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ARTICLE INFO ABSTRACT
Keywords: Sponges are an important component of shallow- and deep-water ecosystems enhancing eukaryotic biodiversity
Parallel factor analysis (PARAFAC) via diverse endo- and epibiota and by providing three dimensional habitats for benthic invertebrates and fishes.
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Sponge biodiversity is particularly high in the waters around New Zealand (Southwest Pacific), where we
collected two shallow- and two deep-water sponge species (Tedania sp., Suberea meandrina, Farrea raoulensis,
Artemisina sp.) for ex-situ incubation experiments to measure processing of dissolved organic matter (DOM).
Several sponge species take up DOM and make it available to other fauna as detritus or as sponge biomass, a
process known as sponge loop. However, it is unknown whether the selected sponge species are able to consume
dissolved organic carbon (DOC) and/or total dissolved nitrogen (TDN).

We measured DOC and TDN fluxes and linked it to the bacterial communities of the sponge holobiont to
address research hypothesis 1. It stated that high-microbial abundance (HMA) sponges consume more DOM than
low-microbial abundance (LMA) sponges. Changes in fluorescent dissolved organic matter (FDOM) over time
were investigated to address research hypothesis 2. It proposed that the fluorescence intensity Fpayx of fluo-
rophores decreased in incubations that showed a significant loss in DOM. We assessed the biochemical and
phospholipid-derived fatty acids (PLFAs) composition of sponge tissue to address hypothesis 3. It suggested that
the PLFLA composition of sponges differs between sponge classes. Finally, we tried to better understand the role
of these sponges in nutrient cycling around New Zealand by combining data from all analyses.

Based on the community composition of the sponge-associated bacteria, we -classified Tedania sp.,
S. meandrina, and Artemisina sp. as HMA sponges and F. raoulensis as LMA sponge. We did not measure a sig-
nificant DOC flux and only the release of TDN by Tedania sp. was significantly different from 0 pmol TDN g org.
C1 dl. The presence of four fluorophores were detected in the FDOM pool: 2 tryptophan- and protein-like
fluorophores (C1, C2), 1 humic-like fluorophore (C3), and 1 tyrosine-like fluorophore (C4). However, we
could not validate hypothesis 2, because Fyx of C1 decreased significantly in S. meandrina incubations, whereas
Fmax of C2 grew in the same incubations. Fp,x of C3 increased in Tedania sp. incubations, in which Fp,ax of C4
decreased. In comparison, Fpax of C4 in S. meandrina rose. The PLFA composition of sponge tissue was dominated
by long-chain fatty acids, saturated fatty acids, and monosaturated fatty acids, and most PLFAs were sponge- and
bacteria-specific. We could not confirmed hypothesis 3, either, because the PLFA composition of the
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hexactinellid sponge included seven identified PLFAs, whereas the PLFA composition of the demosponges ranged
from three to 29 identified PLFAs.

1. Introduction

Marine sponges (phylum Porifera) are mostly suspension-feeding,
sessile metazoans (though see Hestetun et al., 2016; Morganti et al.,
2021; Vacelet and Boury-Esnault, 1995) whose global distribution
stretches from the Arctic (e.g., Morganti et al., 2022; Ramirez-Llodra
et al., 2024; Rybakova et al., 2020) to the Southern Ocean (e.g., Downey
et al., 2012; Kersken et al., 2014). They occur in all water depths from
the intertidal zone (e.g., Barnes, 1999; Gastaldi et al., 2018) to deep-sea
abyssal plains (e.g., Beaulieu, 2001; Kersken et al., 2019), and may
contribute substantially to benthic density and biomass in sponge
grounds (Cathalot et al., 2015; Hawkes et al., 2019; Maldonado et al.,
2017; MclIntyre et al., 2016; Morganti et al., 2022; Ramiro-Sanchez
et al., 2019) and in tropical coral reefs (De Goeij et al., 2017; Diaz and
Riitzler, 2001). At the continental slope of Canada, sponges form large
glass sponge reefs (Chu and Leys, 2010; Dunham et al., 2018) that are
9000 years old (Conway et al., 2001). Globally, the highest sponge
biodiversities can be found in the northern Gulf of Mexico, the temperate
Northern Atlantic including the Mediterranean Sea, the Central Indo-
Pacific, and temperate Australasia (Spalding et al., 2007; Van Soest
etal., 2012). Waters around New Zealand, in particular, host a minimum
of 1361 different species (Kelly and Sim-Smith, 2023) and several new
species have been described in recent years (e.g., Dohrmann et al., 202.3;
Reiswig et al., 2021).

Sponges are holobionts (Webster and Taylor, 2012) whose volume
can consist to 38 % of microbial cells (Vacelet, 1975). Sponge species
with particularly high densities of symbiotic microorganisms (10% to
10'% microorganisms g sponge tissue; (Hentschel et al., 2006)) are
known as high-microbial abundance (HMA) sponges, whereas sponges
with symbiotic microbial densities comparable to densities of microor-
ganisms in seawater are known as low-microbial abundance sponges
(LMA) sponges (10° to 10° bacteria g'1 sponge tissue; Hentschel et al.,
2006). LMA sponges often host a bacterial core community dominated
by a single bacteria clade that differs among sponge specimens (Erwin
et al., 2015; Giles et al., 2013). In comparison, HMA sponges host a
bacterial community that is more diverse and clearly different from the
bacterial community of LMA sponges (Erwin et al., 2015; Giles et al.,
2013).

Suspension-feeding sponges filter bacterioplankton (de Goeij et al.,
2008b; Scheffers et al., 2004; Yahel et al., 2006) and particulate organic
matter (POM) (Hadas et al., 2009; McMurray et al., 2016) out of the
water column with pumping rates (ml s ml™ sponge) of 0.03 (Cina-
chyrella cavernosa (Lamarck, 1815)) to 17.3 (Aphrocallistes vastus
Schulze, 1886; Dahihande and Thakur, 2019; Leys et al., 2011) and
filtration efficiencies of 23 % (Rhopaloeides odorabile Thompson, Mur-
phy, Bergquist & Evans, 1987) to 99 % (Sarcotragus spinosulus Schmidt,
1862) for bacteria (Massaro et al., 2012; Trani et al., 2021). Sponges,
such as Cliona orientalis Thiele, 1900, Ircinia felix (Duchassaing &
Michelotti, 1864), or Vazella pourtalesii (Schmidt, 1870), also consume
dissolved organic matter (DOM) (Achlatis et al., 2019; Archer et al.,
2017; Bart et al., 2020) with DOM removal rates (pmol C g DW;%,Onge hh
of 3.70 £ 0.26 (Geodia barretti Bowerbank, 1858) to 56.1 4+ 19.9
(Acantheurypon spinispinosum (Topsent, 1904)) (Bart et al., 2020).

