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Abstract
Sponges are a crucial component of Caribbean coral reef ecosystem structure and function. In the Caribbean,

many sponges show a predictable increase in percent cover or abundance as depth increases from shallow
(< 30 m) to mesophotic (30–150 m) depths. Given that sponge abundances are predicted to increase in the
Caribbean as coral cover declines, understanding ecological factors that control their distribution is critical. Here
we assess if sponge cover increases as depth increases into the mesophotic zone for three common Caribbean
reef sponges, Xestospongia muta, Agelas tubulata, and Plakortis angulospiculatus, and use stable isotope analyses to
determine whether shifts in trophic resource utilization along a shallow to mesophotic gradient occurred. Eco-
logical surveys show that all target sponges significantly increase in percent cover as depth increases. Using bulk
stable isotope analysis, we show that as depth increases there are increases in the δ13C and δ15N values,
reflecting that all sponges consumed more heterotrophic picoplankton, with low C:N ratios in the mesophotic
zone. However, compound-specific isotope analysis of amino acids (CSIA-AA) shows that there are species-
specific increases in δ13CAA and δ15NAA values. Xestospongia muta and P. angulospiculatus showed a reduced reli-
ance on photoautotrophic resources as depth increased, while A. tubulata appears to rely on heterotrophy at all
depths. The δ13CAA and δ15NAA values of these sponges also reflect species-specific patterns of host utilization of
both POM and dissolved organic matter (DOM), its subsequent re-synthesis, and translocation, by their
microbiomes.

As coral reefs around the world continue to show declines
in biodiversity and health (Hoegh-Guldberg et al. 2007;
Hughes et al. 2017, 2018) there has been increased interest in
understanding processes affecting the structure and function
of coral reef communities in the Anthropocene (Waters
et al. 2016). The decline in coral cover due to anthropogenic
stressors such as pollution, ocean acidification and increases
in sea surface temperature (e.g., Hoegh-Guldberg et al. 2007)
has resulted in ecological phase shifts in the benthic commu-
nities of many coral reefs (McManus 2000). These community
shifts are predicted to cause an increase in the abundance of
sponges, and changes in the functional attributes of coral reefs
as sponge biomass exceeds coral biomass Caribbean-wide
(McMurray et al. 2010; Bell et al. 2013, 2018). In the Carib-
bean, sponges provide an important source of food and habi-
tat for a variety of coral reef species (Diaz and Rützler 2001;
Bell 2008). Sponges also play an important role in benthic
food webs through benthic-pelagic coupling due to their con-
sumption of live particulate organic material (POM) (Pile

et al. 1997; Lesser 2006; Lesser and Slattery 2013) and
dissolved organic material (DOM) (de Goeij et al. 2013, 2017;
Mueller et al. 2014), thus coupling water column productivity
to benthic secondary productivity (Gili and Coma 1998;
Lesser 2006).

While many ecological studies on the trophic ecology of
sponges have been conducted on shallow coral reefs (de Goeij
et al. 2017), studies in the mesophotic zone, while increasing
(Loya et al. 2016), are not as common (Lesser et al. 2018). The
mesophotic zone is found between 30 and 150 m and is
defined primarily by gradients of abiotic factors, particularly
irradiance (Lesser et al. 2018). Along the shallow to meso-
photic depth gradient, sponges exhibit increased growth rates,
abundances, and diversity (Lesser 2006; Trussell et al. 2006;
Lesser and Slattery 2013; Slattery and Lesser 2015). Addition-
ally, their primary particulate food sources, auto- and hetero-
trophic picoplankton, increase with depth (Lesser 2006; Lesser
and Slattery 2013). As sponges consume particulate and dis-
solved food in proportion to its availability (Lesser 2006; de
Goeij et al. 2008; Slattery and Lesser 2015), mesophotic spon-
ges should therefore consume more POM with increasing
depth (e.g., Slattery and Lesser 2015). Despite the fact that dis-
solved organic carbon (DOC) declines with increasing depth
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(Lesser et al. 2019), it has been suggested that carbon, includ-
ing both particulate organic carbon (POC) and DOC, is not
limiting for sponges along the shallow to mesophotic depth
range (Lesser et al. 2018, 2020; Lesser and Slattery 2018).
Nitrogen, however, is much more likely to be a limiting nutri-
ent for sponge growth (e.g., Hadas et al. 2009). Heterotrophic
picoplankton, with low C:N ratios, increase significantly in
abundance with increasing depth and may supply the nitro-
gen required for the increased growth rates and biomass of
mesophotic sponges (Lesser et al. 2018). These patterns sug-
gest that sponge populations along the shallow to mesophotic
depth gradient are strongly influenced by bottom-up processes
(Slattery and Lesser 2015; de Goeij et al. 2017; Wulff 2017;
Lesser et al. 2018).

