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1.  INTRODUCTION 

In the Caribbean, sponges are common members of 
coral reef ecosystems (Wulff 2012), and their roles in 
nutrient cycling and as essential habitat for numerous 
diverse and ecologically important reef species are 
well established (Diaz & Rützler 2001, Bell 2008, Fiore 
et al. 2010, de Goeij et al. 2013, 2017). Like many ben-
thic marine species, sponges develop  species-specific 
symbioses with microbial communities (i.e. micro-
biome) that can play many important roles in nutrient 
cycling in hospite and on coral reefs (Thacker & Free-
man 2012, Fiore et al. 2013a,b, 2020, Bourne et al. 

2016, Morrow et al. 2016, Pita et al. 2018). Sponge-
 associated microbes account for 35−50% of the total 
biomass of a sponge (Hentschel et al. 2006, Thomas et 
al. 2016) and have been shown to provide inorganic 
and organic resources to their host through chemosyn-
thesis, photosynthesis and/or hetero trophy (Freeman 
& Thacker 2011, Fiore et al. 2013a, 2015, Rubin-Blum 
et al. 2019, Zhang et al. 2019, Rix et al. 2020). Sponges 
have co-evolved two different character states of sym-
biont association based on the relative density of 
micro bes within the tissues of the host sponge 
(Pankey et al. 2022). High microbial abundance 
sponges (HMA) harbor 108 to 109 bacteria g−1 of 
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sponge tissue while low microbial abundance sponges 
(LMA) harbor 105 to 106 bacteria g−1 of sponge tissue 
(Weisz et al. 2008, Hentschel et al. 2012, Gloeckner et 
al. 2014, Pita et al. 2018). For most sponges, their 
HMA or LMA status influences their trophic ecology. 
Early studies suggested that HMA sponges were un-
able to filter sufficient particulate organic matter 
(POM) from the surrounding seawater to support their 
energetic requirements. Therefore, HMA sponges 
were thought to supplement that resource with dis-
solved organic matter (DOM), whereas LMA sponges 
appeared to meet their energetic requirements using 
POM alone (Reiswig 1981, Weisz et al. 2008). Subse-
quent studies have shown that the trophic ecology of 
HMA versus LMA sponges is more nuanced (de Goeij 
et al. 2017) and that DOM uptake and assimilation 
can also be dependent on the sources of DOM (Rix et 
al. 2017). 

Sponge-associated microbes significantly influ-
ence both the chemical and trophic ecology of the 
sponge, which in turn affects sponge depth distribu-
tions (e.g. Slattery et al. 2016) from shallow (<30 m) 
to mesophotic (~30−150 m) depths (Lesser et al. 
2018). Specifically, sponges increase in abundance 
and percent cover with increasing depth into meso -
photic coral reef ecosystems (MCEs) (Lesser et al. 
2009, 2018, Garcia-Sais 2010, Lesser & Slattery 2018, 
Macartney et al. 2020, 2021a,b). MCEs have received 
increasing attention due to their potential role as 
refuges for threatened shallow reef species (Bon-
gaerts et al. 2010, Slattery et al. 2011, Loya et al. 
2016, Lesser et al. 2018; but see Bongaerts et al. 2017) 
and are characterized by gradients of abiotic factors 
such as decreasing photosynthetically active radia-
tion (PAR; Lesser et al. 2009, 2018, 2021). In the Car-
ibbean, many MCEs also show repeatable patterns in 
trophic resource availability, including increases in 
POM and concurrent decreases in DOM as depth 
increases (Lesser 2006, Trussell et al. 2006, Lesser & 
Slattery 2013, Lesser et al. 2019, 2020). 

Biotic and abiotic factors that influence sponge dis-
tributions in the Caribbean have been studied exten-
sively (Lesser 2006, Trussell et al. 2006, Pawlik et al. 
2013, 2015, Lesser & Slattery 2018, Lesser et al. 2018, 
2019), and while top-down control (i.e. predation) can 
affect sponge distributions, particularly within man-
groves (e.g. Wulff 2017), bottom-up control is the pri-
mary factor affecting sponge distributions be tween 
shallow coral reefs and MCEs. Bottom-up forcing 
based on the increased availability and consumption 
of both DOM and POM significantly influences the 
ecological distributions and abundances of sponges 
from shallow to MCE depths (Lesser 2006, Trussell et 

al. 2006, Lesser & Slattery 2013, 2018, Slattery & 
Lesser 2015, Lesser et al. 2019, 2020, Macartney et al. 
2021a,b). Sponges increase their consumption of both 
POM and DOM as depth in creases (Lesser 2006, 
Macartney et al. 2021b), and while POM is essential 
for sponge growth through the provision of nitrogen 
(Ducklow et al. 1993, Campbell et al. 1994, Lesser 
2006), the DOM component of sponge diets is a major 
source of carbon for sponges, comprising up to 95% of 
their carbon uptake (de Goeij et al. 2013, 2017, 
Mueller et al. 2014, McMurray et al. 2018, Wooster et 
al. 2019). While recent studies have clearly shown 
that sponge cells (i.e. choanocytes) can take up DOM, 
this resource is also consumed by the microbiome of 
the sponge, with rates dependent on whether it is an 
HMA or LMA sponge (Rix et al. 2020, Hudspith et al. 
2021, Olinger et al. 2021). Reprocessed DOM, in 
the form of dissolved free amino acids, can also be 
translocated to the sponge host from the microbiome, 
as shown using compound-specific isotopic analysis 
of essential amino acids (Shih et al. 2020, Macartney 
et al. 2021a), or used to synthesize compounds for 
chemical defense (Olinger et al. 2021). While the pro-
portion of organic material that is transferred from the 
microbiome to the sponge host has not been quanti-
fied (Rix et al. 2020), it should be noted that transfer of 
DOM-derived carbon and nitrogen from host cells to 
the microbiome has been observed (Rix et al. 2020), 
and direct phagocytosis of bacterial symbionts by host 
cells also occurs (Leys et al. 2018). While the micro-
biome of sponges has been described as stable over 
large temporal and spatial scales, environmental gra-
dients can change the community composition of 
the sponge microbiome, and the magnitude of this 
change can be site-dependent (Morrow et al. 2016, 
Pita et al. 2018). Studies from the Caribbean and the 
Pacific have shown that changes in depth can affect 
the community composition of sponge microbiomes, 
driven by both abiotic and biotic factors (Olson & Gao 
2013, Morrow et al. 2016, Steinert et al. 2016). 