Several sponges (e.g., Halisarca caerulea Vacelet & Donadey, 1987,
Haliclona (Reniera) implexiformis (Hechtel, 1965), Chondrilla caribensis
Riitzler, Duran & Piantoni, 2007, Scopalina ruetzleri (Wiedenmayer,
1977), Mycale (Carmia) fistulifera (Row, 1911), Negombata magnifica
(Keller, 1889), Hymedesmia (Stylopus) coriacea (Fristedt, 1885),
G. barretti, Mycale (Mycale) lingua (Bowerbank, 1866) (de Goeij et al.,
2013; Maier et al., 2020; Rix et al., 2018, 2016)) convert this DOM and
POM into particulate detritus that can be taken up by associated fauna as

proposed in the so-called “detrital sponge loop” hypothesis (Bart et al.,
2021a; de Goeij et al., 2013). Especially space-limited encrusting
sponges can have high cell turnover rates (18-70 % turnover of
choanocyte cells (Alexander et al., 2014)) and convert up to ~40 % (Rix
et al., 2016) of the DOM they take up into detritus and fecal pellets. In
comparison, in the “predatory sponge loop” (Bart et al., 2021a;
McMurray et al., 2018; Pawlik and McMurray, 2020) carbon (C) is
transferred through the food web when sponges with massive growth
forms, like Agelas tubulata Lehnert & van Soest, 1996, Ircinia strobilina
(Lamarck, 1816), or Verongula gigantea (Hyatt, 1875), assimilate DOM
(Maier et al., 2020; McMurray et al., 2018), convert its C into biomass,
and subsequently pass it on to predators when the sponges are predated
upon by spongivores, such as starfish, sea turtles, fish, or nudibranchs
(Belmonte et al., 2015; Dunlap and Pawlik, 1998; Meylan, 1988; Strat-
mann et al., 2022). In both versions of the sponge loop, sponges
contribute to recycling of nutrients (particularly of C) and support the
existence of biological hotspots in food-deprived ecosystems (de Goeij
et al., 2013; Maier et al., 2020; Morganti et al., 2022; Stratmann et al.,
2022). However, so far, it is unknown, whether sponges from New
Zealand are involved in any of the two sponge loop versions and whether
they are able to process DOM.

DOM is operationally defined as organic matter that passes through
filters with pore sizes of 0.2 pm to 0.7 pm and includes fatty acids, vi-
tamins, sugars, amino acids, proteins, lignins, and polysaccharides
(Repeta, 2015). About 90 % of the DOM pool, however, is undescribed
and consists of complex degradation products of unknown origin
(Repeta, 2015). The C-containing fraction of DOM is called dissolved
organic carbon (DOC) and the nitrogen (N)-containing fraction dis-
solved organic nitrogen (DON). DOC is the largest organic C pool in the
oceans (662 Pg C; Hansell et al., 2009) and consists of labile, semi-labile
and semi-refractory, and refractory DOC. Labile DOC has a turnover of
minutes to days (Fuhrmann and Ferguson, 1986; Keil and Kirchman,
1999) and contributes only <0.2 Pg C (=0.03 % of global DOC pool)
(Repeta, 2015). Semi-labile and semi-refractory DOC contribute 20 Pg C
(= 3 % of global DOC pool) (Hansell et al., 2012) with a turnover of
months to years (Hansell et al., 2012) and refractory DOC (including
refractory and ultra-refractory DOC) is the largest pool with >642 Pg C
(=97 % of global DOC pool) (Hansell et al., 2012) and a turnover of
centuries to millennia (Bauer et al., 1992; Druffel et al., 2019). Parts of
DOM is colored and referred to as colored dissolved organic matter
(CDOM), which absorbs light of the visible and UV spectrum (Coble,
2007). A fraction of this CDOM in turn exhibits blue fluorescence and is
referred to as fluorescent DOM (FDOM). It may serve as an “optical
marker” (Stedmon and Nelson, 2015) for protein-like and humic-like
fluorophores (Coble, 2007).

Fatty acids, building blocks of lipids, are more diverse in sponges
than in other aquatic fauna (Rod’kina, 2005). Their specific composition
varies among sponge classes and is more similar in Hexactinellida and
Demospongiae than in Calcarea (Thiel et al., 2002a). Hexactinellida, like
Acanthascus (Staurocalyptus) sp. Ijima, 1897 or Acanthascus sp. Schulze,
1886, contain high concentrations of C30A5%%23 whereas Demo-
spongiae (e.g., Spirastrella sp. Schmidt, 1868, Astrosclera willeyana Lister,
1900, Phakellia ventilabrum (Linnaeus, 1767)) have high concentrations
of C26:1A°° (Thiel et al., 2002a). In comparison, unsaturated long-
chain fatty acids (LCFA, >C24) are absent in Calcarea sponges, such
as Sycon sp. Risso, 1827 or Leucetta sp. Haeckel, 1872 (Thiel et al.,
2002b). Sponges produce these LCFA via elongation of fatty acids with
shorter chain length that originate from their diets (Carballeira et al.,
1986; de Kluijver et al., 2021). Iso (i) and anteiso (ai)-branched fatty
acids and mid-chain branched fatty acids (MBFAs), that are also found in
sponges, however, are produced by their bacterial symbionts (Kaneda,
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1991; Thiel et al.,, 1999). Hence, phospholipid-derived fatty acids
(PLFAs) can be used to decipher which part of the sponge holobiont (i.e.,
the sponge or its microbiome) actively processes a food source, partic-
ularly when combined with stable isotope probing experiments with 13C
and/or 2H. For instance, (Campana et al., 2021b) compared the uptake
of three different *3C-enriched DOM sources by tropical, shallow-water
sponges. The authors detected '3C incorporation into sponge-specific
and bacteria-specific PLFAs, whereupon the total PLFA incorporation
rate was the same for HMA and LMA sponges. However, HMA sponges
incorporated more DOM into bacteria-specific PLFAs than LMA sponges
(Campana et al., 2021b). In another study, (Stratmann et al., 2024b)
assessed the uptake of 13C-enriched bacterioplankton by sponges and
detected 13C incorporation into bacteria-specific, sponge-specific, and
other PLFAs.

In this study, we measured ex-situ DOC and total dissolved nitrogen
(TDN) fluxes in shallow-water (6 m water depth) and deep-water
sponges (828 to 1448 m water depth) around New Zealand (South-
west Pacific). We tried to decipher FDOM components that were present
in the incubations and assessed any differences in fatty acid and bacte-
rial composition among the various sponge species. Based on these in-
dividual analyses, we addressed the following research hypotheses: 1)
HMA sponges consumed more DOC and/or TDN than LMA sponges, 2)
Fax of fluorophores decreased in incubations with a significant reduc-
tion in DOC/ TDN concentrations, and 3) the PLFA composition of
sponges differs between Hexactinellida and Demospongiae.