One of the most common analytical tools used for studying
the trophic ecology of an organism is bulk stable isotopic analy-
sis (SIA), particularly the stable isotopes δ15N and δ13C
(Fry 2006). However, sponges present a unique problem for
SIA-based studies of their trophic ecology due to the presence
of a diverse microbiome in their tissues and their consumption
of free-living microbes in the plankton (Hentschel et al. 2012;
Pita et al. 2018). For sponges, the bulk δ13C and δ15N values
increase as depth increases into the mesophotic zone (Slattery
et al. 2011; Morrow et al. 2016), indicating a shift in diet from
autotrophic to heterotrophic resources at mesophotic depths.
Using compound-specific isotope analysis of amino acids
(CSIA-AA) may provide increased resolution, compared to bulk
SIA, of sponge trophic ecology along environmental gradients.
Because of the unique fractionation patterns for stable isotopes
of C and N for amino acids (AAs), the δ13C of essential amino
acids (EAAs) can be used to effectively “fingerprint” the biosyn-
thetic origin of source carbon due to the highly conserved
modes of carbon acquisition in bacteria, algae and fungi as the
δ13C of these EAA is maintained throughout the food web due
to low fractionation between trophic levels (Larsen et al. 2009,
2013; McMahon et al. 2016), which allows for predictions of
source end-members utilized by the consumer (Larsen
et al. 2013). The δ15N composition of “source”
(e.g., phenylalanine) vs “trophic” (e.g., glutamic acid) AAs are
informative for both the estimation of trophic position
(TP) and the δ15N composition of AAs at the base of the food
web. Source AAs (SAA) undergo minimal to no fractionation as
they are transferred through a food web (Phe = � 0.5‰)
(Chikaraishi et al. 2009) and thus reflect the biosynthetic origin
of that SAA, whereas the δ15N of trophic AAs (TAA) increase by
as much as � 7–8‰ per trophic level (McClelland and
Montoya 2002; Chikaraishi et al. 2009; McMahon et al. 2015).
Additionally, ΣV values, a measure of bacterial resynthesis and
translocation of organic matter, have been successfully used to
understand the interactions between the sponge host and its
microbiome (Shih et al. 2020). ΣV values assess the reliance of
sponges on translocated organic material vs. feeding from the
water column and will be applied here using the CSIA-AA data
on sponges from shallow to mesophotic depths.

Agelas tubulata, Xestospongia muta and Plakortis
angulospiculatus are three common sponges on coral reefs
throughout the Caribbean, and are all classified as high micro-
bial abundance (HMA) sponges (Gloeckner et al. 2014). While
HMA sponges are known to filter feed upon picoplankton
(e.g., Lesser 2006) it is generally accepted that because of their
high microbial densities they efficiently utilize DOM as well
(Maldonado et al. 2012). Here we assess if the percent cover of
these three sponge species increases as depth increases into the
mesophotic zone on Little Cayman Island, and use SIA and
CSIA-AA to quantify shifts in trophic resource utilization along
a shallow to mesophotic depth gradient. We hypothesize that
these sponges will increase in cover with increasing depth and
rely upon the increasing concentration of available POM with
increasing depth and this will be reflected in their isotopic sig-
natures. Additionally, variability in the utilization of DOM by
the sponge microbiome with depth will affect the transfer of re-
synthesized organic material to the host, which will be reflected
in reductions in the ΣV values of these sponges.

Materials and methods
Target sponge abundance surveys, sample collection and
processing

Replicate samples (n = 3) of A. tubulata, X. muta and P.
angulospiculatus were collected using open circuit technical div-
ing at 10, 18, 30, 61, and 91 m at Rock Bottom Wall, Little Cay-
man, Cayman Islands (19� 4207.3600N, 80� 3024.9400W) in the
Spring of 2009. The abiotic environment (i.e., light, tempera-
ture) of this site from shallow to mesophotic depths is described
in Morrow et al. (2016), while from an oceanographic perspec-
tive this site is occasionally impacted by internal waves (Lesser
et al. 2009). To quantify sponge cover with increasing depth
the percent cover of the target species was estimated using rep-
licate (n = 10) 1 m2 quadrats positioned at random points along
transect lines (n = 3–9 at each depth) of 20 × 2 m at each depth.
The survey data for P. angulospiculatus presented are from Sla-
ttery et al. (2016) and reanalyzed for this study. At each depth,
all sponges were sampled by cutting a “pie-slice” of sponge tis-
sue from the apical lip of the osculum including both
pinacoderm and mesohyl as described in Morrow et al. (2016).
Samples were transported on ice to the laboratory and immedi-
ately frozen. All samples were transported frozen to the Univer-
sity of New Hampshire where they were freeze-dried and
ground to a powder for stable isotope analyses.

