (s�1). Morphometrics on each
sponge was collected to calculate the volume of a
cylinder (= plug volume) using total length of
the tube and osculum width to the nearest
0.1 cm. In order to calculate a Q value (volume
flux, mL s-1), the cross-sectional area (cm2) of the
sponge osculum was calculated and multiplied
by the dye front speed (cm s-1). This was calcu-
lated by dividing the total tube length of the
sponge by the dye speed (Trussell et al. 2006),
and the method assumes plug flow through the
sponge tube, and a visual assessment of the dye
fronts produced during measurements confirms
plug flow in the sampled sponges.

To calculate sponge feeding on POM, filtration
efficiency was calculated for each sponge by
dividing the concentrations of total cells in the
sponge ex-current water samples by the concen-
tration of total cells in the ambient water samples
taken adjacent to the sponge and multiplied by
100. Total cells consumed for each class (i.e.,
prochlorophytes, Synecochoccus, eukaryotic phy-
toplankton, and heterotrophic bacteria) of cells
were computed by multiplying the ambient con-
centration of cells (cells/mL) by the filtration effi-
ciency of cells and the Q value (mL s-1) for each
sponge. All filtered cells were then converted to
carbon or nitrogen equivalents as described
above. Rates of carbon or nitrogen uptake (lg s-1)
were calculated by multiplying cells filtered by
the relevant group’s carbon or nitrogen equiva-
lencies per cell, and then, they were converted to
molar equivalents (µmol s-1). Similarly, to calcu-
late sponge feeding on DOM, filtration efficiency
was calculated for each sponge by dividing the
concentrations of total DON or DOC in the
sponge ex-current water samples by the concen-
tration of total DON or DOC in the ambient
water samples taken adjacent to the sponge and
multiplied by 100. Instantaneous total DON or
DOC consumed (s�1) was computed by multi-
plying the ambient concentration of DON or
DOC (µmol L-1) by the filtration efficiency and
the individual sponge Q value (L s-1). The dry
mass of each sponge (g) was calculated using a
tissue density of 0.14 g mL-1 for A. tubulata
(Weisz et al. 2008).

Stable isotope analyses
Subsamples of A. tubulata tissue were collected

from experimental sponges in June 2019 at the
end of the experiment using a sterile razor. Tissue
samples were dried at 55°C for 24 h and pow-
dered using a mortar and pestle. Samples of pow-
dered tissue were sent to the Marine Biological
Laboratory (Woods Hole, MA) for bulk analysis
of C and N, as well as the natural abundance of
the stable isotopes d15N and d13C. Prior to analy-
sis, samples were acidified using 1 M HCL, and
our analysis of acidification on d15N tissue values
(sensu Vafeiadou et al. 2013) revealed no signifi-
cant effects on our samples, as previously
reported (Jaschinski et al. 2008, Kolasinski et al.
2008). Samples were analyzed using a Europa
ANCA-SL elemental analyzer-gas chromatograph
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attached to a continuous-flow Europa 20–20 gas
source stable isotope ratio mass spectrometer. The
carbon isotope results are reported relative to
Vienna Pee Dee Belemnite, and nitrogen isotope
results are reported relative to atmospheric air,
and both are expressed using the delta (d) nota-
tion in units per mil (&). The analytical precision
of the instrument was � 0.1&, and the mean pre-
cision of sample replicates for d13C was � 0.4&
and d15Nwas� 0.2&.

Proximate biochemical composition
The samples collected in June 2019 were

freeze-dried and pulverized, and dry sample
mass was recorded. Carbohydrates were
extracted via incubation of 10 mg freeze-dried
tissue in 5 mL 5% trichloroacetic acid (TCA) for
4 h. Concentration of carbohydrates was deter-
mined using the phenol-sulfuric acid method in
microplate format described in Masuko et al.
(2005). Briefly, 50 µl of TCA-digested sample
solution or glucose standard, 150 µl of sulfuric
acid, and 30 µl of 5% phenol were pipetted in
triplicate on a 96-well plate and incubated for 10–
15 min at 90°C. Absorbance at 490 nm was then
measured using a BioTek Synergy HT Multi-
Detection Microplate Reader. A standard curve
was derived from glucose standards and used to
calculate the concentration of carbohydrates in
samples. Soluble protein was extracted via incu-
bation of 10 mg of freeze-dried tissue in 5 mL of
1 M sodium hydroxide (NaOH) for 24 h. Soluble
protein concentration was then analyzed using
the Bradford Method (Bradford 1976). Briefly,
40 µl of NaOH-digested sample or BioRad
Bovine Serum Albumin (BSA) standard was
mixed with 2 mL of BioRad Quick StartTM