2. Materials and methods

2.1. Sampling

Shallow-water sponges were collected by snorkeling at 6 m water
depth at Denham Bay (Raoul Island, New Zealand; Fig. 1, Table 1). All
sponges were transported in plastic bags filled with ambient seawater to
R/V Sonne that stayed outside the 1 km exclusion zone around the
Kermadec Islands. Deep-water sponges were collected randomly at
water depths between 828 m and 1448 m (Fig. 1, Table 1) with the
remotely operated vehicle (ROV) Kiel 6000 (Geomar, Germany) during
R/V Sonne cruise SO254 (Simon, 2017) and transported in bioboxes
filled with ambient seawater to R/V Sonne.

2.2. Ex-situ incubation experiments

For the ex-situ incubation experiments aboard R/V Sonne, sponges of
the same putative species were incubated individually in three acid-
washed (10 % HCI) closed incubation chambers (water volume: 1.26
L) that were equipped with magnetic stirrers (for chamber design see
Fig. S1 in de Goeij et al. (2013)). A forth acid-washed incubation
chamber of the same size filled with seawater served as control. In-
cubations with shallow-water sponges (Tedania sp. indet. (n = 3), Sub-
erea meandrina (Kelly, 2015) (n = 3); Fig. 2) were conducted as light-
incubations in a water bath in a temperature-controlled room (incuba-
tion temperature: 23.6 + 1 °C), whereas incubations of deep-water
sponges (Farrea raoulensis (Reiswig & Kelly, 2011) (n = 3), Artemisina
sp. indet. (n = 6 specimens in 1 core); Fig. 2) were conducted in the dark
in the fridge (incubation temperature: 5 °C).

Due to logistic constrained aboard the research vessel, sponges could
not acclimatize for days to weeks in large tanks on board. Instead, the
incubations were prepared immediately upon sponge retrieval: When
sponges arrived aboard, either from the snorkeling trip (shallow-water
species) or from the ROV dive (deep-water species), only those speci-
mens were selected for the incubations that seemed healthy with wide
open oscula which was interpreted as a sign of active pumping.
Continuous active pumping was confirmed visually several times during
the incubations.

Sponge specimens were transferred to the incubation chambers
together with the ambient seawater in which they arrived at the vessel.
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Fig. 1. Map of (A) the southwestern Pacific and Oceania (including Australia
and New Zeeland) with (B) sampling sites (black dots) around New Zealand
where shallow-water and deep-water sponges were collected for the in-
cubations. Detailed information about species names and sampling depths are
given in Table 1.

Whenever the chambers were not completely filled with the ambient
water, additional shallow seawater was added to fill the chambers
completely. A list with DOC and TDN concentrations at the beginning of
the ex-situ incubations is shown in Table S1.

Every hour for five hours (before the start of the incubation: TO, after
1 h: T1, after 2 h: T2, etc.) triplicate water samples for DOC and TDN
were taken with acid-rinsed syringes, filtered through GHP membrane
syringe filters (0.2 pm pore size) into acid-washed 30 ml HDPE bottles,
acidified to pH 2 with 25 % HCI and stored at 4 °C until analysis at the
University of Oldenburg (Germany). Water samples for CDOM and
FDOM analyses were taken at the same time intervals, filtered through
the GHP membrane syringe filters (0.2 pm pore size) into acid-washed,
pre-combusted 100 ml amber glass bottles and stored for 1 to 3 d at 4 °C
until the samples were measured aboard R/V Sonne. These are standard
procedure to take samples for DOC and TDN measurements in seawater
and recommended in (Halewood et al., 2022). We only deviated from
the recommendations in the choice of the pore size of the filters, as we
selected 0.2 pm filters to exclude bacteria (Repeta, 2015). Filters with
this pore size had been used in comparable sponge incubation studies in
which DOC removal by sponges was measured (e.g., de Goeij et al,,
2008Db).

At the end of the incubations, dimensions (i.e., length L, width W,
and height H) of each sponge specimen were measured to the nearest
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Table 1
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Detailed information about sampling location and species name of all collected sponges.

Sample ID Geographical location Latitude (°N) Longitude (°E) Depth (m) T (°C) Species [Class, Family]

TS002 Denham Bay, Raoul Island -29.283 -177.900 6 25.0 Tedania sp. indet.
[Demospongiae, Tedaniidae]

TS004 Denham Bay, Raoul Island -29.283 -177.900 6 25.0 Suberea meandrina (Kelly, 2015)
[Demospongiae, Aplysinellidae]

TS005 Southern Kermadec Ridge (Sponge Ridge) -35.378 178.974 1448 6.0 Farrea raoulensis (Reiswig & Kelly, 2011)
[Hexactinellida, Farreidae]

TS006 Seamount No. 986, off Hawkes Bay Shelf -39.991 178.215 828 6.0 Artemisina sp. indet.

[Demospongiae, Microcionidae]

Abbreviation: T = water temperature.

Fig. 2. Drawings of the four sponge species A) Tedania sp., B) Suberea meandrina, C) Farrea raoulensis, D) Artemisina sp. The black bar represents 1 cm. Illustrations by

Tanja Stratmann.

millimeter. Subsamples for bacterial community analyses and species
identification based on sponge spicules were taken with a scalpel from
one sponge per incubation set (Table S1). Subsamples for bacterial
community analysis were rinsed with sterilized seawater and stored at
-80 °C after flash-freezing in liquid N, whereas subsamples for species
identification were kept in ethanol (80 %).

The experimental design of the ex-situ experiments is presented in
Fig. 3.

2.3. Sample processing

This is the second of a series of two papers describing N, oxygen, and
C cycling in shallow-water and deep-water sponges around New Zea-
land. While this manuscript focused on DOM cycling, the paper by
(Stratmann et al., 2024a) investigated inorganic nutrient cycling and
oxygen consumption. As parts of the post-incubation sample processing
(i.e., analyses of sponge tissue, fatty acids, and bacterial community
composition of sponges) was identical in both papers, we decided to
report the parts of the sample analyses that are identical in both papers
only very briefly and instead refer the reader to the detailed description
in (Stratmann et al., 2024a).

2.3.1. Analyses of sponge tissue

Sponge volume (V, em®) was determined by geometric shape (Vgs)
using the egs. 1 to 5 in (Stratmann et al., 2024a). Total wet mass (WM,
g), total dry mass (DM, g), total ash-free dry mass (AFDM, g), and total
org. C (%) were calculated using species-specific conversion factors
(Table 2) developed for set of subsamples of sponge tissue, because not
all sponge specimens reached the Netherlands intact due to post-
incubation subsampling aboard.

Total carbon (TC, % DM)/ S!3TC content and total nitrogen (TN, %
DM)/ 5'°N content in freeze-dried, finely-ground, homogenized sponge
tissue were determined at NIOZ-Yerseke (Yerseke, Netherlands) via an
elemental analyzer coupled to an isotope ratio mass spectrometer (EA-c-
IRMS) (for details see Stratmann et al. (2024a)). Samples for organic
carbon (org. C, % DM)/ 6130rg. C content measurements were acidified
with 20 pl 2 % HCI prior to EA-c-IRMS measurements.