Bulk stable isotope analysis
Bulk stable isotope data for X. muta were taken from Morrow

et al. (2016), and for A. tubulata the data are from Slattery
et al. (2011) and reanalyzed here to compare to the CSIA-AA
analyses. For P. angulospiculatus, subsamples from each piece of
sponge tissue, sampled as described above, were sent to the
Marine Biological Laboratory (Woods Hole, MA) for the bulk
analysis of particulate C and N, as well as the natural abundance
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of the stable isotopes δ15N and δ13C. Samples were analyzed
using a Europa ANCA-SL elemental analyzer-gas chromatograph
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, nitrogen isotope
results are reported relative to atmospheric air, and both are
expressed using the delta (δ) notation in units per mil (‰).

Compound specific isotope analysis of amino acids
Sponge samples were sent to the Isotope Biogeochemistry

Laboratory at the University of Hawai‘i at M�anoa for δ15N and
δ13C analysis of individual amino acids. Both δ15N and δ13C,
were quantified using gas chromatography/combustion-isotope
ratio mass spectrometry (GC/C-IRMS) after amino acid extrac-
tion and derivatization. Samples were analyzed using either a
Thermo Scientific Delta V Plus or a Thermo Scientific MAT
253 mass spectrometer interfaced with a Thermo Finnigan
Trace GC gas chromatograph via a Thermo Finnigan GC-C III.
The amino acids measured using this technique were alanine
(Ala), glycine (Gly), threonine (Thr), serine (Ser), valine (Val),
leucine (Leu), isoleucine (Iso), proline (Pro), aspartic acid (Asp),
phenylalanine (Phe), and lysine (Lys). The terminal amide
groups in glutamine (Gln) and aspartame (Asn) were cleaved
during the chemical isolation of amino acids. This resulted in
the conversion of these amino acids to glutamic acid (Glu) and
aspartic acid (Asp), respectively. Thus, the isotope value of the
combined Glu + Gln was measured (termed Glx), and the iso-
tope value of a combined Asn + Asp was measured (termed
Asx). Averaged AA δ13C and δ15N values from these analyses
can be found in Tables S1 and S2, while additional information
on CSIA is available in the supplemental document.

Statistical analyses
Statistical analyses were conducted using PRIMER (version

7) or JMP (v. 14), and R (version 3.4.3). Differences in percent
cover of sponges as a function of depth was assessed with lin-
ear regression. Differences in bulk SIA values between species
were assessed using ANOVA, and differences between SIA
values along the depth gradient were assessed using linear
regression.

The δ13C values of each amino acid in all sponge samples
were normalized to the mean value of all AAs in the sample
(δ13CnorAA = δ13CAA [of interest]-mean all AAs in sample) as
described for the multivariate statistics required for the δ13C fin-
gerprinting approach described in Larsen et al. (2013). To assess
if CSIA-AA can be used to separate bacterial isotopic values
from sponge isotopic values, a principal component analysis
(PCA) and linear discriminant analysis (LDA) were conducted
on δ13CnorEAA from the sponges at each depth using source
end-member data from Larsen et al. (2013) and McMahon
et al. (2016). It should be noted that the end-member source
data used in these analyses while not depth-dependent, repre-
sent the best available data for invertebrates and their food
sources, including representatives from coral reefs.

Differences in the mean of all δ13CAA/EAA and δ15NAA/SAA/TAA,
TP, and ΣV values between depths within each species were
assessed using linear regression with depth as a continuous
variable (significance level of α = 0.05). Differences in mean
δ13CAA/EAA and δ15NAA/SAA/TAA, TP, and ΣV values between spe-
cies were also assessed using ANOVA (ANOVA) with Tukey
HSD post hoc tests as needed (significance level of α = 0.05).
Any data not meeting the assumptions of normality were log-
transformed before analyses. The trophic position of sponges at
each depth was calculated with δ15NPhe and δ15NGlx using a
sponge species-specific enrichment factor calculated as
described in Chikaraishi et al. (2014) using the formula:

TPGlx=Phe = δ15NGlx−δ15NPhe + β
� �

=TDF
� �

+1

where β represents the isotopic difference between δ15NGlu and

δ15NPhe in aquatic cyanobacteria and algae (− 3.4 – 0.9). Species-

specific discrimination factors (TDF) were calculated by sub-

tracting the mean δ15NSAA from the mean δ15NTAA of each

sponge, then the mean value of that calculation from each set of

samples was calculated for use as the species-specific discrimination

factor (X. muta = 8.077, P. angulospiculatus = 7.318, A. tub-

ulata = 4.75). The ΣV value was calculated as outlined in McCar-

thy et al. (2007) and as described by Shih et al. (2020), using the

average deviation of seven trophic δ15NAA values (Ala, Glu, Leu,

Iso, Pro, Asx, Glx) for all samples as follows:

Fig. 1. Percent cover per m2 (mean ± SE) plot of sponges at 10, 18,
30, 61, and 91 m. Regression analysis for effect of depth were all signifi-
cant: Plakortis angulospeculatus, y = −4.0968 + 0.18922x, R2 = 0.787 (t
[28] = 8.61, p ≤ 0.0001), A. tubulata, y = −0.1105 + 0.0054x, R2 = 0.893
(t[28] = 6.50, p ≤ 0.0001), X. muta, y = −0.7867 + 0.0305x, R2 = 0.831 (t
[28] = 8.60, p ≤ 0.0001).
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ΣV =1=nΣAbs XAAð Þ

where X of each trophic AA = (δ15NAA – AVG δ15NAA (Ala, Glu,

Leu, Iso, Pro, Asx, Glx)), and n = the total number of δ15NAA

used in the calculation.