Here, a natural experiment (sensu Diamond 1986) 
on 3 HMA sponges (Agelas tubulata, Plakortis angu-
lospiculatus and Xestospongia muta) and one LMA 
sponge (Amphimedon compressa) was conducted 
along a shallow to mesophotic depth gradient on 
Grand Cayman Island, where sponges increase in 
abundance with increasing depth as documented for 
several locations in the Caribbean basin (Lesser & 
Slattery 2018, Macartney et al. 2021a). We quantified 
the trophic strategies of these sponges and deter-
mined which species or symbiotic state (i.e. HMA vs. 
LMA) relies more heavily on POM or DOM as depth 
increases, using stable isotopes of carbon (δ13C) and 

126



Macartney et al.: Depth-dependent trophic ecology of sponges

nitrogen (δ15N) as trophic markers. Specifically, do 
changes in the biodiversity of the sponge microbiome 
occur as a function of depth into mesophotic habitats? 
Are changes in biodiversity associated with changes 
in trophic resource availability? And does heterotro-
phic uptake of DOM and POM change with the con-
centrations of these trophic resources, and is that re-
flected in their stable isotopic signatures, energetic 
reserves, community structure of their microbiomes 
and predicted metabolic profiles and relative func-
tional capacity? These sponges represent a variety of 
morphologies (see Abraham et al. 2021), microbial as-
sociations (i.e. LMA vs. HMA) and trophic strategies, 
such as symbiosis with known photoautotrophic sym-
bionts in X. muta (Morrow et al. 2016), compared to 
sponges that have low relative abundances of photo-
autotrophic symbionts such as A. tubulata (Gantt et al. 
2019). Unlike studies on a single species, using multi-
ple species of varying ecological phenotypes over 
gradients of abiotic factors should provide significant 
insight into the trophic ecology of these sponges. 

2.  MATERIALS AND METHODS 

2.1.  Study site 

All environmental data and sponge samples were 
collected at the Kittiwake Anchor Buoy site, Grand 
Cayman (19.36° N, 81.40° W). This site ex hibits a spur 
and groove morphology, with a sloping reef structure 
between 15−60 m, at which point the reef topography 
turns into a vertical wall. As depth increases into the 
mesophotic zone at this site, concentrations of partic-
ulate organic carbon and particulate organic nitrogen 
increase significantly, while dissolved organic carbon 
(DOC) and dissolved organic nitrogen (DON) de-
crease significantly (Lesser et al. 2018, 2019, Macart-
ney et al. 2021b). Dissolved in organic nitrogen as NOx 
(i.e. NO3

− + NO2
−) in creases significantly with depth 

at this site (Macartney et al. 2021b). Downwelling ir-
radiance (Ed), measured as PAR (400−700 nm), also 
exhibits a significant decrease as depth increases into 
the mesophotic zone (Lesser et al. 2018, 2021, Macart-
ney et al. 2021b). 

2.2.  Sample collection 

Samples of sponge tissue, ambient seawater and 
sediment porewater were collected at the study site. 
Tissue samples from individual sponges (i.e. genets) 
of Agelas tubulata, Amphimedon compressa, Plakor-

tis angulospiculatus and Xestospongia muta were 
collected along a depth gradient at 15, 22, 30, 46, 61, 
76 and 91 m. Samples of A. tubulata, A. compressa 
and P. angulospiculatus were collected (n = 3−6 for 
each depth) at 15, 22, 30, 46 and 61 m, while X. muta 
was collected (n = 5−8 for each depth) at 15, 30, 61, 
76 and 91 m. A. tubulata, P. angulospiculatus and X. 
muta were sampled by cutting a ‘pie-slice’ of sponge 
tissue from the apical lip of the osculum, including 
both pinacoderm and mesohyl, as described in Mor-
row et al. (2016); these tissues were placed in labeled 
bags filled with seawater. A. compressa was sampled 
as whole ‘branches’ and placed into labeled bags 
filled with seawater. For all species, sponge tissue 
was left at the base for regrowth after sampling. All 
sponges were kept in a shaded cooler, submerged in 
seawater, until transported to shore for sample pro-
cessing. A small subsample was taken using a sterile 
razor and stored in DNA preservation buffer (Seutin 
et al. 1991) for subsequent 16S rRNA amplicon se-
quencing. Additional subsamples of tissue were col-
lected for stable isotope analyses and immediately 
frozen at −20°C for transport to the University of New 
Hampshire (UNH), where they were frozen at −80°C 
until analysis. The remaining sponge tissue was 
frozen at −20°C and transported frozen to the Univer-
sity of Mississippi, where they were freeze-dried for 
proximate biochemical analyses. 

Seawater samples were also taken at the surface 
and at 22, 30, 46, 61, 76 and 91 m (n = 3 per depth). 
Acid-washed 180 ml syringes were used to take sam-
ples approximately 1 m above the benthos at each 
depth, taking care to avoid any benthic organisms or 
sediment. Water samples were then filtered through 
a 0.2 μm baked GF/F filter that was stored in DNA 
buffer. Porewater was collected at 15 m (n = 3) by fill-
ing a 50 ml falcon tube half with sediment and half 
with seawater. These samples were then taken to the 
laboratory, mixed by inversion and allowed to settle, 
and samples of the supernatant were filtered as 
described above for seawater samples. Seawater and 
porewater DNA samples were immediately frozen at 
−20°C and transported frozen to UNH, where they 
were frozen at −80°C until analysis. 

2.3.  DNA isolation and 16S rRNA amplicon 
 sequencing 

To obtain genomic DNA, approximately 200−
300 mg of sponge tissue was taken from a subsample 
stored in DNA buffer and blotted to remove any ex-
cess; the tissue was then cut into small pieces using a 
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sterile razor. Sponge DNA was isolated using a Qia-
gen DNeasy PowerSoil® extraction kit with a modified 
protocol as follows. Tissue was added to the PowerSoil 
bead tubes with 5 μl of Proteinase K (20 mg ml−1 stock 
in 10% sodium dodecyl sulphate) and 2 μl of RNAse 
(Qiagen) before incubation at 55°C for 18 h. After this 
incubation, PowerSoil Kit Solution 1 was added, and 
samples subsequently under went a bead-beating 
step using a Qiagen Tissue Lyser for 5 min at 50 Hz. 
The Qiagen DNeasy PowerSoil kit standard instruc-
tions were followed post bead-beating. 

