
1. Introduction
Benthic organisms in the deep sea largely depend on the vertical flux of organic matter from productive 
surface waters. Much of this vertical flux is remineralized during downward transport to the sea bottom, 
reducing the quantity and quality of the organic matter (Davies et al., 2009; Gooday, 2002; Kiriakoulakis 
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well as resuspension of organic matter with temporarily very high current speeds up to 0.72 m s−1. The 
vertical movement of the water column delivers food and nutrients from water layers above and below 
toward the sponge ground. Highest organic carbon flux was observed during the summer phytoplankton 
bloom period, providing fresh organic matter from the surface. The flux of fresh organic matter is unlikely 
to sustain the carbon demand of this ecosystem. Therefore, the availability of bacteria, nutrients, and 
dissolved and particulate matter, delivered by tidally forced internal wave turbulence and transport by 
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mixing with temporarily high current speeds. At the same time, water movements around the seamount 
deliver food and nutrients from water layers above and below toward the sponge ground. Fresh food 
from the surface water was delivered only during one major event in the summer phytoplankton bloom 
period. The amount of food sinking from the surface is unlikely to sustain the energetic demands of this 
ecosystem. Therefore, the availability of other food resources such as bacteria, dissolved and particulate 
matter and their delivery by water movements likely play an important role in meeting ecosystem-level 
food requirements.
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et al., 2001; Lampitt & Antia, 1997; Smetacek, 1984). Still, flourishing ecosystems, such as cold-water coral 
(CWC) reefs and sponge grounds, have been discovered in areas of the deep sea, where their presence can-
not be explained by the amount of energy supplied by vertical flux alone (Kahn, Yahel, et al., 2015; Oevelen 
et al., 2009). For example, on the Canadian shelf, it was estimated that sponges consume seven times more 
carbon than provided by the vertical flux of organic matter (Kahn, Chu, & Leys, 2018). Therefore, additional 
food supply mechanisms and efficient recycling of resources must exist to fulfill this deficit.

Recently, sponge grounds have become a focus of deep-sea research since they can form hotspots of biomass 
and biodiversity in the deep sea similar to CWC reefs (Beazley et al., 2013; Hogg et al., 2010; Maldonado, 
Aguilar, Bannister, et al., 2017). At bathyal and abyssal depths sponges, specifically hexactinellids (glass 
sponges), belong to the most common megafaunal organisms (Tabachnick et al., 1994). Together with oth-
er sponge groups (demosponges), they are able to form extensive grounds and even reef-like habitats that 
cover large areas of the seafloor on shelves, slopes, seamounts, plains, and even hadal bottoms (Barthel & 
Gutt, 1992; Cathalot et al., 2015; Kahn, Yahel, et al., 2015; Klitgaard & Tendal, 2004; Murillo et al., 2012). 
Sponges are considered ecosystem engineers since they build 3D structures providing a habitat for sessile 
and mobile fauna, which can persist beyond their lifetime (Buhl-Mortensen et al., 2010; Meyer et al., 2019). 
Components of the sponge glass skeleton (so-called spicules) remain on the seafloor after their death, cre-
ating structures from several centimeters up to several meters. These spicule mats provide an important 
substrate for living sponges and associated fauna (Bett & Rice, 1992; Conway et al., 2005). These structures 
as well as the sponges themselves interact with the flow of water, leading to a modification of flow in the 
benthic boundary layer (BBL) which likely influences food and particle supply as well as the retention and 
availability of food for sponges and other suspension feeding organisms (Culwick et al., 2020; Maldonado, 
Aguilar, Blanco, et al., 2015; Mienis, Bouma, et al., 2019).

Sponges display a wide variety of feeding behavior that match the extreme conditions they inhabit. In 
addition to very specific mechanisms such as carnivory in some deep-sea sponge species (Vacelet et al., 
1995), they are known to be associated with microorganisms like bacteria, viruses, and archaea which trans-
fer food to the sponge (Hentschel et  al.,  2006), feed directly on bacteria from the water column (Yahel 
et al., 2006) or even directly take up dissolved organic carbon (DOC) as shown for tropical reef sponges (de 
Goeij et al., 2008; Rix et al., 2017). Therefore, they play a major role in biogeochemical cycling, for example 
carbon cycling, and are able to transfer organic matter from the pelagic to the benthic environment (Beazley 
et al., 2013; Cathalot et al., 2015).