Results
Sponge environment and survey results

From Morrow et al. (2016) vertical profiles of PAR for Little
Cayman showed that the maximum surface irradiances
were � 2400 μmol quanta m−2 s−1. With a KdPAR for the water

Fig. 2. Bivariate plot of bulk stable isotope data for δ13C and δ15N from X. muta (Xm), P. angulospiculatus (Plk), and A. tubulata (Agt).

Table 1. Means (± SE) of Bulk δ13C, Bulk δ15N, δ13CEAA, δ15NSAA, δ15NTAA, trophic position (TP) and ΣV value data for the target species
and all depths.

Species
Depth
(m)

Bulk
δ13C (± SE)

Bulk
δ15N (± SE)

δ13CEAA

(± SE)
δ15NSAA

(± SE)
δ15NTAA

(± SE)
TP phe-
glu (± SE)

ΣV
value
(± SE)

X. muta 10 −19.77 (0.15) 3.53 (0.10) −19.96 (0.53) 0.11 (0.21) 8.85(0.28) 2.03 (0.10) 1.65(0.04)

X. muta 30 −19.07 (0.08) 4.33 (0.09) −19.41 (0.37) −0.04 (0.44) 8.91 (0.95) 1.96 (0.19) 1.77 (0.01)

X. muta 61 −18.37 (0.23) 4.07 (0.10) −19.73 (0.11) 0.74 (0.09) 8.79 (0.49) 1.85 (0.04) 1.43 (0.03)

X. muta 91 −17.67 (0.07) 5.13 (0.21) −18.89 (0.33) 2.36 (0.29) 9.72 (0.21) 1.86 (0.05) 1.86 (0.01)

A. tubulata 18 −15.93 (0.23) 4.77 (0.33) −19.48 (0.47) 1.40 (0.21) 5.96 (0.13) 1.74 (0.05) 0.85 (0.11)

A. tubulata 30 −15.80 (0.13) 5.03 (0.52) −18.8 (0.25) 1.7 (0.28) 6.20 (0.35) 1.75 (0.10) 0.82 (0.11)

A. tubulata 61 −15.56 (0.35) 5.87 (0.12) −18.92 (0.10) 2.175 (0.21) 6.89 (0.41) 1.90 (0.12) 0.98 (0.12)

A. tubulata 91 −15.00 (0.26) 6.40 (0.25) −18.1 (1.16) 1.2 (0.57) 6.43 (0.31) 1.96 (0.19) 0.94 (0.08)

P. angulospiculatus 10 −19.04 (0.14) 2.41 (0.21) −19.12 (0.21) −1.23 (0.59) 5.61 (0.25) 1.66 (0.02) 1.47 (0.07)

P. angulospiculatus 30 −18.96 (0.05) 2.48 (0.08) −19.75 (0.14) 0.133 (0.24) 6.69 (0.50) 1.56 (0.02) 1.5 (0.05)

P. angulospiculatus 61 −18.76 (0.06) 2.62 (0.22) −18.83 (0.35) −0.55 (0.33) 6.98 (0.16) 1.40 (0.23) 1.48 (0.08)

P. angulospiculatus 91 −18.66 (0.19) 2.70 (0.07) −17.71 (0.16) −0.175 (0.44) 8.15 (0.08) 1.63 (0.23) 1.79 (0.09)
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column that ranged from 0.056 to 0.057 m−1. Vertical profiles
of temperature showed a temperature of � 28.5�C at the sur-
face and � 24.5�C at 91 m. For the percent cover of sponges
with depth a significant increase was observed for X. muta, A.
tubulata and P. angulospiculatus (Fig. 1) with the largest
increase in percent cover coming at, or after, �60 m depth for
all species.

Bulk stable isotope analyses
The bulk stable isotopes of the three sponges show species-

specific differences but all show a pattern of increasing values
with increasing depth into the mesophotic zone (Fig. 2,
Table 1). There were significant differences between all species
in tissue δ13C (ANOVA: F = 63.1331, p ≤ 0.0001, Tukey’s HSD:
p ≤ 0.05), and δ15N (ANOVA: F = 53.996, p ≤ 0.0001, Tukey’s
HSD: p ≤ 0.05). There was also a significant effect observed,
using regression analyses of the data in Table 1, for depth on
the bulk tissue δ13C (t[10] = 6.39, p ≤ 0.0001) and δ15N
(t[10] = 3.07, p = 0.012) for X. muta, A. tubulata δ13C
(t[10] = 4.20, p = 0.001) and δ15N (t[10] = 4.21, p = 0.001) and
P. angulospiculatus δ13C (t[10] = −3.01, p = 0.007) and δ15N
(t[10] = −260, p = 0.009).