Bradford reagent. Absorbance at 600 nm was
measured using an 8.5-mm Eppendorf BioPho-
tometer. A standard curve was derived from BSA
standards and used to calculate the concentration
of protein in samples. Lipids were extracted
using a modified version of the protocol
described by Freeman et al. (1952). A 50 mg sam-
ple of freeze-dried tissue was sonicated for
15 min in a 2:1 chloroform to methanol solution
and then filtered into a 50 mL conical tube contain-
ing ˜20 mL of distilled water. The bottom organic
layer was then pipetted into a pre-weighed scin-
tillation vial. This process was repeated twice per
sample. The methanol–chloroform solution was

then evaporated off over a period of 12 h via vac-
uum centrifugation, and the final mass of the dry
lipid fraction was recorded. Inorganic tissue con-
stituents (i.e., ash) were measured using methods
described by McClintock et al. (1991). A 100 mg
sample of freeze-dried sponge tissue was placed
in a pre-weighed aluminum foil weigh boat that
was baked at 500°C in a muffle furnace for 5 h to
obtain the ash content of each sample. All con-
centrations of proximate biochemical composi-
tion were normalized to ash-free dry weight
(AFDW). Refractory material was calculated by
subtraction of all the measured components from
the total sponge tissue mass and is known as
AFDW. This fraction is technically comprised of
additional biochemical compounds, such as
nucleic acids their contributions to mass are gen-
erally considered negligible, so the refractory
material is assumed to represent insoluble pro-
tein (Lawrence 1973).

Statistical analyses
All statistical analyses were completed in

either JMP (v. 14) or R (v. 3.6.2). Mean monthly
and yearly temperatures were tested using a one-
way ANOVA with depth as the fixed factor, and
the effect of depth on PAR was assessed using a
non-linear regression. Sponge growth rates in the
transplant experiment were assessed using a
one-way ANOVA with treatment (i.e., transplant
and transplant controls) as the fixed factor, and
the growth rate of unmanipulated sponges was
quantified using linear regression. To assess dif-
ferences between depths and years in the concen-
tration of available POM and DOM, an analysis
of covariance (ANCOVA) was run using depth
as a fixed factor and year as the covariate. In
order to assess differences in sponge consump-
tion of POM and DOM between treatments, an
analysis of covariance (ANCOVA) was run with
treatment as the primary factor and sponge dry
mass (calculated as described in the sponge feed-
ing section) as the covariate; this removed the
potential allometric effects of sponge size on
sponge pumping and food intake. Because all
analyses showed that the slopes were non-
homogeneous, where homogeneity of slopes is a
requirement for an ANCOVA, individual regres-
sion slopes from each treatment were used to
weight individual sponge pumping or feeding
rates to a sponge of standard dry mass (Packard
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and Boardman 1988, Lesser and Kruse 2004). The
weighted feeding rates were then analyzed using
an ANOVA with experimental treatment as the
fixed factor.

The statistical analyses for treatment effects on
SIA and proximate biochemical compositions
were carried out utilizing an ANOVA. Any vari-
ables not meeting the assumptions of normality
were log-transformed before analysis. Any sig-
nificant global effects of treatment detected by
ANOVA were followed up with post hoc multi-
ple comparison tests using Tukey’s HSD tests.

RESULTS

Light and temperature
There was a significant effect of depth on mean

daily temperature in July 2018 (ANOVA:
F6,90 = 87.51, P = <0.001) but not in January 2019
(ANOVA: F6,170 = 1.283, P = 0.267) (Fig. 1,
Appendix S1: Table S1). In July 2018, the mean
monthly temperature was 29.25°C (� 0.45 SD) at
22 m and 28.09°C (� 0.19 SD) at 61 m. In January

2019, mean monthly temperature was 27.38°C (�
0.18 SD) at 22 m and 27.42°C (� 0.19 SD) at
61 m. The attenuation of Ed with depth was typi-
cal for tropical case I or II waters (Lesser et al.
2009) (Appendix S1: Fig. S3). At 22 m, Ed was
˜198 µmol quanta�m�2�s�1, and at 61 m, Ed was
˜96 µmol quanta�m�2�s�1.

Transplant experiment and natural growth of
sponges
There was a significant effect of treatment on

apical growth rates (ANOVA: F3,16 = 8.51,
P = 0.001). Sponges from the DD and SD treat-
ments had a significantly higher mean growth
rate (DD = 0.12 � 0.01 [SE] cm mo-1, SD =
0.11 � 0.02 [SE] cm mo-1) than DS transplants
(DS = 0.02 � 0.01 [SE] cm mo-1) (Tukey’s HSD =
<0.05) (Fig. 2A), which had the lowest growth
rates of all treatments. Samples from the SS treat-
ment showed an intermediate mean growth rate
(SS = 0.07 � 0.04 [SE] cm mo-1) that was not sig-
nificantly different from any other treatment
group (Fig. 2A). There was a significant effect of