2.3.2. Analysis of phospholipid-derived fatty acids

At Utrecht University (Utrecht, Netherlands) PLFAs from freeze-
dried sponge tissue were extracted following a modified protocol of
the Bligh and Dyer extraction method (Bligh and Dyer, 1959) which is
published as protocol in (de Kluijver, 2021) and described in detail in
(Stratmann et al., 2024a). After derivatizing the PLFAs into fatty acid
methyl esters (FAMEs) via mild alkaline methylation as described in (de
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Fig. 3. Experimental design of the ex-situ experiment including (A) the sponge incubation and (B) the control incubation. Notice that “n” in the sponge incubations
was always 3 except for sample ID TS006 where six small Artemisina sp. specimens were incubated together in one chamber.

Kluijver, 2021; Stratmann et al., 2024a), FAME concentrations were
measured on a gas chromatograph with flame ionization detector (GC-
FID) on a non-polar analytical column (CP-Sil5 CB; 25 m x 0.32 mm X
0.12 pm). Individual peaks in the chromatograms were identified by
equivalent chain length (ECL) calculated based on known retention time
of three standards (Ci2.o-FAME, Ci6.0-FAME, and Cj9.0-FAME) and
concentrations were calculated using the known concentration of Cyg.o-
FAME.

2.3.3. Analysis of sponge-associated bacterial community

At Geomar (Kiel, Germany) DNA of the subsamples for bacterial
community analyses were extracted. DNA quantity and quality was
confirmed by NanoDrop and gel electrophoresis after a PCR with the
universal 16S rRNA gene primers. Bacterial V3 to V4 variable regions
were amplified in a one-step PCR with primer pair 341F-806R (Caporaso
et al., 2011; Muyzer et al., 1993). Samples were sequenced on a MiSeq

Table 2

platform (MiSeqFGx, Illumina) with v3 chemistry.

Amplicon sequences were processed within the QIIME2 platform
(version 2019-10) (Bolyen et al., 2019) and amplicon sequence variants
(ASVs) were generated from single-end reads with the DADA2 algorithm
(Callahan et al., 2016). Representative ASVs were classified taxonomi-
cally using the SILVA database (version 138 99 % OTUs 16S) (Quast
et al., 2013) with bacterial primer specific trained Naive Bayes taxo-
nomic classifiers.

2.3.4. Measurements of DOC, TDN

At the University of Oldenburg (Oldenburg, Germany) DOC and TDN
concentrations were measured in triplicates by high temperature cata-
lytic combustion with a Shimadzu TOC-VCPH/CPN total organic carbon
analyzer coupled to a TNM-1 module. Deep Atlantic Seawater reference
material (DSR, D. A. Hansell, University of Miami, USA) was measured
during every run to evaluate instrument precision.

Conversion factors (mean + SE) for sponge volume (volume based on geometric shape, Vgs; volume determined via water displacement, Vi) to sponge wet mass
(WM), WM to dry mass (DM), DM to organic C (org. C), DM to total nitrogen (TN). “n” corresponds to the number of samples.

Sponge species Ves:Vwp Vwp: WM WM:DM DM:org. C DM:TN

Tedania sp. (n = 3) 0.58 =+ 0.30 1.08 £ 0.11 9.04 x 102+1.38 x 10 8.22 x 102+1.30 x 102 1.93 x 10241.86 x 10°°
Suberea meandrina (n = 3) 0.35+5.66 x 102 1.09 + 0.31 0.22 +7.02 x 102 4.84 x 102+2.01 x 102 1.30 x 10245.56 x 103
Farrea raoulensis (n = 3) 0.17 + 9.40 x 102 0.95 + 0.43 0.11 + 3.66 x 102 2.39 x 102+1.03 x 102 4.88x 1034217 x 107
Artemisina sp. (n = 1) 0.56 0.93 0.25 0.30 5.67 x 102
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2.3.5. Calculation of fluxes and initial net removal rates
Fluxes (F; poc, o) of DOC and TDN (pmol g ¢! ™) were calculated
as:

(LRslope.xponge - LRslope,water) X (VI - VS )
tC contentgonge

: €9)

Fipocon =

where LRgiope,sponge and LRgigpe, water are the estimated slopes of the linear
regression analyses done with the concentrations of DOC and TDN
(umol 1) collected over 5 h during the incubations as response
(dependent) variable and time as predictor (independent) variable. tC
contentponge corresponds to the org. C content of the incubated sponge (g
C), V;is the volume of the incubation chamber (= 1.26 1) and Vg is the
sponge volume ().

Initial net DOC and TDN removal rates were determined by applying
a 2G-model following (de Goeij and van Duyl, 2007):

dDOC, TDN _

n (k¢Cs +kCs), 2

where Cf was the fast removable DOC and TDN fraction, respectively, Cg
was the slow removable DOC and TDN fraction, respectively, and ks and
ks were the corresponding removal constants.

Eq. 2 was integrated to present DOC and TDN as a function of time
(de Goeij and van Duyl, 2007):

DOC, TDN(t) = Coe ™" + Cspe7*". 3

The model variables of Eq. 3 were estimated by fitting a non-linear
model with the Levenberg-Marquardt algorithm (Moré, 1978) (50 iter-
ations) to the experimental data using the nlsLM() function from the R
package ‘minpack.lm’ (version 1.2-4) (Elzhov et al., 2023) in R (version
4.3.0) (R-Core Team, 2022).

Whenever all the model variables could be estimated at a signifi-
cance level of a = 0.05, the initial DOC and TDN removal rates were
calculated following (de Goeij and van Duyl, 2007) as:

Fluxpocon = — (kyCro +ksCso)- “4)

2.3.6. Measurement of FDOM and parallel factor analysis

During the expedition water samples were warmed to room tem-
perature prior to spectrofluorometric measurements in a 1 cm quartz
cuvette on an Aqualog spectrofluorometer (HORIBA Scientific, Japan)
aboard R/V Sonne. Excitation/ emission matrix (EEM) scans were
created for excitation wavelengths between 240 and 450 nm with 2 nm
increments and for emission wavelengths between 240 and 450 nm with
0.5 nm increments. The excitation and emission bandwidths were 5 nm.
EEMs of freshly-produced Milli-Q water served as blank.