Compound specific isotope analyses of amino acids
The δ13CEAA fingerprinting analysis, using the Larsen

et al. (2013) δ13CEAA training data set, showed that sponges’
group separately from most other organisms, but by sponge
species (Fig. 3). In both analyses, sponges with known symbi-
onts are differentiated from their potential food sources such
as microalgae, fungus, and bacteria, with microalgae grouping
closely with macroalgae. The LDA was used to assess biosyn-
thetic origin of sponge carbon, and the LDA predicted poten-
tial end-member groups with 91% accuracy. All sponges are
primarily classified with bacteria, detritus, microalgae or

macroalgae but not POM (plankton collection using 5 μm
mesh net) (Fig. 4).

To quantify changes in trophic strategy between depths, an
ANOVA was used on species and linear regression was applied
to the mean values of all δ13CEAA, δ15NSAA, δ15NTAA, TP, and
ΣV measurements between depths for each species (Table 1,
Fig. 5). There were no significant differences in δ13CEAA

between species (ANOVA: F = 2.2217, p = 0.124). There were
significant differences in δ15NSAA (ANOVA: F = 17.1226,
p ≤ 0.0001), with P. angulospiculatus significantly lower than
both X. muta and A. tubulata (Tukey’s HSD: p < 0.05), and sig-
nificant differences in δ15NTAA (ANOVA: F = 32.403,
p ≤ 0.0001), with X. muta significantly greater than
P. angulospiculatus and A. tubulata (Tukey’s HSD: p ≤ 0.05). Sig-
nificant differences were detected (ANOVA: F = 11.432,
p = 0.0002) in TP between species with P. angulospiculatus sig-
nificantly lower than A. tubulata and X. muta (Tukey’s HSD:
p = <0.05). There were significant differences between species
for ΣV values, with higher values indicating more microbial
repossessing and translocation of organic matter to the host
(ANOVA: F = 69.702, p ≤ 0.0001). Post-hoc comparisons rev-
ealed that A. tubulata ΣV values were significantly lower than X.
muta and P. angulospiculatus (Tukeys HSD: p ≤ 0.05) (Table 1).

Using regression analysis there was no significant effect of
depth on δ13CEAA (t[10] = 1.73, p = 0.114), δ15NTAA (t
[10] = 1.08, p = 0.305), TP (t[10] = −1.29, p = 0.225) or ΣV
value (t[10] = 0.63, p = 0.541) for X. muta (Table 1). But there
was a significant effect of depth on δ15NSAA (t[10] = 4.97,
p ≤ 0.0001) (Table 1). For A. tubulata there was no significant
effect of depth on δ13CEAA (t[10] = 1.51, p = 0.163), δ15NSAA (t
[10] = −0.18, p = 0.864), δ15NTAA (t[10] = 1.38, p = 0.197), TP (t
[10] = 1.61, p = 0.138) or ΣV value (t[10] = 0.99, p = 0.3471)
(Table 1). For P. angulospiculatus there was no significant effect
of depth on δ15NSAA (t[10] = 1.02, p = 0.332) or TP (t

Fig. 3. Fingerprinting method for separating functional groups based on principal component analysis of CSIA δ13CnorEAA data. Sponge δ13CnorEAA values
are unique, species-specific and well separated compared to potential food resources of prokaryotic and eukaryotic origin, as well as other filter feeding
organisms (e.g., mussels).
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[10] = −0.41, p = 0.689), while there was a significant effect of
depth on δ13CEAA (t[10] = 3.71, p = 0.004), δ15NTAA (t[10] = 5.78,
p = 0.001), and ΣV value (t[10] = 2.55, p = 0.0287) (Table 1).

Discussion
The sponge species used for this study show an increase in

percent cover from shallow to mesophotic depths in Little

Cayman consistent with sponges from multiple locations in
the Caribbean (Lesser and Slattery 2018), and the Pacific
(Slattery and Lesser 2012; Lesser and Slattery 2018). The
increase in sponge cover also occurs at the beginning of the
lower mesophotic (� 60 m) and is consistent with recent
observations of global faunal breaks for mesophotic taxa on
coral reefs (Lesser et al. 2019). Sponge cover increases with
depth (Fig. 1), and are known to grow faster and have
increased scope for growth as depth increases in the Caribbean
at both shallow and mesophotic depths (Lesser 2006; Trussell
et al. 2006; Lesser and Slattery 2018). Previous studies have
shown this pattern to be associated with increased particulate
trophic resources available to them as depth increases
(Lesser 2006; Slattery et al. 2011; Lesser et al. 2019, 2020). Spe-
cifically, particulate nitrogen availability increases with depth
(Lesser et al. 2019, 2020) and may play a key role in the pat-
terns of sponge distribution in the Caribbean mesophotic
zone (de Goeij et al. 2017).