Fig. 1. Daily temperature (°C) measurements between July 2018 and July 2019 along the shallow to mesopho-
tic depth gradient at the experimental site.
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treatment on osculum wall width (ANOVA:
F3,16 = 4.27, P = 0.021). Sponges from the DD
treatment had significantly greater osculum wall
width growth rates (DD = 0.11 � 0.02 [SE] cm
mo-1) than the sponges from SS treatment
(SS = 0.04 � 0.005 [SE] cm mo-1) (Tukey’s
HSD = <0.05) (Fig. 2B). Treatment also had a sig-
nificant effect on the total length of sponges
(ANOVA: F3,16 = 4.25, P = 0.025) with DD
sponges (DD = 0.23 � 0.012 [SE] cm mo-1) dis-
playing significantly higher growth rates com-
pared with DS transplants (DS = �0.17 � 0.16
[SE] cm mo-1) (Tukey’s HSD = <0.05) (Fig. 2C).
There was also a significant effect of depth on the
apical growth rates of naturally occurring, unma-
nipulated, sponges (t(25) = 6.31, P = 0.0188), as
well as growth rates based on total length (t
(31) = 12.62, P = 0.0012) using linear regression,
with deeper sponges displaying the highest
growth rates (Fig. 3A, B). There was no signifi-
cant effect of depth on osculum wall width
growth rates (t(25) = 0.23, P = 0.6334) (Fig. 3C).

Ambient levels of POM and DOM
For POC (lmol�C�L�1), the regression lines

were homogeneous (ANCOVA: depth 9 year
interaction, F1,15 = 0.0001, P = 0.992) while both
depth (ANCOVA: F1,15 = 9.67, P = 0.009) and year
(ANCOVA: F1,15 = 88.03, P < 0.0001) showed a
significant effect on POC concentrations which
increased with increasing depth. As depth
increased into the mesophotic zone, the available
POC during the July 2018 sampling period was
significantly greater compared with January
2019 (Fig. 4A). The regression lines for PON
(lmol�N�L�1) were not homogeneous (ANCOVA:
depth 9 year interaction, F1,15 = 6.76, P = 0.023).
While PON increased significantly with depth
(ANCOVA: F1,15 = 37.42, P < 0.0001), the effect of
year was assessed using a separate Bonferroni-
corrected ANOVA. Using the more stringent
P = 0.025 value, a significant effect (ANOVA:
F1,15 = 88.03, P = 0.006) for year was observed,
with PON significantly greater in July 2018 com-

Fig. 2. Experimental transplant effects between

treatments on mean (�SE) (A) apical growth rate, (B)
osculum wall thickness growth rate, and (C) total
length growth rate. Levels not connected by the same
letter are significantly different (Tukey’s HSD < 0.05).

(Fig. 2. Continued)
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pared with January 2019 (Fig. 4B). For DOC
(lmol�C�L�1), the regression lines were homoge-
neous (ANCOVA: depth 9 year interaction,
F1,15 = 0.186, P = 0.674), while depth (Fig. 4C)
had a significant effect (ANCOVA: F1,15 = 29.17,
P = 0.0002) and year was not significant
(ANCOVA: F1,15 = 1.05, P = 0.326). For DON
(lmol�N�L�1), the regression lines were homoge-
neous (ANCOVA: depth 9 year interaction,
F1,15 = 2.914, P = 0.114), while depth (Fig. 4D)
showed a significant effect (ANCOVA: F1,15 =
55.81, P < 0.0001), and the effect of year on DON
concentration was not significant (ANCOVA:
F1,15 = 0.30, P = 0.594).
The regression lines for NOx (lmol L-1) were

not homogeneous (ANCOVA: depth 9 year
interaction, F3,47 = 6.36, P < 0.0001). NOx

increased significantly with depth (ANCOVA:
F3,47 = 234.36, P < 0.0001), and the effect of year
was assessed using a separate Bonferroni-
corrected ANOVA. Using the more stringent
P = 0.025 value, a significant effect (Bonferroni-
corrected ANOVA: F1,47 = 16.39, P = 0.0002) for
year was observed. NOx was significantly greater
in January 2019 compared with July 2018
(Appendix S1: Fig. S4). The regression lines for
PO4 (Appendix S1: Fig. S4) were not homoge-
nous (ANCOVA: depth 9 year interaction,
F3,47 = 4.37, P = 0.0349), and there was no signifi-
cant effect of depth (ANCOVA: F1,47 = 0.8423,
P = 0.363) or year (Bonferroni-corrected
ANCOVA: F1,47 = 0.04, P = 0.984). The regres-
sion lines for SiO2 (Appendix S1: Fig. S4) were
not homogenous (ANCOVA: depth 9 year inter-
action, F3,44 = 0.816, P = 0.627), and no signifi-
cant effect of depth (ANCOVA: F1,47 = 0.625,
P = 0.28) or year (Bonferroni-corrected ANOVA:
F1,47 = 0.62, P = 0.434) was observed.

Sponge consumption of POM and DOM, and
nutrient fluxes
Because Q values calculated for the transplant

and control sponges on the transplant racks were
consistently much lower than for unmanipulated

Fig. 3. Effects of depth (m) on (A) apical growth rate

(y = 0.042267 + 0.003351x, R2 = 0.20188, P = 0.0188),
(B) osculum wall thickness growth rate (y = 0.08968 +
0.006567x, R2 = 0.0092, P = 0.6334), and (C) total length
growth rate (y = 0.051545 + 0.007405x, R2 = 0.28094,
P = 0.0012) in the sponge Agelas tubulata.