EEMs were normalized to Raman Units (RU) after correcting for
inner-filter effects (Lakowicz, 2006) and Raman and Rayleigh scatter
(Senesi, 1990) using the DrEEM toolbox in Matlab version R2017a
(MathWorks, Inc.) (Murphy et al.,, 2013). Subsequently, EEMs were
decomposed into independent fluorescent components by parallel factor
analysis (PARAFAC; Bro, 1998; Stedmon et al., 2003) using the N-way
toolbox (Andersson and Bro, 2000) in Matlab as described by (Murphy
et al., 2013). We constrained the PARAFAC model to non-negativity,
initialized it randomly, and used a convergence criterion of 1.00 x 10
6. One EEM sample was excluded as outlier (nfy) dataset: 84, Nmodelled
samples: 83, Nexcluded samples: 1). A four-component model could be vali-
dated through split-half analysis by splitting the dataset in four dataset
halves that were combined six times and validated in three validation
tests (AB vs. CD, AC vs. BD, AD vs. BC; S4C¢T3) (Murphy et al., 2013).
This four-component model was able to explain 97.8 % of the sample
variability.

Spectra of the identified fluorophores were compared with spectra of
published FDOM components using the “OpenFluor” (https://openfluor.
lablicate.com/) online spectral library for fluorescent, environmental
organic compounds (Murphy et al., 2014). Published FDOM spectra
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were similar to spectra from this study when the Tucker congruence
coefficient r. (Lorenzo-Seva and ten Berge, 2006; Stedmon and Bro,
2008) was >0.95.

2.4. Statistical analysis

Statistical difference in the biochemical composition of tissue (i.e.,
TC, org. C, TN) between sponge species Tedania sp., S. meandrina, and
F. raoulensis was assessed in R (R-Core Team, 2022) by 1-Way ANOVA («
= 0.05) after homogeneity of variances was confirmed by the Bartlett
test. The stable isotopic composition of the tissue (i.e., s13TC, Slsorg. C,
51°N) between Tedania sp. and S. meandrina was tested again by 1-Way
ANOVA after homogeneity of variances was confirmed by the Bartlett
test.

For each species, a 1-sided Student’s t-test (a = 0.05) (for normally
distributed data) or a 1-sample Wilcoxon test (for non-normal data) was
used to test whether fluxes were significantly different from 0 pmol L g
clat

A change in fluorescence intensity (R.U.) of the identified fluorescing
components over time was tested for the three sponge incubations and
the control incubation by robust regression analysis (Western, 1995)
from the MASS package (Venables and Ripley, 2002) in R. A change in
fluorophore intensity was considered significant for a specific sponge
species and fluorophore, when the F-statistic (@ = 0.05) of the sponge
incubation was significant, while the F-statistic (a = 0.05) of the control
incubation was not significant.

All data are presented as mean =+ standard error (SE).

3. Results
3.1. Composition of sponge tissue

The investigated sponges from New Zealand had a water content of
85.3 +1.17 % (n = 9) and their dried tissue (n = 8) consisted of 18.3 +
3.85% TC, 17.5 &+ 3.75 % org. C, and 4.34 + 1.02 % TN. The lowest TC
(3.65 £+ 1.62 %), org. C (3.03 + 1.22 %), and TN (0.62 + 0.26 %)
contents were measured in F. raoulensis (n = 3), whereas the sponge
species with the highest TC (32.4 £+ 1.33 %), org. C (31.1 + 2.01 %), and
TN (8.28 + 0.42 %) contents was S. meandrina (n = 3). The 613org. C-
value of the sponges ranged from -17.9 %o (Artemisina sp., n = 1) to -19.7
+ 0.10 %o (F. raoulensis, n = 3), the 813TC-value ranged from -18.4 %o
(Artemisina sp., n = 1) to -20.3 £ 2.55 x 1073% (F. raoulensis, n = 3), and
the §'°N-value ranged from 5.39 + 0.17 %o (S. meandrina, n = 3) to 20.9

20
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Fig. 4. Isotopic composition of carbon (613org, C, %o) and nitrogen (8'°N, %o) of
sponge species from New Zealand. Error bars indicate 1 SE.
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Table 3

Results of 1-Way ANOVA to compare the biochemical composition of sponge
tissue of Tedania sp., Suberea meandrina, and Farrea raoulensis (TC, org. C, TN), or
Tedania sp. and S. meandrina (8'3TC, 8'%org. C, 5!°N). Symbols: *p-value<0.05,
#p-value<0.01.

Parameter df F-value p-value
TC 2 108.9 <0.0001%
org. C 2 69.79 <0.0001%
TN 2 160.4 <0.0001%
51%TC 1 3.414 0.138
5'%rg. C 1 86.78 0.00073
515N 1 1.135 0.347

+ 2.27 %o (F. raoulensis, n = 3) (Fig. 4).

TC, org. C, and TN content of sponge tissue differed significantly
between Tedania sp., S. meandrina, and F. raoulensis (Table 3). In
contrast, the stable isotopic composition of sponge tissue differed only
significantly between Tedania sp. and S. meandrina for 5'%org. C, but not
for 81TC and 5'°N.

3.2. Dissolved organic matter fluxes

Sponges Tedania sp. and F. raoulensis released DOC (5.50 x 1072 +
9.09 x 102 pmol 1! g C! d! and 11.3 + 5.86 pmol 1! g C! d,
respectively) and TDN (0.26 + 5.75 x 102 pmol 11 g C'! d! and 31.5 +
8.22 ymol 1"t g €1 d’!, respectively), though only the TDN flux of Tedania
sp. was significantly different from O (Table 4). S. meandrina took up
DOC (-0.12 + 5.16 x 102 ymol 1" g C'! d'!) and TDN (-2.49 + 0.94 pmol
11 g c! d'l), again not at significant rates (Table 4).

No initial net DOC and TDN removal rates could be calculated,
because the estimated parameters were not significant for any incuba-
tion (Table S3).

3.3. Fluorescent dissolved organic matter composition

The PARAFAC model could be validated for four different fluo-
rophores (Fig. 5). Fluorophores C1 (Agx = 294, Agm = 350) and C2 (Agx =
280, Agm = 337) were similar to peak T and tryptophan- and protein-like
(Coble, 2007, 1996). Fluorophore C3 (Agx <260/ 332, Agyy, = 446) was
similar to peaks A and C and humic-like (Coble, 2007, 1996), whereas
fluorophore C4 (Agx = 274, Agm = (300) was similar to peak B and
tyrosine- and protein-like (Coble, 2007, 1996).

A comparison of FDOM spectra of the four fluorophores with pub-
lished FDOM spectra from the “OpenFluor” online spectral library
resulted in 201 comparable components (C1: 39, C2: 62, C3: 52, C4: 48)
at r. > 0.95 (Table S4).

The fluorescence intensity (R.U.) of fluorophore C1 decreased
significantly over time in incubations with S. meandrina (F1,16 = 5.77, p
= 0.03) (Fig. 6, Table 5). At the same time, the fluorescence intensity of
fluorophores C2 and C4 increased over time [Fy 16 (C2) = 5.60, p = 0.03;
F1,16 (C4) = 9.17, p = 0.008). In comparison, the fluorescence intensity
of C3 in incubations of Tedania sp. increased significantly over time
(F1,16 = 19.2, p = 0.0005), whereas the fluorescence intensity of C4 in

Table 4
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Fig. 5. Spectral loadings (Excitation/ Emission; left panels) of the fluorophores
C1, C2, C3, and C4 that were identified by PARAFAC of all samples and their
corresponding emission excitation scans (right panels).

the same incubations decreased (Fy 16 = 4.27, p = 0.05).