The bulk SIA data from the three sponges in this study
shows a species-specific pattern as depth increases (Fig. 2). The
δ13C values reflect the consumption of both photoautotrophi-
cally produced DOM and photoautotrophic and heterotrophic
POM (Table 1, δ13C marine picoplankton: −19 to − 24‰,
DOM: −16 to − 23‰) (Fry 2006; Slattery et al. 2011; Hansell
and Carlson 2014; van Duyl et al. 2011; 2018), as well as frac-
tionation processes, such as carbon or nitrogen cycling, and
photoautotrophy, facilitated by the species-specific
microbiomes of these sponges. The data show that heterotro-
phy increases with increasing depth as lighter isotopes are
favored during waste excretion leading to an increase in δ15N
values at higher trophic levels (i.e., more of the heavier iso-
tope leads to an increase in δ15N values). The increases in both
δ13C and δ15N suggest an increased, and proportional, reliance
on heterotrophic picoplankton as photoautotrophic
picoplankton declines into the mesophotic zone as reported
previously (Lesser 2006; Trussell et al. 2006; Slattery
et al. 2011).

Analyses of the CSIA-AA data, using the δ13CnorEAA finger-
printing method based on the Larsen et al. (2013) training
dataset and data from McMahon et al. (2016), reveals that
sponge δ13CnorEAA values are both unique to sponges and
species-specific when compared to the δ13CnorEAA of a wide
range of both prokaryotic and eukaryotic organisms (Fig. 3).
Sponges were unambiguously separated from their principal
planktonic food sources such as cyanobacteria and free-living
bacteria (Fig. 3). This was possible despite the fact that spon-
ges host a microbiome consisting of these groups in their tis-
sues. This suggests fundamental differences in the microbial
communities of sponges vs. the bacterioplankton of the sur-
rounding seawater that can be distinguished using CSIA-AA.
For instance, there are multiple aerobic or anaerobic microen-
vironments within a sponge (Fiore et al. 2010) that are linked
to the metabolic diversity found in sponge microbiomes
(Hentschel et al. 2012; Fiore et al. 2015; Pita et al. 2018). A

Fig. 4. Linear discriminant analysis plots from CSIA δ13CnorEAA data from
a) A. tubulata B) X. muta and C) P. angulospiculatus. Source end member
data was taken from the Larsen et al. (2013) CSIA δ13CnorEAA and from
McMahon et al. (2016).
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wide range of δ13CnorEAA values from these metabolic path-
ways could be contributing to the observed ability to discrimi-
nate between the sponge microbiome and the ambient
bacterioplankton communities.

An LDA (Fig. 4) of δ13CnorEAA was used to assess the source
end-member each sponge sample classified most closely with,
based on data from Larsen et al. (2013) and McMahon
et al. (2016). All sponges classify most closely with bacteria,
detritus and macroalgae (a proxy for DOM), suggesting a reli-
ance on a mixed diet of POM and DOM at all depths. The
LDA also reveals patterns that are likely a result of the species-
specific microbiomes utilization of DOM and in the case of
X. muta, a loss of cyanobacterial photosynthate due to reduc-
tions in available PAR, or reductions in cyanobacterial symbi-
ont abundances with depth (Morrow et al. 2016). This is also
seen in the significant increases in the bulk δ13C and the trend
of increases in the δ13CEAA, indicating potential reductions in
carbon fixed via photoautotrophy as depth increases. The
DOM consumed by sponges could be used for microbial pro-
duction of essential amino acids, as essential amino acids are
derived from microbial, algal or plant organic material and
cannot be synthesized de novo in animals (Larsen et al. 2009,
2013; McMahon et al. 2016). The microbiome may then trans-
locate (sensu Fiore et al. 2015; Shih et al. 2020) specific

nutrients to the host or be consumed directly through phago-
cytosis (sensu Leys et al. 2018) to be used for sponge growth.
It is evident that DOM is an important component of the diets
of the sponge holobiont but as the LDA classifies the most
likely source for each sponge sample, it may not detect finer
scale patterns such as changes in the quantity of particular
source-end member (i.e., an increase in lower C:N ratio bacter-
ioplankton available as depth increases).

To examine fine scale changes in diet, the mean δ13CEAA,
δ15NSAA, δ15NTAA, ΣV, and TP values between depths for each
species have the potential to be informative as it relates to the
diet of these sponges and the metabolic processes of host and
its microbiome at each depth (McCarthy et al. 2007; Larsen
et al. 2013; Vokhshoori et al. 2014; McMahon et al. 2016).
The mean δ13CEAA of these sponges reflect a diet of both
picoplankton and DOM (Fig. 5), but the species-specific pat-
terns observed in the bulk data (Fig. 2) were not observed. This
suggests that selective feeding is not occurring here, but
instead non-selective filtering and utilization of both DOM
and POM resources, based on their availability, occurs at all
depths. Since resource availability changes with depth, such as
the increase in heterotrophic picoplankton and reduced input
from photoautotrophy in the mesophotic zone (Lesser 2006;
Lesser et al. 2018, 2020), it is highly probable that the patterns