Sponge grounds are commonly associated with increased near-bottom current velocities due to the sea-
floor topography interacting with local and regional hydrodynamics, similar to CWC ecosystems (Chu & 
Leys, 2010; Davies et al., 2009; Frederiksen et al., 1992; Rice et al., 1990). This interaction often comprises 
internal tidal waves enhancing currents and increasing turbulence in regions where the bed slope is compa-
rable to the raypath slope of the internal wave propagation (e.g., Eriksen, 1982; Jalali et al., 2017; Müller & 
Liu, 2000; van Haren, Hanz, et al., 2017). Particularly at seamounts, but also on shelves turbulence and ver-
tical mixing have been observed and enhanced by shear, convective instabilities from the rebounding tidal 
flow and breaking of transient lee waves (Davison et al., 2019; Lavelle & Mohn, 2010). Around seamounts, 
this has led to accumulations of pelagic as well as benthic biomass (Clark et al., 2010; Hosegood et al., 2019; 
Jalali et al., 2017). These processes also impact food supply from surface waters to the deep sea, increasing 
delivery and retention of suspended particulate matter (SPM) (Duineveld, Lavaleye, Bergman, et al., 2007). 
Seamounts can also induce a closed circulation above their summits (e.g., Taylor Columns), which leads to 
trapping of organic material or retention of resuspended organic material (Boehlert & Genin, 1987; Henrich 
et al., 1992; Lavelle & Mohn, 2010; G. I. Taylor, 1923).

The distribution of CWCs and sponges overlap in many areas, suggesting that similar environmental con-
ditions are beneficial for both groups of species. However, areas consisting primarily of sponges also occur, 
such as for example in the NE Atlantic (e.g., Western Barents Sea, along the Norwegian Shelf to the Faroes), 
south of Iceland (Klitgaard & Tendal, 2004; Roberts et al., 2018), on seamounts in the Alboran Sea in the 
Mediterranean (Maldonado, Aguilar, Blanco, et al., 2015), the Flemish Cap, and Scotian Shelf on the Cana-
dian shelf (Chu & Leys, 2010).
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A recent short-term study on the environmental conditions at an Arctic seamount, the Schulz Bank, sug-
gested that the hydrodynamic regime produces favorable conditions for the appearance of dense sponge 
grounds (Roberts et al., 2018). The aim of the current study was to extend these short-term observations 
to determine the long-term environmental drivers and their temporal variability as well as the food supply 
mechanisms that support the presence of a dense deep-sea sponge ground on the summit of the Schulz 
Bank. For this purpose, long-term near-bed observations of environmental conditions were combined with 
measurements of deep-sea particle fluxes. In addition, CTD profiles were recorded along transects to study 
the water column structure around the Schulz Bank. The ensuing data form a comprehensive set of contin-
uous, high-resolution, long-term records of near-bed environmental conditions at a sponge ground, shed-
ding light on the environmental ranges in which sponges are found. This study provides insight into the 
hydrodynamic processes that influence the sponge grounds so they can meet their energy demand in the 
food-limited deep sea.

2. Study Site and Methods
2.1. Regional Setting

The Schulz Bank (73° 50′ N, 7° 34′ E, Figure 1, earlier also described as the Schulz Massif seamount in Rob-
erts et al., 2018) is part of the Arctic Mid-Ocean Ridge (AMOR). It is approximately 22 km wide and rises to 
about 1,900 m above the plain of the Lofoten Basin in the south and the Greenland Basin in the north. The 
Schulz Bank is situated between two sub-ridges, the Mohn Ridge and the Knipovich Ridge. The summit is 
oriented in a NE-SW direction and is situated at 600 m below the sea surface. The slope is largely dominated 
by soft sediments with local rocky outcrops; the summit is known to be covered by sponge spicule mats 
of up to 20 cm thick, overgrown by living sponges and associated fauna (Roberts et al., 2018). The highest 
abundance of sponges and associated fauna was found on the summit at depths above 600–800 m, below 
that, sponge occurrences were patchier and sponge density was significantly lower. The flanks and deeper 
plains showed only a sparse sponge cover. A more detailed description of sponge occurrences is presented 
in Roberts et al. (2018) and Meyer et al. (2019).

The water masses surrounding the Schulz Bank in the Greenland, Iceland, and Norwegian (GIN) seas have 
been described in detail by Hopkins (1991). The area is influenced by North Atlantic Water which is char-
acterized by salinities >35 and temperatures >2°C (Helland-Hansen & Nansen, 1909). These waters enter 
from the south as a surface water mass (Norwegian Atlantic water [NwAtW]). The intermediate water mass 
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Figure 1. (a) Inset: the Schulz Bank as part of the AMOR (adapted from Jakobsson et al., 2012), (b) Map of the 
Schulz Bank region (contour interval 100 m) with CTD stations and position of the lander (bathymetry from 
Consortium, 2016). AMOR, Arctic Mid-Ocean Ridge; CTD, Conductivity-Temperature-Depth.
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around the Schulz Bank is Norwegian Arctic Intermediate Water (NwArIW) which originates in the GIN 
seas and is derived by convection from surface waters exposed to atmospheric exchange (Hopkins, 1991; 
Jeansson et al., 2017). Beneath this, Norwegian Sea Deep Water (NwDW) in the east and Greenland Sea 
Deep Water in the west are present (Rudels et al., 2002).