Microbial DNA was amplified using PCR, with 
primers targeting the universal prokaryotic 16S 
rRNA gene (sensu Lesser et al. 2020, Macartney et al. 
2020). The forward primer 515F (5’-GTG YCA GCM 
GCC GCG GTA A-3’; Parada et al. 2016) and the 
reverse primer 806R (5’-GGA CTA CHV GGG TWT 
CTA AT-3’; Apprill et al. 2015) were used. Fluidigm 
linker sequences CS1 (5’-ACA CTG ACG ACA TGG 
TTC- TAC A-3’) and CS2 (5’-TAC GGT AGC AGA 
GAC TTG GTC T-3’) were then added to the 5’ end 
of forward and reverse primers to facilitate next-gen-
eration sequencing. The 16S rRNA gene PCR con-
sisted of a 25 μl reaction with 12.5 μl AmpliTaq Gold 
360 Master Mix (Applied Biosystems), 1.0 μl GC-
enhancer, 0.5 μl 515F (10 μM) and 0.5 μl 806R 
(10 μM), 2.0 μl of DNA template (20−30 ng) and 8.5 μl 
nuclease-free water (Integrated DNA Technologies). 
Reactions were performed using the following PCR 
protocol: initial denaturation for 10 min at 95°C, 30 
cycles of 95°C for 45 s, 50°C for 60 s and 72°C for 90 s, 
followed by a 10 min extension at 72°C. Successful 
PCR reactions were confirmed by visualizing prod-
ucts on a 1% agarose gel. The PCR amplicons con-
taining Fluidigm linkers were sequenced on an Illu-
mina MiniSeq System employing V2 chemistry (2 × 
150 bp reads) at the University of Illinois at Chicago 
Research Resources Center’s Sequencing Core. 
Amplicon sequence variants (ASVs) were inferred 
and tabulated across samples using ‘DADA2’ (Calla-
han et al. 2016) utilizing established bioinformatic 
pipelines (Lesser et al. 2020, Macartney et al. 2020). 

The analyses of sponge microbial communities were 
accomplished utilizing the R package ‘phyloseq’ (Mc-
Murdie & Holmes 2015) in R (sensu Lesser et al. 2020). 
Samples with fewer than 10 000 counts were filtered 
from the ASV count table, and ASVs detected in more 
than 2 samples and at least 10 occurrences across 
samples were retained during the filtering process. 
Samples were then rarefied to ac count for sampling 
effort. To measure the alpha diversity for each 
sample, the Shannon diversity in dex was used. Ordi-
nation plots were produced based on Bray-Curtis 

 distance matrices using nonmetric multidimensional 
scal ing (NMDS) (stress value: <0.0001). To assess 
com po si tional differences at varying taxonomic scales, 
the rarefied ASV count table was consolidated by 
rank using the phyloseq ‘tax_glom’ function and then 
raw counts were transformed to center log rations us-
ing the ‘transform’ function (CLR) from the R package 
‘microbiome’ (Callahan et al. 2016). Microbial phylum 
and class compositional differences between depths 
for each sponge species were tested using permuta-
tional multivariate analysis of variance (PERMANOVA) 
in the R package ‘vegan’. Any differences observed 
during post hoc testing at the class level for taxa be-
tween depths were tested using ANOVA and Tukey’s 
HSD on dominant taxa (>1% reads). Phylum and 
class level were used for these analyses due to limita-
tions in the (SILVA) database typically hindering clas-
sification beyond class level for the majority of ASVs, 
which is unsurprising given the novel diversity found 
in sponge microbiomes. 

Predicted community profiles and functional capac-
ities were assessed using PICRUSt2 (v.2.1.0−b), which 
uses the metagenomic data from available geno mic 
databases (Langille et al. 2013, Langille 2018). The 
16S rRNA ASVs were aligned with ‘HMMER’ (Eddy 
2008) and then put in a reference tree provided by 
 PICRUSt2 using ‘EPA−ng’ and ‘GAPPA’ (Barbera et 
al. 2019). Gene family copy numbers were predicted 
for 16S rRNA as well as the Kyto Encyclopedia of 
Genes and Genomes (KEGG) functions using the En-
zyme Commission (EC) and KEGG Orthology (KO) 
accessions using hidden state prediction (‘castor’) based 
on ASV abundances and phylogenetic proximity to 
reference taxa with available genomes. To minimize 
error in gene content prediction due to poor matches 
to available genomes, any ASVs receiving nearest-se-
quenced-taxon-index (NSTI) scores below 2 were re-
moved. The relative abundances of metabolic path-
ways en coded by each sponge’s micro biome were 
predicted using MinPath (Ye & Doak 2009). Then the 
relative abundances of functional genes of interest 
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/m693p125_supp.pdf) for sponges over 
the depth range sampled were assessed using linear 
regression on the relative abundances normalized to 
the total reads in the sample.  

2.4.  Stable isotope analyses 

Subsamples of sponge tissue were collected using a 
sterile razor and dried at 55°C for 24 h before pulver-
izing into a powder. Samples were sent to the Marine 
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Biological Laboratory (Woods Hole, MA) for the 
analysis of bulk C and N, as well as the natural abun-
dance of the stable isotopes δ15N and δ13C. Prior to 
analysis, samples were acidified using 1 M HCL. No 
significant differences in δ15N due to acidification 
were observed (Macartney et al. 2020, Schubert & 
Nielsen 2000) when using paired samples of acidified 
and nonacidified tissues. Samples were analyzed 
 using a Europa ANCA-SL elemental analyzer−gas 
chroma to graph attached to a continuous-flow Europa 
20-20 gas source stable isotope ratio mass spectrome-
ter. Carbon isotope results are reported relative to Vi-
enna Pee Dee Belemnite, and nitrogen isotope results 
are reported relative to atmospheric air; both are ex-
pressed using delta (δ) notation in units per mil (‰). 
The analytical precision of the instrument was 
±0.1‰, and the mean precision of sample replicates 
was ±0.4‰ for δ13C and ±0.2‰ for δ15N. 