3.4. Fatty acid composition of sponges

Sponges showed species-dependent differences in their PLFA com-
positions (Fig. 7; Table S5). Between 12.5 % (S. meandrina) and 46.8 %
(F. raoulensis) of the PLFAs found in sponges consisted of long-chain fatty
acids (LCFA, i.e., fatty acid with >24C atoms) (Fig. 7A). The other PLFA

Results of 1-sided Student’s t-tests (a« = 0.05) and 1-sample Wilcoxon tests (o« = 0.05) to assess whether DOC and TDN fluxes (pmol g org. ctdl) were significantly

different from 0 (Ho: p = 0, Hy: p # 0). Symbols: *p-value<0.05, jp-value<0.01.

Sample ID Flux type t-value df \ Mean 95 % Confidence interval p-value
Tedania sp. (n = 3) DOC 0.61 2 0.056 -0.34, 0.45 0.61
TDN 4.48 2 0.26 0.01, 0.50 0.05*
Suberea meandrina (n = 3) DOC -2.35 2 -0.12 -0.34, 0.10 0.14
TDN 0 0.25
Farrea raoulensis (n = 3) DOC 1.93 2 11.3 -13.89, 36.5 0.19
TDN 3.83 2 31.5 -3.90, 66.9 0.06
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Fig. 6. Relationship of maximum fluorescence intensity Fp,x (Raman Units R.U.) to incubation time (h) for the fluorophores (A) C1, (B) C2, (C) C3, and (D) C4 that

were identified in the PARAFAC model (Fig. 5).

Black stars mark robust regression analysis results that were significant at a significance level « = 0.05 (Table 5). Shaded areas represent the 95 % confidence level

intervals for the model predictions.

classes present in the sponges were branched fatty acids (4.48 + 4.48
%), cyclic fatty acids (1.80 + 1.12 %), highly unsaturated fatty acids
(HUFA, i.e., fatty acids with >4 double bonds; 3.50 + 2.89 %), methyl-
fatty acids (5.44 + 2.24 %), monosaturated fatty acids (MUFA; 18.7 +
6.24 %), polyunsaturated fatty acids (PUFAs, i.e., fatty acids with >2
double bonds; 0.49 + 0.31 %), saturated fatty acids (SFA; 22.9 + 2.72
%), and undefined fatty acids (10.3 + 5.66 %).

Table 5

Results of F-statistic (a = 0.05) of robust regression analyses to assess whether
the fluorescence intensity of the identified fluorophores C1, C2, C3, and C4
(dependent or response variable) changed significantly over time (independent

or predictor variable). Symbols: *p-value<0.05, #p-value<0.01, #p-
value<0.001.
Sample ID Incubation Fluorophore  F- df p-value
type statistic
Tedania sp. Sponge C1 0.80 1,16 0.39
Cc2 0.52 1,16 0.48
C3 19.2 1,16 0.00055%
C4 4.27 1,16 0.05*
Control Cl 2.29 1,4 0.20
Cc2 0.002 1,4 0.97
C3 1.06 1,4 0.36
C4 0.92 1,4 0.39
Suberea Sponge Cl 5.77 1,16 0.03*
meandrina
Cc2 5.60 1,16 0.03*
C3 0.14 1,16 0.71
Cc4 9.17 1,16 0.008%
Control Cl 0.18 1,3 0.70
Cc2 0.03 1,3 0.86
C3 0.17 1,3 0.71
Cc4 1.16 1,3 0.36
Farrea Sponge Cl 0.24 1,16 0.63
raoulensis
Cc2 0.30 1,16 0.59
C3 0.78 1,16 0.39
C4 0.10 1,16 0.75
Control C1 2.00 1,4 0.23
Cc2 2.55 1,4 0.19
C3 0.18 1,4 0.69
Cc4 0.20 1,4 0.68

Most isolated PLFAs were sponge-specific PLFAs (min: 13.7 % of
total PLFA concentration, S. meandrina; max: 46.8 %, F. raoulensis)
(Fig. 7B), followed by bacteria-specific PLFAs (min: 6.61 %, F. raoulensis;
max: 39.1 %, S. meandrina), and others (min: 24.7 %, S. meandrina; max:
29.2 %, Artemisina sp.). Between 0.00 % (Artemisina sp.) and 20.6 %
(S. meandrina) of the PLFAs were unidentified.

3.5. Composition of sponge-associated bacterial community

Bacterial communities of Artemisina sp., S. meandrina, and Tedania
sp. were dominated by Proteobacteria (min: 21.7 % ASVs S. meandrina;
max: 54.0 % ASVs Tedania sp.) and Chloroflexota (min: 30.1 % ASVs
S. meandrina; max: 51.2 % ASVs Artemisina sp.) (Fig. 8, Table S7). The
bacterial community of F. raoulensis was not enriched in Chloroflexota to
a comparable extent, but consisted to 97.6 % of Proteobacteria. The
third and fourth most abundant bacterial phyla in S. meandrina were
Actinobacteria (14.9 % ASVs) and Acidobacteria (12.1 % ASVs) (Fig. 8).

4. Discussion

In this study, we measured DOC and TDN fluxes in shallow- and
deep-water sponges and assessed whether the different sponge species
transformed the FDOM composition over time. Furthermore, we tried to
link the results of the FDOM analyses with fatty acid composition and
the sponge-associated bacterial community to assess which role these
sponges play in nutrient cycling around New Zealand.

4.1. Study limitations

Deep-sea science and particularly research expeditions are logisti-
cally challenging and often very expensive which limits type and size of
experiments. As we performed the experiments on a research vessel far
offshore, we were not able to acclimatize the sponges for a week before
the incubations. This is possible when specimens are collected close to
shore and are incubated in shore-based laboratories (e.g., Bart et al.,
2021b; Wurz et al., 2024, 2021). Instead, we had to perform the ex-
periments immediately upon retrieval of the sponges.

We aimed to fill the incubation chambers exclusively with ambient
seawater that originated from the sampling site of the respective sponge
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specimens. This, however, was not always possible and therefore we had
to mix ambient seawater with seawater pumped from about 4-5 m water
depth into the research vessel. Research on N cycling in deep-water
hexactinellid sponges showed that these sponges can switch from
consuming ammonium in situ to releasing it ex situ when they were
incubated in shallower water than they lived in situ (Maldonado et al.,
2021). Nitrate, nitrite, and phosphate fluxes seemed not be affected by
this change in water quality and therefore we consider it unlikely that
DOM processing was affected, but this has not been studied.