(Fig. 3. Continued)

 v www.esajournals.org 9 September 2021 v Volume 12(9) v Article e03764

COASTAL AND MARINE ECOLOGY MACARTNEY ET AL.

 21508925, 2021, 9, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.3764, W

iley O
nline L

ibrary on [19/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



sponges (Appendix S1: Fig. S2), we used the
mean Q value (mL s-1) measured for the source
sponge populations at their respective depths of
22 and 61 m for all calculations. The transplanted

sponges did not fully attach to the PVC rack
which resulted in the loss of head pressure, and
the lower volume fluxes in the experimental
sponges were an artifact of transplantation. All

Fig. 4. Effects of depth on mean (�SE) ambient concentrations of (A) particulate organic carbon (POC) (July
2018: y = 0.6625 + 0.002261x, R2 = 0.318, P < 0.0001; January 2019: y = 0.25962 + 0.00225x, R2 = 0.752,
P < 0.0001), (B) particulate organic nitrogen (PON) (July 2018: y = 0.0858 + 0.000916x, R2 = 0.938, P < 0.0001;
January 2019: y = 0.0699 + 0.000362x, R2 = 0.458, P < 0.0001), (C) dissolved organic carbon (DOC) (July 2018:
y = 113.1 � 0.5813x, R2 = 0.731, P < 0.0001; January 2019: y = 110.28 � 0.6848x, R2 = 0.698, P < 0.0001), and
(D) dissolved organic nitrogen (DON) (July 2018: y = 9.0764 � 0.1049x, R2 = 0.821, P < 0.0001; January 2019:
y = 7.8 � 0.06625x, R2 = 0.857, P < 0.0001).
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feeding rates were calculated from the actual fil-
tering efficiencies of experimental sponges using
the respective Q values from naturally occurring
sponges at the experimental depths. All feeding
rates are estimated rates.

For the feeding studies in both July 2018 and
January 2019, there were violations in the
assumptions (i.e., homogeneity of slopes) of
ANCOVA for all dependent variables. As a result,
all analyses were conducted using a weighted
ANCOVA approach as described above. There
were significant treatment effects for POC uptake
(lmol�C�s�1) in July 2018 (ANOVA: F3,17 = 6.34,
P = 0.0061) with the SD treatment having the
highest rate among treatments. Post hoc multiple
comparisons showed that the DD and SS
treatments were intermediates and the DS treat-
ment had the lowest uptake of POC (Tukey’s
HSD: P < 0.05) (Table 1). For PON uptake
(lmol�N�s�1), there were significant treatment
effects (ANOVA: F3,17 = 4.99, P = 0.014) with the
SD treatment having the highest rate among
treatments. Post hoc multiple comparisons
showed that the DD and SS treatments were
intermediates and the DS treatment had the low-
est uptake of PON (Tukey’s HSD: P < 0.05)
(Table 1). For DOC (lmol�C�s�1), there were sig-
nificant treatment effects (ANOVA: F3,17 = 14.01,
P = 0.0002) with the SD and DD treatment hav-
ing the highest rate among treatments while the
DS and SS treatments had lower mean uptake
(Tukey’s HSD: P < 0.05) (Table 1). Similarly, for
DON uptake (lmol�N�s�1) there were significant
treatment effects (ANOVA: F3,17 = 5.07,

P = 0.0139) with the DD treatment having the
highest rate among treatments. Post hoc multiple
comparisons showed that the only significant
pair-wise difference was between the SS and DD
treatments (Tukey’s HSD: P < 0.05) (Table 1). For
January 2019, only the uptake of DOC was signif-
icantly different between treatments (ANOVA:
F3,17 = 3.64, P = 0.0393), with the DD treatment
showing significantly higher DOC uptake com-
pared with all other treatments (Tukey’s HSD:
P < 0.05) (Table 1).
There were no significant effects of treatment

for fluxes of NOx, NH4, PO4, or SiO2

(Appendix S1: Table S2). These were then binned
based on their final depth of occurrence for
experimental sponges (22 m = SS and DS treat-
ments and 61 m = DD and SD treatments).
There were no significant differences between
depths in July 2018 (Table 2) but in January 2019,
sponges at 61 m produced significantly more
DIN (ANOVA: F3,32 = 27.91, P < 0.0001) and
NH4 (ANOVA: F3,32 = 8.99, P = 0.008) (Table 2).
There was a significant effect of year for DIN flux
(ANOVA: F3,32 = 3.56, P = 0.0385) with sponges
in January 2019 having higher rates of DIN pro-
duction compared with July 2018.

Stable isotope analyses
For Agelas tubulata, there were no significant

differences for d13C (ANOVA: F3,17 = 2.31, P =
0.121), d15N (ANOVA: F3,17 = 2.72, P = 0.084), or
molar C:N ratios (ANOVA: F3,17 = 2.32,
P = 0.119) between treatments (Table 1). Samples
were then binned by final collection depth (22

Table 1. Mean (�SE) feeding rates from experimental sponges and natural sponges between treatments.