2.5.  Proximate biochemical composition 

Samples for proximate biochemical composition 
(PBC) were freeze-dried and pulverized, and dry 
sample mass was recorded before the analysis of PBC. 
See Abraham et al. (2021) for de tails; but briefly, car-
bohydrates were extracted and quantified using the 
phenol-sulfuric acid method in microplate format de-
scribed in Masuko et al. (2005). A standard curve was 
derived from glucose standards and used to calculate 
the concentration of carbohydrates in samples. Solu-
ble protein was extracted and quantified using the 
Bradford method (Bradford 1976). A standard curve 
was derived from bovine serum albumin (BSA) stan-
dards and used to calculate the concentration of pro-
tein in samples. Lipids were extracted and quantified 
using a modified version of the gravimetric protocol 
described by Freeman et al. (1957), and inorganic tis-
sue constituents (i.e. ash) were quantified using tissue 
placed in a pre-weighed aluminum foil weigh-boat 
that was baked at 500°C in a muffle furnace for 5 h as 
described by McClintock et al. (1991). All components 
of the PBC were normalized to ash-free dry weight as 
described in Abraham et al. (2021) and converted to 
energetic equivalents using the enthalpies of combus-
tion for protein, carbohydrates and lipids as described 
by Gnaiger & Bitterlich (1984). 

2.6.  Statistical analyses 

All statistical analyses were completed in either 
JMP (v.14) or R (v.3.6.2). The effects of depth and spe-

cies on the microbial community were assessed with 
PERMANOVA and ANOVA as described above. Mul-
tiple comparison post hoc tests (i.e. Tukey’s HSD) 
were applied where appropriate. The ef fects of depth 
and species on stable isotope ratios and PBC were as-
sessed using linear regression, with depth treated as a 
continuous variable. Trophic niche separation was as-
sessed using the stable isotope values for each sponge 
in the program Stable Isotope Bayesian Ellipses in R 
(SIBER; Jackson et al. 2011). Niche position and over-
lap were determined using calculations described in 
Layman et al. (2007) and statistically tested using 
Hotelling’s t-tests sensu Turner et al. (2010). Any vari-
ables not meeting the assumptions of normality were 
log transformed before analysis and back transformed 
for presentation. 

3.  RESULTS 

3.1.  16S rRNA amplicon sequencing 

A total of 5 908 265 16S rRNA MiniSeq read-pairs 
were initially recovered from sequencing of the 4 
sponge species, seawater and sediment porewater. 
After merging and quality-trimming with DADA2, 
5 572 585 read-pairs remained. These ranged from 
67 833 to 11 001 with a mean of 31 483 ± 7860 reads 
per sample. A total of 8507 unique ASVs were ini-
tially re covered, but ASVs unique to 2 or less sam-
ples or with fewer than 10 total observations were re -
moved from the data set, resulting in a total of 3709 
unique ASVs for downstream analyses. 

There were significant differences in mean  Shannon-
alpha diversity between sponge species, sea water 
and sediment porewater (ANOVA: F5,125 = 192.63, 
p < 0.0001) (Fig. S1), with all species and water types 
significantly different from each other with the ex -
ception of Xestospongia muta and the filtered seawa-
ter samples (Tukey’s HSD < 0.05) (Fig. S1). Between 
sponge species, X. muta had the highest mean (±SE) 
Shannon-alpha diversity (4.73 ± 0.07), followed by 
Plakortis angulospiculatus (4.15 ± 0.05) and Agelas 
tubulata (3.17 ± 0.04), while Amphimedon compressa 
displayed the lowest mean Shannon-alpha diversity 
(2.66 ± 0.06). There was no significant effect of depth 
on Shannon-alpha diversity for A. compressa (ANOVA: 
F4,22 = 0.52, p = 0.71; Fig. S2A), A. tubulata (ANOVA: 
F5,30 = 0.71, p = 0.623; Fig. S2B) or P. angulospiculatus 
(ANOVA: F4,22 = 1.77, p = 0.17; Fig. S2C). However, 
there was a significant effect of depth on Shannon-al-
pha di versity for X. muta (ANOVA: F4,25 = 3.81, p = 
0.017), with significant differences between sponges 
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at 76 and 15 m, which were significantly different 
from sponges from all other depths (Tukey’s HSD < 
0.05; Fig. S2D). 

NMDS analysis of the beta diversity index, using 
Bray-Curtis distance matrices, showed significant dif-
ferences in microbial community ASV composition 
be tween sponge species and sample type (PERM-
ANOVA: F5,125 = 44.68, p = 0.001; Fig. 1). Three of the 
4 sponges showed significant differences in ASV 
composition between depths. In the LMA sponge A. 
compressa, both the phyletic composition (PERM-
ANOVA: F4,22 = 1.93, p = 0.048) and class composition 
(PERMANOVA: F4,22 = 1.90, p = 0.009) of the micro-
biome were significantly different between depths 
(Fig. 2A). This difference was driven by an increase 
in Class Nitrososphaeria within the Phylum Thau-
marchaeota at 61 m, a decrease in Class Bacteroidia 
at 46 m relative to 15 m and decreases in Class Planc-
tomycetacia in Phylum Planctomyctes from its maxi-
mum at 15 m (Tukey’s HSD < 0.05) (Table S2). No sig-
nificant differences were observed between depths 
in phyletic composition (PERMANOVA: F4,30 = 0.96, 

p = 0.511) or class-level composition (PERMANOVA: 
F4,30 = 1.08, p = 0.31) in the microbiome of A. tubulata 
(Fig. 2B). 

For the microbiome of P. angulospiculatus, there 
was no significant differences between depths in 
phyle tic composition (PERMANOVA: F4,25 = 1.93, p = 
0.234) but there was a significant effect of depth on 
class-level composition (PERMANOVA: F4,25 = 1.56, 
p = 0.006) (Fig. 2C). Post hoc testing showed that the 
Class Nitrososphaeria within Phylum Thaumarchae -
ota increased as depth increased to 61 m (Tukey’s 
HSD < 0.05) (Table S2). There were significant de -
creases in classes Entotheonellia (Phylum Ento theo -
nel laeota) and Acidobacteriia (Phylum Acido bac -
teria) at 46 m relative to all other depths, while Class 
Alphaproteobacteria (Phylum Proteobacteria) de -
creased at 46 m relative to all other depths (Tukey’s 
HSD < 0.05) (Table S2). Class Spirochaetia (Phylum 
Spirochaetes) showed a significant increase between 
30 and 46 m, but all other depths showed no sig -
nificant differences (Tukey’s HSD < 0.05). Class 
‘P9X2b3D02’ in Phylum Nitrospinae significantly de -
creased at 61 m compared to 15 and 46 m, and the 
highest abundance was observed at 46 m (Tukey’s 
HSD < 0.05; Fig. 2C). Class Deinococci in Phylum 
Deinoccoccus-Thermus showed significant increases 
as depth increased (Tukey’s HSD < 0.05; Fig. 2C, 
Table S2). 