The biggest limitations of this study were the number of incubations
per species and the single sample for bacteria community composition
and PLFA analyses. The latter was related to post-cruise subsampling of
sponge specimens for complementing studies of marine natural

products. However, it would have been better to skip these additional
analyses for a balanced study design.

Using only three replicates to investigate DOM cycling in deep-sea
sponges seems low, but is in fact not uncommon in deep sea science
(e.g. Bart et al., 2021b, 2020). Nevertheless, whenever possible, sponge
incubation experiments should be performed with more replicates.

4.2. LMA/ HMA status of sponges

Based on the microbial community composition of the sponges,
F. raoulensis is a LMA sponge with a dominance of Proteobacteria,
whereas the high abundance of Acidobacteria, Actinobacteria and
Chloroflexota in S. meandrina suggests this species may be a HMA
sponge (Busch et al., 2022). Some species belonging to the genus Tedania
have been predicted to be LMA sponges (Busch et al., 2022; Moitinho-
Silva et al., 2017), but the Tedania sp. specimen shown here displays
more of a HMA profile, with an enrichment in Chloroflexota. The Arte-
misina sp. specimen also displays a HMA profile with comparably high
relative abundances of Chloroflexota.

4.3. Dissolved organic matter fluxes

Over the last 20 years, numerous studies have shown that sponges
are capable of taking up DOM (e.g., Bart et al., 2020; de Goeij et al.,
2013, 2008b, 2008a; Morganti et al., 2017; Ribes et al., 2023; Rix et al.,
2017; Yahel et al.,, 2003). Initially, it was thought that only HMA
sponges with their lower pumping rates and higher densities of micro-
organisms are able to take up DOM (Weisz et al., 2008). However, later
studies showed that LMA sponges can process DOM, too (Bart et al.,
2021b; Rix et al., 2020). Combining stable isotope enrichments with
nanoscale secondary ion mass spectrometry (NanoSIMS), (Rix et al.,
2020) showed that in HMA sponges most DOM is taken up by the
microbiome. In contrast, in LMA sponges, sponge choanocytes take up
most DOM, whereas the microbiome plays only a minor role in DOM
processing (Rix et al., 2020).

In this study, we did not measure a significant assimilation of DOC by
the HMA sponges (i.e., S. meandrina, Tedania sp., Artemisina sp.) nor by
the LMA sponge (i.e., F. raoulensis), but a significant release of TDN by
Tedania sp.
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Some sponge species require a minimum DOC concentration in the
ambient seawater (e.g., 79 pmol C 1! seawater for Xestospongia muta
(Schmidt, 1870) (Wooster et al., 2019); 74/80/198 pmol C 'l seawater
for Agelas oroides (Schmidt, 1864), Crambe crambe (Schmidt, 1862),
Chondrosia reniformis Nardo, 1847, Dysidea avara (Schmidt, 1862)
(Morganti et al., 2017; Ribes et al., 2023); 80 pmol C 1! for Petrosia
(Petrosia) ficiformis (Poiret, 1789) (Morganti et al., 2017)) to be able to
assimilate DOM. In the incubation settings here, the initial DOC con-
centrations ranged from 141 to 297 pmol C I'! seawater (Table S1) and
therefore surpassed most of the DOC thresholds. Hence, if the sponges
were capable of exploiting the DOC pool, they should have taken it up.
However, the lack of significant DOC assimilation by sponges in this
study compared to sponges in other studies might also be related to the
inconsistent operational definition of DOC (<0.2 pm pore size vs. <0.7
pm pore size). Several studies that measured DOC consumption used a
pore size of <0.7 pm (e.g., Achlatis et al., 2019; Bart et al., 2021b; de
Goeij et al., 2013; Hoer et al., 2018; Morganti et al., 2017), which in-
cludes colloids and particles, whereas we used a pore size of <0.2 pm
which should only allow truly dissolved DOC to pass (Verdugo et al.,
2004). Hence, the sponges in this study may be unable to take up DOC or
they incorporate colloidal DOC, but not truly dissolved DOC. It is also
possible that the sponges took up specific DOM components and released
others with no net flux of DOM.

4.4. Changes in fluorescent dissolved organic matter composition

In the incubation experiments, we identified four fluorophores by the
PARAFAC model which were tryptophan- and protein like (C1, C2),
humic like (C3), and tyrosine- and protein like (C4). The tryptophan-like
fluorophores may be of autochthonous origin (Kellerman et al., 2015)
and microbial-derived (Walker et al., 2013). They may have a low mo-
lecular weight (Wagner et al., 2015) and be part of the labile or semi-
labile fraction of DOM (Davis and Benner, 2007). The humic-like fluo-
rophore may originate from humic acids that were released during mi-
crobial processing of DOM (Stedmon and Markager, 2005; Yamashita
et al., 2010) or may be generated by photo-production (Chen et al.,
2010; Miranda et al., 2020). The tyrosine-like fluorophore may originate
from aromatic amino acids (Yamashita and Tanoue, 2003) and be of
labile or semi-labile nature (Davis and Benner, 2007) like the
tryptophane-like fluorophores. These fluorophores are often degrada-
tion products (Romero et al., 2017) of small peptides or proteins
(Yamashita and Tanoue, 2003).

We had expected to see a decrease in Fp,x of the different fluo-
rophores over time as a results of DOM uptake by sponges. Instead, we
measured an increase in Fpay of fluorophores C2 (tryptophan- and
protein-like), C3 (humic-like), and C4 (tyrosine- and protein-like) over
time, while Fpax of fluorophore C1 (tryptophan- and protein-like) and
Frmax of fluorophore C4 decreased. The removal of protein-like fluo-
rophores and the release of humic-like fluorophores was reported for the
Mediterranean sponges C. reniformis, A. oroides, C. crambe, and D. avara,
that occasionally also excreted tryptophan-like fluorophores (Ribes
et al., 2023). In fact, an untargeted metabolic analysis of exhalent and
inhalant seawater samples of the sponges Ircinia campana (Lamarck,
1814) and Spheciospongia vesparium (Lamarck, 1815) from the Florida
Keys (Northwestern Atlantic) detected an increase in the concentration
of tryptophan and tyrosine in exhalent compared to inhalant seawater
(Fiore et al., 2017). The authors even estimated that each sponge would
excrete up to 1 nmol tryptophane 1! seawater and 1 nmol phenylalanine
I'! seawater. Studies using ultrahigh-resolution mass spectrometry
furthermore revealed that the sponges Melophlus sarasinorum Thiele,
1899, Rhabdastrella globostellata (Carter, 1883), and S. vesparium pref-
erentially removed low-molecular mass DOM compounds (Hildebrand
etal., 2022; Letourneau et al., 2020). The chemical composition of these
removed compounds, however, differed between sponge species. Melo-
phlus sarasinorum and R. globostellata targeted compounds with high C/N
and high H/C ratios (Hildebrand et al., 2022), whereas S. vesparium
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depleted mainly compounds with a high N/C ratio and a low number of
oxygen atoms (Letourneau et al., 2020).