Date Treatment
DOC

(µmol/s)
Tukey’s
HSD

DON
(µmol/s)

Tukey’s
HSD POC (µmol/s)

Tukey’s
HSD

PON
(µmol/s)

Tukey’s
HSD

July 2018 DD 34.45 � 1.6 A 1.36 � 0.16 A 0.237 � 0.057 AB 0.044 � 0.011 AB
SD 26.14 � 4.0 A 0.92 � 0.14 AB 0.324 � 0.068 A 0.06 � 0.013 A
DS 11.64 � 1.58 B 0.92 � 0.3 AB 0.051 � 0.015 B 0.007 � 0.003 B
SS 9.84 � 2.87 B 0.72 � 0.08 B 0.158 � 0.037 AB 0.027 � 0.011 AB

January
2019

DD 17.89 � 4.67 A 3.62 � 0.28 A 0.105 � 0.025 A 0.019 � 0.004 A
SD 8.07 � 0.74 B 1.73 � 0.37 A 0.2 � 0.0496 A 0.036 � 0.009 A
DS 2.23 � 1.19 B 0.31 � 0.06 A 0.095 � 0.041 A 0.016 � 0.007 A
SS 9.41 � 3.66 B 3.23 � 1.54 A 0.086 � 0.003 A 0.016 � 0.001 A

January
2019

Unmanipulated
22 m

3.79 � 1.44 A 0.43 � 0.07 A 0.171 � 0.022 A 0.029 � 0.004 A

Unmanipulated
61 m

12.63 � 2.83 A 0.86 � 0.28 A 0.2 � 0.041 A 0.036 � 0.008 A

Note: Levels not connected by a common letter are significantly different (Tukey’s HSD, P < 0.05).
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and 61 m), and significant differences between
the two depths for d13C (ANOVA: F3,17 = 5.47,
P = 0.0326), d15N (ANOVA: F3,17 = 7.36, P =
0.0153), and molar C:N ratios (ANOVA: F3,17 =
6.61, P = 0.02) were observed. There was enrich-
ment in both d13C and d15N and a lower molar C:
N ratio in the 61 m samples (Fig. 5,
Appendix S1: Table S3).

Proximate biochemical composition
There were no significant treatment effects

observed for the concentration of carbohydrates
(ANOVA: F3,16 = 0.24, P = 0.867), lipids (ANOVA:
F3,16 = 1.12, P = 0.378), soluble proteins (ANOVA:
F3,16 = 0.36, P = 0.787), insoluble proteins
(ANOVA: F3,16 = 0.23, P = 0.871) normalized to
AFDW, or total energetic content in J mg-1 AFDW
(ANOVA: F3,16 = 0.78, P = 0.535) (Appendix S1:
Table S4).

Bite scars on experimental samples
There were no fish bite scars observed on any

A. tubulata, either natural or experimental sam-
ples, during the duration of the experiment.

DISCUSSION

Manipulated and unmanipulated sponge growth
rates increase as depth increases
The biodiversity and abundances of sponges

on Caribbean mesophotic coral reefs (30–150 m)
show a repeatable pattern of increased abun-
dances and biodiversity (Lesser 2006, Trussell
et al. 2006, Lesser and Slattery 2013, 2018, Slat-
tery and Lesser 2015, Lesser et al. 2018, 2019).
Populations of A. tubulata on the Cayman Islands
also show a significant increase in percent cover
with increasing depth (Macartney et al. 2021).
The results of this reciprocal transplant study
show that for the emergent HMA sponge,
A. tubulata, populations from mesophotic depths
have a higher growth rate relative to conspecifics
located at depths <30 m. Both the transplanted
sponge and the unmanipulated sponge growth
rate data support prior studies showing that
sponges increased growth as depth increased
from shallow reefs to upper mesophotic coral
reefs (Lesser 2006, Trussell et al. 2006, Lesser and
Slattery 2013). Here, we show this pattern of
growth extends into the mesophotic for A. tubu-
lata on Grand Cayman reefs. The apical tag
growth rates of both the transplanted and unma-
nipulated sponges were comparable to previous
measurements of A. tubulata growth (Lesser
2006). The transplanted sponges increased
growth rates in the DD and SD treatments, while
the SS and DS treatments showed significantly
less growth. This supports the hypothesis that
the growth rate of these sponges is a response to
the net effects of both biotic and abiotic factors
that vary with increasing depth. In particular, no

Table 2. Mean (�SE) nutrient fluxes of nitrate and nitrite (NOx), ammonium (NH4), phosphate (PO4), and silica
dioxide (SiO2) in experimental sponges between transplant depths.