For X. muta, both phylum- and class-level compo-
sition of the microbiome were significantly affected 
by depth (PERMANOVAs: F4,25 = 2.98, p = 0.001 and 
F4,25 = 2.22, p = 0.001, respectively; Fig. 2D). Post hoc 
testing showed that Class ‘TK17’ in Phylum Chloro -
flexi decreased in abundance at 91 m while no other 
depths were significantly different from each other 
(Tukey’s HSD < 0.05; Table S2). Class Anaero lineae 
in the Chloroflexi were significantly less abundant 
at 30 and 76 m relative to other depths (Tukey’s 
HSD < 0.05; Table S2). Class Thermo anaerobaculia 
(Phylum Acidobacteria) and the Alphaproteobacteria 
(Phylum Proteobacteria) de  creased as depth in -
creased (Tukey’s HSD < 0.05; Table S2). Class Rho -
do thermia (Phylum Bacteriodites) showed significant 
decreases in abundance after 30 m (Tukey’s HSD < 
0.05; Table S2). Class Nitro spira (Phylum Nitrospi-
rae), Class ‘Sub Group 6’ of the Acidobacteria and 
Class Deino cocci (Phylum Deinoccocus) were signif-
icantly higher in abundance at 91 m (Tukey’s HSD < 
0.05; Table S2) relative to other depths. Generally, 
Ento theo nellia (Phylum Entotheonellaeota) and Spi -
ro chaetia (Phylum Spirochaetes) showed significant 
in creases in abundance as depth increased (Tukey’s 
HSD < 0.05; Table S2). 
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Agelas tubulata
Amphimedon compressa
Plakortis angulospiculatus

Seawater
Sediment porewater
Xestospongia muta

Sample type

Fig. 1. Multidimensional analysis of β-diversity estimates 
 using Bray-Curtis distance matrices of amplicon sequence 
variant composition for Amphimedon compressa, Agelas tu -
bu lata, Plakortis angulospiculatus, Xestospongia muta, sed-
iment porewater and seawater microbial community compo-
sition. The 95% confidence interval ellipses are drawn to  

show species or sample type groupings
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Seawater samples showed an effect of depth on 
microbial community composition at the class level 
(PERMANOVA: F5,125 = 44.68, p = 0.001) but not at 
the phylum level (Fig. S3). Generally, there were 
 significant reductions in the percentage of ASVs 
for Oxy photo bacteria, Bacteriodia, Gammaproteo -

bacteria and Alphaproteobacteria with depth 
(Tukey’s HSD < 0.05; Table S3), while there were sig-
nificant in  creases in the Dehalococcidia, Thermo-
plasmata, Delta  proteobacteria, ‘OM_190’ (Phylum 
Planctomycetes) and Acidimicrobiia with depth 
(Tukey’s HSD < 0.05; Table S3). 
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Fig. 2. Average relative abundance (percentage) at the class level in the microbiomes along a shallow to mesophotic depth 
gradient from (A) Amphimedon compressa, (B) Agelas tubulata, (C) Plakortis angulospiculatus and (D) Xestospongia muta
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3.2.  Predictive functional profiling of selected 
KEGG orthologs 

The mean NSTI score, a metric of prediction accu-
racy, in PICRUSt2 (Langille et al. 2013) for the sam-
pled sponges was 0.41 ± 0.09 and ranged from 0.03 to 
0.53, where PICRUSt2 is set to a cut-off of 2.0 to pre-
vent lower confidence predictions of function. For 
samples of A. compressa, genes for carbon metabolism 
(glycolysis and tricarboxcylic acid [TCA] cycle) and 
nitrogen metabolism (denitrification, nitrification and 
N-fixation) showed a significant decrease in relative 
abundance with increasing depth (Table S4). Genes 
involved in the Calvin Cycle and phosphate metabo-
lism showed a significant increase in relative abun-
dance with increasing depth (Table S4). For samples 
of A. tubulata, genes associated with carbon metabo-
lism (glycolysis and TCA cycle) and nitrogen metabo-
lism (denitrification, nitrification and N-fixation) 
showed a significant decrease in relative abundance 
with increasing depth (Table S5). Genes associated 
with the Calvin Cycle, photosynthesis and nitrogen 
metabolism (N-reduction) showed a significant in-
crease in relative abundance with increasing depth 
(Table S5). In samples from P. angulospiculatus, 
genes associated with glycolysis, TCA cycle, glyoxy-
late cycle, N-fixation and N-reduction showed a sig-
nificant decrease in relative abundance with in -
creasing depth (Table S6). Genes associated with the 
Calvin Cycle, regulation of N-fixation and nitrification 
showed a significant increase in relative abundance 
with increasing depth (Table S6). In samples from X. 
muta, genes associated with the carbon cycle (Calvin 
Cycle and photosynthesis) and the nitrogen cycle (N-
reduction) showed a significant decrease in relative 

abundance with increasing depth (Table S7). Genes 
associated with the TCA cycle, N-fixation regulation 
and denitrification showed a significant in crease in 
relative abundance with increasing depth (Table S7). 

3.3.  Stable isotope analyses 

Using small sample size-corrected standard ellipse  
areas (SEAc) in SIBER, an assessment of isotopic 
niche space was generated for the sponges collected 
in this study as a function of species and depth. The 
HMA sponges P. angulospiculatus and X. muta 
grouped separately from each other, while the HMA 
sponge A. tubulata grouped with the LMA sponge A. 
compressa (Fig. 3, Table S8). Additionally, trophic 
niche separation (i.e. autotrophic, mixotrophic, hetero -
trophic) occurred as a function of depth in all sponges 
assessed, including A. compressa (Fig. S4). There 
was a significant effect of depth on δ13C in P. angu-
lospiculatus (t28 = −2.88, p = 0.007), which decreased 
with increasing depth (Fig. 4, Table S9). There were 
no significant effects of depth on the δ13C of A. tubu-
lata (t23 = −1.40, p = 0.174), A. compressa (t17 = 0.972, 
p = 0.338) or X. muta (t21 = 0.99, p = 0.334). There was 
a significant effect of depth on δ15N in A. compressa 
(t17 = 2.21, p = 0.042), P. angulospiculatus (t28 = 3.93, 
p = 0.02) and X. muta (t28 = 3.12, p = 0.002), which 
increased with increasing depth (Fig. 4, Table S9). 
There was no significant effect of depth on δ15N in A. 
tubulata (t23 = 1.78, p = 0.06), but a trend of increas-
ing δ15N with increasing depth was observed. There 
was a significant effect of depth on the C:N ratios of 
A. tubulata (t23 = 3.08, p = 0.005), which increased 
with increasing depth (Table S9). There were no sig-
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Fig. 3. Trophic niche separation 
be tween Amphi medon compressa, 
Agelas tubulata, Plakortis angulo -
spicu latus and Xestospongia muta. 
Ellipses were calculated in SIBER 
using SEAc values and represent 
the isotopic niche of each species  

from all depths
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nificant ef fects of depth on the C:N ratios of A. com-
pressa (t17 = 0.007, p = 0.933), P. angulospiculatus 
(t28 = 1.43, p = 0.164) or X. muta (t21 = 0.25, p = 0.803; 
Table S9). 