4.5. Fatty acid composition of sponges

The PLFA composition of the four sponges differed quite substan-
tially. The deep-water hexactinellid F. raoulensis contained seven
different identified PLFAs and the shallow-water demosponges Tedania
sp. and S. meandrina had a diverse range of 22 and 29 identified PLFAs,
respectively. In comparison, the PFLA pool of the deep-water demo-
sponge Artemisina sp. consisted of only three different PLFAs (Table S5).

The class of Hexactinellida sponges is characterized by a reduced
diversity of PLFAs (Stratmann et al., 2024a; Thiel et al., 2002a), very
long C chains of 28 to 32C atoms, and a lack of C chains with 24 to 28C
atoms (Thiel et al., 2002a). In fact, several hexactinellids of the order
Sceptrulophora which were all collected around New Zealand (this
study, Stratmann et al., 2024a) showed a very close resemblance in the
relative abundance of the individual PLFAs. Demosponges of the same
genera that were collected in the same geographical region, however,
may have very distinct PLFA profiles. (de Kluijver et al., 2021) investi-
gated the fatty acid profiles of several boreal and Arctic demosponges of
the genera Geodia and Stelletta and found that G. barretti, Geodia atlantica
(Stephens, 1915), and Geodia hentscheli Cardenas, Rapp, Schander &
Tendal, 2010 synthesize similar LCFA in different relative abundances,
whereas Geodia parva Hansen, 1885 and Stelletta rhaphidiophora Hent-
schel, 1929 synthesize distinct LCFA.

4.6. The role of sponges from New Zealand in nutrient cycling

By combining data about the stable isotopic composition of sponge
tissue, DOC/ TDN and FDOM fluxes, microbial community composition,
and PLFA composition, we tried to decipher the role of S. meandrina,
Tedania sp., and F. raoulensis in nutrient cycling.

S. meandrina hosts bacteria of the phyla Bacteroidetes, Poribacteria,
and Chloroflexota (Fig. 8, Table S7). Members of the phyla Poribacteria
and Chloroflexiota, together with members of the phyla PAUC34F,
Proteobacteria, and Nitrospirota are active consumers of DOM as Cam-
pana et al. (2021a) showed in a DNA-stable isotope probing experiment
with the sponge Plakortis angulospiculatus (Carter, 1879). The authors
proposed that a PAUC34f bacterium and bacteria of the genus Endo-
zoicomonas (phylum Proteobacteria) were the first ones to consume and
incorporate DOM, followed by a Poribacterium, a Nitrospira bacterium
and three Chloroflexota bacteria. Hence, we speculate, that S. meandrina
and particularly its dominating Chloroflexota symbionts were involved
in the degradation and transformation of DOM. They degraded the
tryptophan-like fluorophore C1 and/or transformed it into a fluorophore
C2 with different excitation and emission maxima that still resembled a
protein- or tryptophan-like fluorescence pattern (Fig. 6). At the same
time, the S. meandrina holobiont produced a tyrosine-like fluorophore
C4.

The PLFA composition of the sponge provided information about the
origin of the DOM S. meandrina had consumed previously, as several
PLFAs can serve as biomarkers (Table S6). Particularly the %-ratio
indicates whether the DOM the sponge had taken up was mainly derived

from diatoms (C1&17 > 1) or from dinoflagellates (C1&197 < 1)
(Dalsgaard et al., 2003). S. meandrina had a S%d%’.ratio of 1.11

(Table S5) and therefore it likely consumed diatom-derived DOM.

The microbiome of Tedania sp. includes mostly Chloroflexota and
Proteobacteria (Fig. 8, Table S7). In the deep-sea sponge V. pourtalesii
Proteobacteria are involved in ammonium assimilation, ammonifica-
tion, and DOM processing (Maldonado et al., 2021). Therefore, we hy-
pothesize that Tedania sp. and its symbionts Chloroflexota and
Proteobacteria contributed to the degradation of the tyrosine-like fluo-
rophore C4 and the formation/ excretion of the humic-like fluorophore
C3 (Fig. 6).
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The DOM, which Tedania sp. may ammonificate to ammonium
following the N cycling pathway of Tedania sp. from (Stratmann et al.,
2024a), could have originated from highly degraded carrion or from
dinoflagellates: The PLFA composition of sponge tissue contained
C18:109, a biomarker for highly degraded carrion-derived organic
matter (Graeve et al., 2001), and C16:1w7 and C16:0in a %-ratio of
0.39 (Table S5) which is a biomarker for dinoflagellates (Dalsgaard
et al., 2003). However, the low bulk 5'°N value of 5.60 = 0.11 %o, which
is in the range of suspended POM (6.0 + 1.9 %o Guo et al., 2004), pin-
points to DOM of phytoplankton-based origin; otherwise, the bulk 5'°N
value of Tedania sp. would be higher.

F. raoulensis contained almost exclusively bacteria of the phyla Pro-
teobacteria (Fig. 8, Table S7). However, in this case, Proteobacteria were
likely not involved in degradation of DOM, because no significant pro-
duction or consumption of DOC/ TDN/ FDOM were detected (Tables 4,
5; Fig. 6), and the PLFA composition of the sponge was dominated by
long-chain fatty acids. Instead, F. raoulensis was characterized by a high
bulk 8'°N value of 20.9 + 2.27 %o. (Hanz et al., 2022) found a similarly
high 5!°N value of 19.4 + 2.3 %o in bulk tissue of the LMA hexactinellid
Schaudinnia sp. Schulze, 1900 from the summit of the Schulz Bank
(Arctic Mid-Ocean Ridge). The authors proposed that the LMA sponges
at the Schulz Bank might relay on waste products from higher trophic
level consumers or on internal N recycling in the sponge tissue or in the
sponge microbiome. As we did not detect DOM degradation, we hy-
pothesize that unknown N cycling processes may occur in F. raoulensis
which require further investigations.

5. Conclusions

In this study, we investigated the role of shallow- and deep-water
sponges originating from New Zealand in the processing of DOM.
S. meandrina takes up insignificant amounts of DOC and TDN, where-
upon bacterial members of its holobiont (likely from the phyla Chloro-
flexota and Poribacteria) may be involved in the degradation of
tryptophan-like fluorophores to a tryptophan-like fluorophore with a
different chemical composition. At the same time, the sponge holobiont
produces tyrosine-like fluorophores. Tedania sp. releases significant
amounts of TDN, likely due to the production of humic-like fluo-
rophores, while the holobiont, particularly its bacteria member Chlor-
oflexota, may contribute to the degradation of tyrosine-like
fluorophores. F. raoulensis does not degrade DOC or TDN, but the stable
isotopic composition of its bulk tissue indicates that N recycling pro-
cesses may happen inside the sponge, but these processes are so far
unknown.
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