Date Depth (m) NOx flux (lmol/s) NH4 flux (lmol/s) PO4 flux (lmol/s) SiO2 flux (lmol/s)

July 2018 22 �0.006 � 0.008 0.067 � 0.064 �0.0005 � 0.006 0.024 � 0.026
61 �0.017 � 0.059 0.353 � 0.267 0.0005 � 0.002 �1.119 � 1.812

January 2019 22 0.012 � 0.007 0.001 � 0.067 �0.0012 � 0.001 �0.007 � 0.028
61 0.131 � 0.021 0.361 � 0.098 �0.0009 � 0.003 0.592 � 0.575

Fig. 5. Bivariate plot of d13C and d15N bulk tissue
stable isotopes binned by depth (mean � SE) from the
Agelas tubulata transplant experiment.
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bite scars were noted on any treatment sponges
suggesting that predation was not a significant
factor affecting the growth of these sponges. In
fact, the DS sponges actually show negative
growth rates in terms of total length, potentially
due to their inability to regrow tissue from the
initial experimental disturbance as rapidly when
compared to SD sponges. This could be the result
of reductions in their food supply when they
were moved to shallow depths as previously
suggested (Lesser et al. 2018). Interestingly,
while the deep transplanted sponges show
increasing osculum width growth rates relative
to their shallow counterparts, there is no change
in the unmanipulated sponge osculum width
growth rates as depth increases. The apparent
disparity between the experimental and unma-
nipulated growth rates may be due to the trans-
planted sponges reacting to handling by
thickening their osculum walls rather then put-
ting all of the energy acquired into increasing
apical growth. However, the relative osculum
wall thickness growth rates in the transplant
treatments were comparable to the osculum wall
growth rates of naturally occurring sponges
(Figs. 2B, 3B). So, naturally occurring A. tubulata
are potentially prioritizing apical and linear
growth over the thickening of its osculum walls
as an increase in the thickness of a sponge’s cell
wall may limit pumping rate (Weisz et al. 2008,
de Goeij et al. 2017), and therefore the ability to
consume POM, while increasing size on the verti-
cal axis provides potentially more choanocyte
chambers without the inhibition of flow rate.

Increased availability and consumption of POM
drives increased mesophotic growth rates

The increased consumption of POM, and PON
specifically, has been proposed as a primary
cause for the increased abundance, diversity, and
growth rates in Caribbean mesophotic coral reef
sponges (Lesser 2006, Trussell et al. 2006, Lesser
and Slattery 2013, 2018, Slattery and Lesser 2015,
Lesser et al. 2018, 2019, 2020). As depth increases
into the mesophotic zone, picoplankton with low
C:N ratios increase in abundance in this study
and others (Lesser 2006, Lesser et al. 2019),
which provides an important resource of organic
nitrogen for active suspension feeders such as
A. tubulata (Ribes et al. 2003, 2005). The available
resources to sponges in this study show a steady

increase in POC and PON into the mesophotic
zone (Fig. 4A, B), with concurrent decreases in
DOC and DON (Fig. 4C, D). This pattern of
trophic resource availability has been observed
throughout the Caribbean Basin (Lesser 2006,
Trussell et al. 2006, Lesser et al. 2019, 2020).
Interestingly, this is the first time that both yearly
and seasonal differences in the depth-dependent
increase in POM concentration have been
demonstrated for the shallow to mesophotic
depth gradient in Grand Cayman, or any other
location to our knowledge. Additionally, while
DOM appears to be stable over time in terms of
its decrease in concentration with depth, total
POM availability has an inverse relationship
with the availability of DIN (Appendix S1:
Fig. S4) which is most likely a result of changes
in water column primary productivity, and sub-
sequent changes in the DIN pool. The DIN pool
does increase with depth in both sampling peri-
ods (Appendix S1: Fig. S4), which also con-
tributes to the greater abundances of POM along
the depth gradient. In this study, the experimen-
tal sponges were producers of NOx in January
2019, but not in July 2018 (Table 2). A similar
pattern has been observed in the Xestospongia
muta in the Caribbean (Southwell et al. 2008,
Fiore et al. 2013), but NOx production (i.e.,
whether the sponge is a source or sink) appears
to vary by site (Fiore et al. 2013). Based on the
results reported here, NOx production in A. tubu-
lata might also be affected by season (Table 2).
Sponges were sources for NH4 at both shallow
and deep depths, indicating that these sponges
and their microbiomes can play important roles
in the cycling of these compounds at both shal-
low and mesophotic depths (Pita et al. 2018)
(Table 2). Interestingly, while there was no signif-
icant effect of depth, sponges were generally
sources for PO4 at mesophotic depths and sinks
at shallow depths. This suggests a fundamental
difference in the cycling of this key nutrient by
the sponge’s microbiome for shallow and meso-
photic sponge populations.
The availability of POM is well known to have