Fig. 5. Bivariate plot of CSIA δ13CEAA and δ15NSAA stable isotope data from X. muta (Xm), P. angulospiculatus (Plk) and A. tubulata (Agt).
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of increases in mesophotic sponge δ13CEAA are driven by the
change in resource availability. The increases in δ13CEAA do
not appear to be driven by depth related changes in the micro-
bial community structure of these sponges, as A. tubulata
shows no significant change in microbiome community struc-
ture along the depth gradient (Olson and Gao 2013; Mac-
artney & Lesser, unpublished). The δ13CEAA, however, does
follow a similar pattern with depth in X. muta and
P. angulospiculatus where significant changes in their micro-
biome communities from shallow to mesophotic depths were
observed (Olson and Gao 2013; Morrow et al. 2016; Mac-
artney & Lesser, unpublished). Given that sponge species that
do, and do not, exhibit changes in their microbiome commu-
nities still show a pattern of increases in δ13CEAA with depth, a
functional analysis (i.e., isotope tracer studies) would be
needed to fully resolve the role of the microbiome on δ13CEAA

values. Recently, however, Shih et al. (2020) showed that the
δ13CEAA and δ15NSAA of host and symbiont cells in the sponge,
Mycale grandis are not significantly different, and that their
high ΣV values, a measure of bacterial re-synthesis and trans-
location of organic material (i.e., amino acids), indicated that
these sponges obtained a significant amount of their nutrition
directly from their symbionts.

All three of the sponge species examined show low δ15NSAA

values suggesting that all sponges are consuming resources pro-
duced by diazotrophs during nitrogen fixation (− 2 to 2‰)
(Fig. 5, Tables 1, S2). However, the potential for nitrogen fixa-
tion has been previously reported in sponges (Mohammed
et al. 2008; Fiore et al. 2013), and sponge tissues appear well
oxygenated during pumping (Schlappy et al. 2010; Fiore
et al. 2013; Leys et al. 2018) which would normally inhibit
nitrogen fixation as the enzyme nitrogenase is sensitive to oxy-
gen (Fiore et al. 2010). A more parsimonious explanation for
the low values would be consumption of isotopically light
picoplankton and DOM, which are present at all depths, but
decrease in abundance with depth (Lesser 2006). Sponges can
also consume unicellular picoplankton such as Crocosphaera
sp. and Cyanothece sp. that fix nitrogen (Bauersachs et al. 2009),
which would also contribute to the depleted value observed
here. Populations of unicellular cyanobacteria decrease, while
Prochlorococcus and heterotrophic picoplankton increase into
the mesophotic (Lesser 2006; Lesser et al. 2020). Prochlorococcus,
and most marine species of Synechoccocus, are not known to fix
nitrogen and their δ15N value likely reflects the δ15N isotopic
values of DIN in the water column (� 3 to 6‰) (Slattery et al.
2011; Ren et al. 2012) so the increased consumption of both
heterotrophic bacteria and Prochlorococcus is likely contributing
to the observed pattern of δ15N increases as depth increases in
P. angulospiculatus and X. muta. However, anoxic compartments
do occur in sponge tissues, so a combined effect of
microbiome-associated nitrogen fixation and feeding on isoto-
pically lighter picoplankton cannot be ruled out.

Interestingly, the δ15NSAA of P. angulospiculatus and
A. tubulata do not undergo significant increases with depth

indicating that increases in the bulk δ15N may be a result of
microbial transformations of other macromolecules (i.e., fatty
acids of lipids) or changes in trophic resources stable isotope
composition instead of increased consumption of heterotro-
phic bacteria. This is contrary to multiple feeding studies
(Lesser 2006; Trussell 2006), but it is clear that POM as a
resource increases with depth (Lesser 2006; Trussell
et al. 2006; Lesser et al. 2019), so while the CSIA-AA signatures
of sponges may not reflect a change in diet type, they are still
likely feeding proportionately on the increased quantities of
POM as depth increases (Morganti et al. 2017). Additionally,
the δ15NSAA of A. tubulata were higher relative to the other
sponges in this study, indicating that this sponge relies more
heavily on heterotrophy at all depths studied. The observed
δ15NTAA values from all sponges show increases consistent
with one trophic level of fractionation (Hannides et al. 2009;
Chikaraishi et al. 2009, 2014), confirming that sponges con-
sume both picoplankton and DOM. The increased values of
δ15NTAA values along the depth gradient observed in
P. angulospiculatus and X. muta (Table 1) also indicate that
there is increased trophic enrichment as depth increases
(i.e., consumption of POM), and a decrease in the consump-
tion of photoautotrophically derived resources. In the case of
X. muta, the significant increase in δ15NSAA is also driven by
increased heterotrophy over autotrophy as depth increases.
The lack of any significant changes δ15NTAA in A. tubulata
appears to indicate that it relies on a similar trophic strategy
along the depth gradient and any trophic inputs from the
microbiome remain stable as does the observed ΣV value of
this sponge.