3.4.  Proximate biochemical composition  

For A. compressa, as depth increased, carbohydrates 
and soluble protein increased (t21 = 4.42, p = 0.0003; 

t21 = 3.25, p = 0.004, respectively), while lipids de -
creased (t21 = −4.84, p < 0.0001). However, there was 
no significant effect of depth on total energetic con -
tent (t21 = −1.26, p = 0.22). For A. tubulata, as depth in-
creased, carbohydrates and soluble protein concen-
trations increased (t29 = 4.29, p = 0.0002; t29 = 3.40, p = 
0.0021, respectively), while lipids and total energetic 
content decreased (t29 = −6.45, p < 0.0001; t29 = −2.23, 
p = 0.034, respectively; Table S10). In P. angulospicu-
latus, there were no significant effects of depth on the 
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Fig. 4. Bivariate plots of mean (±SE) δ13C and δ15N between depths for (A) Amphimedon compressa, (B) Agelas tubulata, (C)  
Plakortis angulospiculatus and (D) Xestospongia muta
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concentration of carbohydrates, soluble protein, lipids 
or total energetic content (t29 = 0.91, p = 0.375; t29 = 
−0.11, p = 0.911; t29 = −0.64 p = 0.526; t29 = 1.96, p = 
0.062, respectively). For X. muta, as depth increased, 
carbohydrates, soluble protein and total energetic 
con tent concentrations increased (t29 = 7.11, p = 
0.0001; t29 = 3.63, p = 0.0013; t29 = 3.72, p = 0.0011, re-
spectively), while lipid concentrations de creased 
(t29 = −3.05, p < 0.0055; Table S10). 

4.  DISCUSSION 

4.1.  Species-specific shifts in microbiome structure 
and function between depths 

The sponges sampled in this study showed a similar 
pattern of species-specific microbial communities 
previously reported for many sponge species (Thomas 
et al. 2016, Pita et al. 2018). While HMA sponges 
share many of the same phyla (Thomas et al. 2016, 
Pita et al. 2018), the relative abundance of each varies 
for each sponge species. This suggests that these mi-
crobial phyla play important roles in sponges but that 
their contributions to the trophic and chemical ecology 
probably vary between host species. 

Of the 4 sponge species sampled, only the commu-
nity structure of the Agelas tubulata microbiome did 
not change with depth, but there were significant 
differences due to depth in the predicted functions 
(i.e. functional capacity) of the A. tubulata micro-
biome. Changes in nitrogen and carbon cycling with 
depth did occur in A. tubulata, which suggests that 
the microbiome may alter its functional capacity for 
different pathways in response to changes in the 
environment, or the quantity and quality of POM and 
DOM, with depth. The microbiome of A. tubulata has 
a significant population of microbes from the phyla 
Proteobacteria and Chloroflexi, which have been 
shown to have high physiological diversity (Bayer et 
al. 2018, Pita et al. 2018, Fiore et al. 2020). However, 
Amphimedon compressa, Xestospongia muta and 
Plakortis angulospiculatus did show significant, or 
species-specific, changes in their microbiomes with 
depth. These changes in microbiome composition 
and function could be driven by changes in the avail-
ability of trophic resources, but while DOC does de -
crease with depth, as does its proportion of recalci-
trant to labile components (Wagner et al. 2020), it is 
highly unlikely that the sponge holobiont is carbon-
limited at any depth (Lesser et al. 2018). Decreases in 
DON with concurrent increases in NOx with depth 
(Macartney et al. 2021b) may also cause changes in 

microbiome composition given the importance of 
nitrogen in cell growth and that NO3

− and NO2
− are 

important components in the nitrogen budget of het-
erotrophic microbes (Horrigan et al. 1988). The ob -
served increase in NOx with increasing depth at this 
site (Macartney et al. 2021b) could result in changes 
in the trophic strategy and community composition of 
both bacterioplankton and the sponge microbiome. 
Additionally, the increased consumption of higher 
quality, low C:N ratio POM by sponges could cause 
changes in microbial metabolism. Changes in the 
functional metabolic capacity for the sponge micro-
biome, specifically in carbon and nitrogen metabo-
lism, varied as a function of depth based on metage-
nomic profiling using PICRUSt2. These shifts in 
pre dicted microbiome function with depth may re -
flect species-specific trophic niche partitioning, as 
reported here based on the stable isotopic data, and 
for other locations in the Caribbean (e.g. Freeman et 
al. 2020). 

4.2.  HMA and LMA sponges rely more heavily on 
POM in the mesophotic zone 

All sponge species in this study showed a pattern of 
increasing δ15N as depth increased (Fig. 4, Table S9). 
This increase in δ15N has also been ob served at other 
sites in the Caribbean basin such as the Bahamas, 
Curacao and Little Cayman (Slattery et al. 2011, Mor-
row et al. 2016, Lesser et al. 2020, Macartney et al. 
2021a,b) and reflects an increase in the consumption 
of POM — specifically heterotrophic picoplankton, 
which is more abundant as depth increases (Lesser 
2006, Trussell et al. 2006, Lesser et al. 2019, 2020). 
This finding is also supported by the isotopic niche 
separation based on the SIBER SEAc analysis of stable 
isotopes between depths for each species (Fig. S4). 
The increased availability of POM at mesophotic 
depths is known to be associated with higher growth 
rates and abundances in Caribbean sponges as depth 
increases (Lesser 2006, Trussell et al. 2006, Slattery & 
Lesser 2015, Macartney et al. 2021b). Species differ-
ences in the trophic ecology of the sponges examined 
here occur as a function of in creasing depth as well as 
differences based on HMA/LMA status (i.e. stable 
isotopic signatures), making it unlikely that the sig-
nificant increase in δ15N in all sponges is driven by 
changes in their microbiome community or function. 