an effect on both distributions and growth rates
of a variety of active suspension feeders (Menge
2000, Gili and Coma 1998, Lesser et al. 1994, Les-
ser 2006, Trussell et al. 2006), and the patterns in
this study reflect what has been observed for
many active suspension feeders. While there are
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increasing amounts of POM available to sponges
in the mesophotic, the quality of that food
changes along the depth gradient, and therefore
could have an effect on sponge growth and
abundance. It has been postulated that emergent
sponges in the Caribbean are nitrogen limited on
shallow reefs, and the increased nitrogen in the
form of PON may allow for increased growth
after respiratory demands have been met (Slat-
tery and Lesser 2015, Lesser and Slattery 2018,
Lesser et al. 2018, 2019, 2020). Many studies have
identified DOC as the major contributor of car-
bon to sponge diets (de Goeij et al., 2013, 2017,
Mueller et al. 2014, Rix et al. 2017, 2018, 2020,
McMurray et al. 2018, Gantt et al. 2019, Wooster
et al. 2019), such that carbon is unlikely to ever
be limiting for sponges where DOC is utilized
(Lesser et al. 2018, 2020). In this study, it also
appears that A. tubulata is not carbon limited
(Fig. 4A, C). This may, however, result in
sponges becoming nitrogen limited with respect
to growth (Lesser et al. 2020).

In July 2018, the SD treatment showed signifi-
cantly higher consumption of POC and PON
with increasing depth compared with the DS
treatment, an effect reported in previous studies
on sponge feeding (Lesser 2006, Trussell et al.
2006, Slattery and Lesser 2015) (Table 1). The DD
treatment also showed higher consumption of
POC and PON compared with the SS and DS
treatments, although this was not significant.
This pattern was also observed in January 2019,
and while not significantly different, the DD and
SD treatments showed higher consumption of
POM relative to their shallow conspecifics. This
increased consumption of POC, and PON in par-
ticular, would have allowed for the increased
growth rates observed in this study as nitrogen is
essential for growth in animals. The unmanipu-
lated sponge feeding rates also followed this pat-
tern of increased POM consumption at
mesophotic depths and significantly higher meso-
photic growth rates (Table 1). Overall, this indi-
cates that increased POM consumption is the
driving force in the growth rates of these sponges.

The results of our feeding measurements con-
firm that A. tubulata, and its microbiome, also
utilize significant quantities of DOM in their
diets. While it has been shown that sponge cells
can utilize DOM (Achlatis et al. 2019), the experi-
mental evidence also shows that the primary

consumers of DOM within the sponge, particu-
larly algal derived DOM, are the prokaryotic
microbiome (Zhang et al. 2019, Rix et al. 2020)
which can then transform and translocate DOM
to the host (Shih et al. 2020). The microbiome of
A. tubulata, particularly the high proportion of
Chloroflexi bacteria, has also been shown to have
broad metabolic potential for the use of labile,
semi-labile, and refractory DOM. However, it is
unknown what proportion of this DOM is pro-
vided to A. tubulata from its microbiome in the
form of translocated products or via the phago-
cytosis of symbionts (Leys et al. 2018, Shih et al.
2020). The proportional uptake of POC to DOC
(2–4% and 96–98%, respectively) found in this
experiment was similar to values on emergent
HMA sponges on coral reefs (de Goeij et al. 2017,
Wooster et al. 2019), but the POC proportion was
lower than observed in other studies (McMurray
et al. 2018, Rix et al. 2020). While DOM is poten-
tially important for the microbiome of sponges, it
is clear that POM is crucial for the sponge host,
as a large component of nitrogen is derived from
feeding on POM in sponges (Lesser et al. 2020,
Bart et al. 2020).

Stable isotopes of transplanted sponges reflect
increased reliance on POM in the mesophotic
The increased use of POM as a nutritional

resource for sponge communities in the meso-
photic zone of the Caribbean is reflected in the
stable isotopic signatures of A. tubulata tissue.
Stable isotopes are generally considered a time
integrated metric for assessing the diet of an
organism (Fry 2006), and while there are no pub-
lished studies on stable isotope turnover in
sponges, we can estimate their half-life in
sponges using the equation for whole body
invertebrate samples provided by Vander Zan-
den et al. (2015). Sponges in this study had an
average mass of 29.15 g AFDW with an esti-
mated stable isotope half-life of ˜56 d. The small
increase in d13C may be the result of reduced
consumption of photoautotrophically derived
DOM and POM. It is unlikely due to depth-
dependent changes in symbiont function, as
A. tubulata has no known photoautotrophic sym-
bionts (Gantt et al. 2019, Macartney KJ & Lesser
MP, unpublished) where the fractionation of car-
bon would have been affected by decreasing Ed