The ΣV value of a sponge sample can be used as a proxy for
the microbial resynthesis of amino acids within the sponge
(McCarthy et al. 2007; Shih et al. 2020). The microbiomes of
sponges and sponge cells are known to consume DOM as it is
pumped through the host sponge (Rix et al. 2016). The
byproducts of metabolizing DOM or photosynthesis by the
microbiome are known to be translocated to host cells or
through direct symbiont consumption via phagocytosis in the
mesohyl (Fiore et al. 2015; Leys et al. 2018; Pita et al. 2018).
The ΣV values for all sponges in this study are below 2 which
is similar to values seen in zooplankton (McCarthy et al. 2007;
Shih et al. 2020) (Table 1). This indicates that while DOM re-
synthesis by the microbiome and subsequent transfer to the
host is occurring in these sponges, the sponge host is still
obtaining food from heterotrophic feeding on picoplankton.

The higher ΣV values in X. muta and P. angulospiculatus
compared to A. tubulata (Table 1) suggests that X. muta and
P. angulispiculatus rely more on microbial reprocessing of
DOM at all depths. In particular, the significant increase in
P. angulospiculatus ΣV values with depth suggests that this
sponge relies more on their microbial symbionts with depth
for DOM consumption and reprocessing relative to shallow
conspecifics and may be more dependent on DOM compared
to the other sponges in this study. This also appears to be
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reflected in its TP values which are lower compared to the
other sponges. Additionally, their microbiomes may play a
larger role in processing waste products that the sponge pro-
duces from heterotrophic feeding, such as ammonia. Many
sponges are known to have ammonia oxidizing bacteria pre-
sent in their mesohyl and genomic evidence shows waste
uptake in several common sponge symbionts (Hentschel
et al. 2012; Pita et al. 2018). The lower ΣV value of A. tubulata
corroborates the observed reliance on heterotrophy at all
depths in this sponge based on its δ15NSAA. Interestingly these
sponges show lower ΣV values compared to the encrusting
sponge M. grandis (ΣV value: 3) (Shih et al. 2020), which sug-
gests that emergent sponges rely less on DOM compared to
encrusting sponges. This has been suggested previously, as
encrusting sponges are better suited for DOM uptake in terms
of total surface area (de Goeij et al. 2017). While this study did
not separate microbial symbionts from sponge tissues, data
from Shih et al. (2020) showed no significant difference in
CSIA-AA isotopic composition between sponge tissues and its
microbiome.

The TP values of the sponges’ in this study range between
1–2 (Table 1), indicating that they are primary consumers on
Caribbean coral reefs (Hannides et al. 2009; Mompeán
et al. 2016; Landry and Décima 2017) that utilize both POM
and DOM. The differences between species may indicate that
there are different strategies in microbiome assimilation of
DOM or species specific differences reliance of the host on
the microbiome for nutrition. The ΣV and TP values together
provide evidence of consumption of POM and DOM by the
sponges in this study at all depths, but increased POM con-
sumption as depth increases consistent with the observed
patterns of increases in the picoplankton fraction of POM in
the mesophotic throughout the Caribbean (Lesser 2006;
Lesser et al. 2019, 2020). We also show that the microbiomes
of sponges provide species specific nutritional inputs to their
hosts. However, given the variability between the three
HMA sponges described here we suggest that the trophic
ecology of sponges should be assessed on a species by species
basis.

Conclusions
Based on the bulk SIA data from this study, mesophotic

sponges have increased reliance on POM consumption based
on the pattern of increasing of δ13C and δ15N. However, these
patterns also suggest that these sponges may have varying tro-
phic strategies (i.e., feeding on different end-members) or have
species-specific transformations of carbon and nitrogen due to
their unique microbiomes. The CSIA-AA data shows that these
sponges feed in the same trophic niche at each depth, con-
suming DOM and POM in proportion to its availability at all
depths but with varying contributions of nutrition from their
microbiomes through microbial reprocessing of DOM based
on ΣV values. Consumption of DOM is crucial for sponge

nutrition but increased quantities of POM as depth increases
appears to support the co-occurring increase in sponge bio-
mass. While the increases in mean δ13CEAA and δ15NSAA are
lower compared to bulk data as depth increases, this is to be
expected due to the lack of fractionation processes (Larsen
et al. 2009, 2013). The ΣV values from these sponges show
that these sponges utilize resynthesized amino acids from
their microbiome to varying degrees but also that these spon-
ges rely on both DOM and POM for their carbon and nitrogen
budgets at all depths assessed here. This study provides com-
prehensive evidence that CSIA-AA has the potential to
increase our understanding of Caribbean mesophotic coral
reef trophic ecology and sets a baseline that can be expanded
upon with additional studies of sponge microbiome commu-
nity structure, increased source-end member sampling for
multivariate analyses, and in-situ feeding measurements of
sponges in the mesophotic zone.
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