DOM on coral reefs decreases from shallow to 
meso photic depths and has an increasingly greater 
C:N ratio (Lesser et al. 2019, 2020, Macartney et al. 
2021b) due to the utilization of its labile, more nitro-
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gen-rich components (Wagner et al. 2020). With 
DOM δ15N signatures on coral reefs typically be -
tween 3 and 4‰ (Thibodeau et al. 2013) and the re -
duction in both quality (recalcitrant versus labile) 
and quantity of DOM (i.e. both DOC and DON), the 
most parsimonious explanation for the changes in 
δ15N with depth is that these sponges consume more 
POM as depth increases into the mesophotic, and the 
δ15N signature becomes enriched as a result of frac-
tionation processes associated with the increased 
feeding on POM (Fry 2006). 

4.3.  Variation in δ13C and δ15N between 
sponge species 

All of the sponges in this study show a general 
increase in δ15N as depth increases. This suggests an 
increased consumption, in proportion to its abun-
dance, of low C:N heterotrophic picoplankton into 
the mesophotic zone (Macartney et al. (2021 a). For P. 
angulospiculatus, lower δ15N values were observed 
in samples from 15 to 30 m, which could reflect 
inputs of nitrogen produced via N-fixation pathways 
(N- fixation δ15N: –2 to 2‰). The potential for N-fixation 
has been previously reported in sponges (Mohamed 
et al. 2008), where N-fixation could occur during de -
creased, or cessation of, pumping, resulting in hypoxic 
tissue compartments that would facilitate N-fixation 
by the enzyme nitrogenase, a uniquely pro karyotic 
and oxygen-sensitive enzyme (Mohamed et al. 2008, 
Fiore et al. 2010). In this study it was ob served that 
P. angulospiculatus contained small relative abun-
dances (<5%) of cyanobacteria, a taxon known to fix 
nitrogen. These sponges, however, are also exposed 
to higher concentrations of DON at shallow depths 
which might repress nitrogenase activity. Alterna-
tively, assuming that P. angulospiculatus is not pref-
erentially feeding on more diazo trophs from the 
plankton compared to other sponge species, another 
explanation for the low δ15N sponge tissue values 
may be the result of other microbial transformations 
in the nitrogen cycle such as nitrification (Southwell 
et al. 2008). 

The δ13C in the tissues of both X. muta and P. angu-
lospiculatus suggests that photoautotrophic carbon 
inputs to the sponge’s carbon budget are occurring 
(Fry 2006, Slattery et al. 2011). These signals could 
be derived from translocation of photosynthates from 
symbionts to host tissues (Morrow et al. 2016, Gantt 
et al. 2019), or from the  DOM of either macrophytes 
or corals with a δ13C of DOM of –11.21 to –19.50‰ for 
macrophytes (van Duyl et al. 2018) and –15.46 to 

–17.95‰ (van Duyl et al. 2011) for corals. For X. 
muta, there was a trend of decreasing abundance of 
cyanobacteria with depth corresponding to decreases 
in the genes associated with photosynthesis. In P. 
angulospiculatus, however, much smaller abun-
dances of cyanobacteria are present, so the δ13C of 
both sponges could reflect the trophic resources 
available to them (POM and DOM) and subsequent 
carbon cycling within their microbiome. While there 
were large communities of Chloroflexi in all the 
HMA sponges examined here, there is no signal of 
autotrophy by anaerobic carbon fixation pathways in 
the δ13C (~–14.0‰) of X. muta and P. angulospicula-
tus (Canfield et al. 2005). The δ13C of both A. com-
pressa and A. tubulata, both HMA sponges, were 
~2‰ higher (–17 to –18‰) compared to X. muta and 
P. angulospiculatus, which overlaps with the δ13C of 
marine POM which has been shown to range from 
–16.0 to –18.0‰ on more inshore, or coastal, coral 
reefs where detritus is a significant component (Lamb 
& Swart 2008) similar to where sponges in this study 
were collected.  For both A. compressa and A. tubu-
lata these values also become increasingly lighter as 
depth increases, suggesting increasing dependence 
on POM which is more bioavailable for consumption 
than DOM (Lønborg et al. 2018). 

4.4.  Shared isotopic niche space by an LMA 
and HMA sponge 

The HMA/LMA dichotomy is generally believed to 
influence the feeding strategy of a sponge (Weisz 
et al. 2008, Morganti et al. 2017). Typically, LMA 
sponges have higher pumping rates and increased 
consumption of POM. Conversely, HMA sponges 
typically have lower pumping rates and increased 
consumption of DOM (Weisz et al. 2008, Poppell et 
al. 2014). One confounding issue is the influence of 
sponge size on pumping rates (Lesser 2006). A de -
tailed study by Morganti et al. (2019) showed that 
both HMA/LMA status and sponge size influence 
pumping and subsequently feeding rates. In this 
study, A. tubulata and A. compressa share a similar 
isotopic niche, so regardless of their HMA or LMA 
status, both appear to rely more heavily on POM for 
growth based on their tissue δ13C values. Supporting 
this, samples of A. tubulata are reported to have 
lower ΣV values, a metric for microbial resynthesis 
and translocation of amino acids, compared to X. 
muta and P. angulospiculatus as described in Mac -
artney et al. (2021a). This suggests that A. tubulata 
does not rely heavily on resynthesized and translo-
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cated amino acids from its microbiome relative to the 
other HMA sponges studied. 