with depth. The increased d15N at the deep site
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mirrors similar patterns observed in other
sponges along a shallow to mesophotic depth
gradient (Slattery et al. 2011, Morrow et al.
2016). The stable d15N isotope is often used as a
measure of heterotrophy and changes in trophic
position (Peterson and Fry 1987). In A. tubulata,
POM concumption increases with increasing
depth (Slattery et al. 2011), and the increased
d15N suggests an increased reliance by mesopho-
tic sponges on resources such as heterotrophic
picoplankton or prochlorophytes, both of which
increase in the mesophotic in this study and
others (e.g., Lesser et al. 2019, 2020), compared
to isotopically lighter eukaryotic phytoplankton
and autotrophic picoplankton such as Syne-
chococcus (Lesser 2006, Lesser et al. 2019, 2020;
this study). The decrease in C:N ratios at the
deep site also indicates that deep sponges have a
more stoichiometrically balanced diet to start
with, relative to shallow sponges (Lesser et al.
2020). Taken together, the stable isotope data,
feeding measurements, and ambient POM con-
centrations provide compelling evidence that the
observed differences in growth were driven by
the consumption of nitrogen-rich POM over
time, on mesophotic reefs relative to shallow
reefs. This increased consumption of an abun-
dant, nitrogen-rich resource with greater
bioavailability at mesophotic depths supports
higher growth rates on MCEs. This is the most
parsimonious explanation based on the data pre-
sented here, previously published literature on
Caribbean sponges (Lesser 2006, Trussell et al.
2006, Lesser and Slattery 2013, Slattery and Les-
ser 2015, Wulff 2017) and literature on other
active suspension feeders from a variety of envi-
ronments (Lesser et al. 1994, Menge et al. 1994,
Gili and Coma 1998, Menge 2000, Gili et al. 2001,
Lesser and Slattery 2015).

In some cases, other factors have been shown
to regulate the distribution and abundance of
active suspension feeders (i.e., predation or phys-
ical disturbances: Menge and Sutherland 1976,
Summerson and Peterson 1984, Wulff 2017), but
the results of this study show that bottom-up
forces (i.e., food availability) are an important
factor regulating sponge biomass and growth
rates. Top-down control, in the form of preda-
tion, also seems unlikely here as A. tubulata is a
chemically defended sponge that produces a
wide variety of secondary metabolites, resulting

in tissue extracts from this sponge becoming less
palatable to spongivores relative to other sponge
species (Chanas et al. 1997, Assmann et al. 2000,
Pawlik 2011). Also, in this experiment no bite
scars from spongivorous fish were observed on
naturally occurring or transplanted sponges.
Since these sponges were exposed to all abiotic
and biotic factors, the lack of bite scars suggests
that predation was not a confounding factor
affecting the growth rates observed during this
experiment. There also does not appear to be any
effects of the sponge racks on experimental
sponges (Appendix S1: Fig. S1) as there were no
signs of damage on the outer wall of the sponges.
This is further supported by the observations of
Wulff (2017) who found that predation was not a
significant regulator of sponge populations
between depths on coral reefs but did structure
sponge populations between different habitats
(e.g., mangrove vs. coral reef). The potential for
phenotypic plasticity in chemical defense strat-
egy and tissue regeneration along a depth gradi-
ent has been shown before in the sponge
P. angulospiculatus, where shallow conspecifics
prioritized chemical defense over tissue regener-
ation (Slattery et al. 2016). This trade-off does not
appear to have occurred here, as we noted
increased apical growth in experimental meso-
photic sponges indicating that these sponges
were prioritizing overall growth, not just tissue
regeneration, rather than defense against poten-
tial predators (sensu Ferretti et al. 2009).
It is also unlikely the light environment had

any direct effect on this sponge’s growth rates or
metabolic requirements due to the lack of pho-
toautotrophic symbionts in A. tubulata (Gantt
et al. 2019; Macartney KJ & Lesser MP, unpub-
lished). A. tubulata does harbor dense Chloroflexi
populations (Gantt et al. 2019), as observed in
many Caribbean sponges (Hentschel et al. 2012,
Thomas et al. 2016, Pita et al. 2018), and while
these bacteria have the potential for phototrophic
metabolism (3-hydroxypropionate pathway:
Ward et al. 2018), this was not reflected in the
sponge tissue isotopic composition (Canfield
et al. 2005).

CONCLUSIONS

The results of this study show that A. tubulata
in the mesophotic have greater growth rates
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relative to their shallow conspecifics. Particulate
organic matter was also significantly higher at
mesophotic depths in both July and January,
which provides evidence that the increased
growth rates at mesophotic depths were a result
of the increased consumption of abundant POM
available to the mesophotic sponges. This was
confirmed by the sponge tissue d15N values and
feeding measurements. We have also shown that
A. tubulata consumes significant concentrations
of DOC and DON. But given the higher C:N
ratios and lower bioavailability of DOM for
sponges, the amount of this DOM that actually
goes into sponge biomass accumulation (sensu
Shih et al. 2020) is unknown. These sponges
were found to be sources of inorganic and
organic compounds such as NOx, NH4, and SiO2

at our site and were sources for PO4 at mesopho-
tic depths, illustrating the important role A. tubu-
lata may also play in the local cycling of these
essential nutrients for many community mem-
bers on shallow and mesophotic coral reefs
(sensu Slattery et al. 2013). Further studies on the
cycling of inorganic and organic compounds by
sponges on MCEs, their chemical composition,
and microbial community structure along the
shallow to mesophotic depth gradient are neces-
sary. These data will help identify other factors
controlling the growth, biomass, and distribution
of this Caribbean coral reef sponge.
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