All 4 sponge species studied here can be defined as 
mixotrophs.  But A. tubulata and A. compressa ex -
hibit significant overlap in their isotopic niche space 
despite the fact they are defined as an HMA and 
LMA sponge, respectively. However, A. tubulata 
could be further defined as an HMA-L sponge which 
contains low concentrations of chorophyll (sensu van 
Duyl et al. 2018) and often overlaps in isotopic niche 
space with LMA sponges as observed here with A. 
compressa. Given this, the most parsimonious inter-
pretation of the bulk tissue δ13C data, and the iso-
topic niche space analysis, for A. tubulata and A. 
compressa, is that these species rely more on POM as 
a carbon source, despite their respective designa-
tions as HMA and LMA sponges. They also rely pri-
marily on POM as a source of nitrogen, as their δ15N 
values are similar and overlap based on the SIBER 
analysis. These results can then be compared to X. 
muta, and P. angulospiculatus which depend more 
on DOM or photoautotrophy as a source of carbon. 
and are clearly separated from A. tubulata and A. 
compressa in isotopic niche space. This is further 
complicated by studies showing that DOM (i.e. 
specifically DOC) can constitute up to 90% of an 
LMA sponge's carbon budget but POM remains a 
major source of nitrogen (Morganti et al. 2017, Bart 
et al. 2020). Additionally, the proportion of DOM that 
is taken up by the microbiome compared to the host 
in an HMA sponge ranges from 65 to 87%, while in 
an LMA sponge it is <5% (e.g. Rix et al. 2020). To 
reduce ambiguity on the trophic ecology of the HMA/
LMA dichotomy, additional experimental studies in -
cluding compound-specific isotopic approaches (e.g. 
Macartney et al. 2021a) or a combination of bulk sta-
ble isotopes, tracer studies, NanoSIMS and tissue 
fractionation (e.g. Achlatis et al. 2019) should be 
undertaken. 

4.5.  Increased mesophotic POM availability results 
in phenotypic plasticity in energetic strategies 

The PBC of A. compressa, A. tubulata and X. muta 
showed significant differences as a function of in -
creasing depth, with lipids decreasing and carbohy-
drates and soluble protein increasing at mesophotic 
depths. Most nutrient-sufficient marine invertebrates 
exposed to increased food resources, such as POM 
for mesophotic sponges, commonly increase their 
lipid reserves (Sokolova 2013). Lipid stores are then 
available for mobilization during periods of food lim-

itation, reproduction or seasonal growth. It seems un -
likely that sponges at mesophotic depths are under 
stress or food-limitation conditions, as they are feed-
ing on both POM and DOM at higher rates than their 
shallow conspecifics (Macartney et al. 2021b) and 
are generally buffered from potential abiotic stres-
sors (Lesser et al. 2009). Based on this, it ap pears that 
the mesophotic sponges in this study prioritize 
growth over energetic reserves as proteins increase 
while lipids decrease with depth. 

Sponges are known to exhibit phenotypic plasticity 
in chemical defenses, metabolic rate, morphology 
and spicule size (Bavestrello et al. 1993, Hill & Hill 
2002, Morley et al. 2016, Slattery et al. 2016). It is also 
possible that sponges exhibit phenotypic plasticity in 
their energetic state, as seen in other marine inverte-
brates (Padilla & Savedo 2013). One such study, Slat-
tery et al. (2016), found that P. angulospiculatus has 
plasticity in its ability to regenerate tissue versus 
chemical defenses between mesophotic and shallow 
depths, with mesophotic sponges prioritizing regen-
eration (e.g. protein synthesis) over chemical defense 
production, de spite higher bite scar densities on 
meso photic sponges. This effect was due to higher 
POM availability at deep sites. Since increased 
sponge growth rates are associated with increased 
pico plankton availability, with their more balanced 
C:N ratio, and consumption (Lesser 2006, Trussell et 
al. 2006, Lesser et al. 2018, 2019, 2020, Macartney et 
al. 2021b), an increase in the mobilization of macro-
molecules, such as lipids, with high energetic content 
for wound regeneration is then plausible for meso -
photic sponges. The pattern of decreasing lipid con-
centration with depth was ob served for the HMA 
sponges A. tubulata and X. muta and the LMA sponge 
A. compressa. As emergent LMA sponges typically 
utilize POM as a source of nitrogen in their diet com-
pared to DOM (Morganti et al. 2017, McMurray et al. 
2018, van Duyl et al. 2018), this suggests that POM 
availability is a proximate cause for the observed 
changes in the PBC of this species. 

An alternate explanation is that the sponges on 
shallow reefs are exposed to more cyanobacteria, 
which have higher lipid content relative to other 
heterotrophic bacterioplankton (Fernandes da Silva 
et al. 2008, Karatay & Dönmez 2011), while sponges 
in the mesophotic are exposed to bacterioplankton 
populations with significantly fewer cyanobacteria 
(Lesser 2006, Trussell et al. 2006, Lesser et al. 2019, 
2020). The ob served differences in PBC are likely 
caused by both plasticity in energetic strategy and 
shifts in the types of picoplankton as depth changes. 
The contributions from heterotrophic symbionts to 
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sponge energetic budgets remain largely unquanti-
fied (Rix et al. 2020), leaving a large gap in our 
understanding of the contributions of DOM to 
sponge energetics. It is also possible that the con-
centrations of lipids are a reflection of the PBC of 
the microbiome of these sponges. However, the 
lipid concentration of bacteria is low (0.5−2.0 mg g−1 
dry weight) (Gillan et al. 1988, Fernandes da Silva 
et al. 2008) relative to the values for the sponge 
holobionts, and most of the variability in the bio-
chemical composition we see in this study reflects 
the sponge host tissue and not its microbiome. 

5.  CONCLUSIONS 

In this study, sponges across the shallow to 
meso photic depth gradient showed species-specific 
patterns in microbial community structure, with 
micro biomes that undergo significant compositional 
changes as a function of depth regardless of HMA 
or LMA status. These species-specific microbiomes 
have complex carbon and nitrogen cycling capaci-
ties that also change along the depth gradient. 
These patterns are, again, species-specific, and the 
gradients in POM, PAR, DOM and NOx are likely 
factors affecting these compositional and functional 
changes, highlighting the importance of collecting 
environmental data when assessing sponge micro-
biome community structure and function along 
environmental gradients (e.g. Lesser et al. 2009, 
2019, Macartney et al. 2021a,b). The increased 
POM and the composition of that POM on MCEs 
ap pears to be re flected in both the δ15N and PBC 
signatures of sponge tissue, which relates to phe-
notypic plasticity in their trophic ecology and 
energetic state between shallow and mesophotic 
depths. It is likely that sponges prioritize growth 
over energetic reserves in the mesophotic due to 
in  creased POM availability. Gradients in abiotic 
factors can change sponge microbial communities 
and their function at a local scale, but broad gen-
eralizations regarding sponge biogeochemical 
cycling, trophic strategy and energetics should be 
approached carefully given the  species-specific 
variability observed in this study. While species-
specific patterns in microbial community structure 
and function were observed in this study, all the 
sponges in this study consumed more heterotrophic 
picoplankton as depth increased based on stable 
isotope analysis, providing increased evidence that 
bottom-up processes play a significant role in 
sponge distributions. 
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