2.2. Data Collected in the Field

Fieldwork was conducted as part of three multi-disciplinary research cruises to the Schulz Bank (GS2016109, 
GS2017110, and GS2018108) with the Norwegian vessel RV G.O. Sars in the frame of the Horizon 2020 pro-
ject SponGES. The fieldwork for the present study consisted of the deployment of a benthic lander (see 
below) in 2016 amidst the sponge ground for the period of one year and a CTD transect at the end of the 
deployment to determine water column characteristics around Schulz Bank (Table 1). During CTD casts 
different samples were collected from the water column (Table 1).

A CTD transect conducted in 2018 covered the deep Norwegian and Greenland basins in the east and west 
as well as the seamount summit to characterize the water column structure (Figure 1). The CTD profiler 
used was a Seabird “SBE 9 plus” underwater unit and a Seabird “SBE 11 plus V2” deck unit, equipped with 
a dissolved oxygen sensor (SBE 43), a chlorophyll-a sensor (Chelsea Aqua 3), and a rosette water sampler 
of 12× 10 L Niskin® water sampling bottles, triggered to close at given depths during the up-cast. For the 
analysis and interpretation of the measured profiles, the downcast raw data were processed with “SBE Data 
Processing” software.

2.3. Near-Bed Environmental Conditions

A BOBO (BOttom BOundary) lander was deployed on the summit of the Schulz Bank on the 21 July 2016 
and successfully recovered on the 27. July 2017 (Figure 1, Table 1). The BOBO-lander was equipped with 
an Acoustic Doppler Current Profiler (ADCP; Teledyne-RDI, 1,200 kHz, recorded 13 bins of 1 m between 
3.55 and 15.55 m above bottom (mab)), a combined Wetlabs turbidity and fluorometer (Wetlabs-FLNTU), a 
Seabird CT sensor and a combined temperature and oxygen sensor (Advantech RINKO). The ADCP sensor 
was attached at the top of the lander at 2 mab, all other sensors were attached around 1 mab. An HD video 
camera (Sony) with LED illumination was directed at the seafloor recording 30 s of video every 2 h. During 
the deployment all instruments were programmed at a sample interval of 15 min, except the oxygen sensor 
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Station Device Date Latitude Longitude Depth [m]

GS2016109-07 until Lander 21.06.2016 until 73.816 7.55234 668

GS2017110-17 27.07.2017

GS2018108-02 CTD 31.07.2018 73.83067 7.55917 584

GS2018108-12 CTD 01.08.2018 73.82733 7.642 1,056

GS2018108-13 CTD 01.08.2018 73.82733 7.96467 2,057

GS2018108-14 CTD 01.08.2018 73.82716 8.28483 2,190

GS2018108-15 CTD 02.08.2018 73.8265 8.60483 3,000

GS2018108-22 CTD 03.08.2018 73.82983 7.56233 582

GS2018108-28 CTD 04.08.2018 73.82684 6.51617 2,479

GS2018108-29 CTD 04.08.2018 73.82733 6.839 2,972

GS2018108-30 CTD 05.08.2018 73.8275 7.162 2,111

GS2018108-31 CTD 05.08.2018 73.82733 7.48283 994

GS2018108-37 CTD 06.08.2018 73.82983 7.561 580

Abbreviations: CTD, Conductivity-Temperature-Depth.

Table 1 
Overview of Lander and CTD Stations Surveyed on the Schulz Bank From Cruises GS2016109, GS2017110, and 
GS2018108
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which was set to a 30 min interval. All instruments measured during the whole deployment period, except 
the oxygen sensor, which stopped recording on the 01 June 2017 due to power failure. The lander was also 
equipped with a sediment trap (Technicap PPS4/3) with a rotating carousel of 12 bottles. The trap aperture 
(0.05 m2) was at 2 mab. Sediment trap bottles were filled with a pH-buffered mercury chloride (HgCl2) solu-
tion in filtered seawater collected from the deployment site and the carousel was programmed to progress 
in 30-day intervals. The sediment trap material was filtered over a 1 mm sieve to remove bigger particles 
and zooplankton. Samples were split into five sub-samples with a rotor splitter: four sub-samples were 
rinsed with demineralized water to remove salts and HgCl2; and one sub-sample was rinsed with bottom 
water to keep pigments intact. All samples were freeze-dried and weighed to measure mass fluxes (Mienis, 
Duineveld, et al., 2012).

In this study, data of two backscatter sensors were used to identify the presence of different particle sizes. 
As the wavelength of sound is larger than that of light, acoustic backscatter showed the presence of larger 
grain sizes, about 1 mm at 1,200 kHz, while optical backscatter recorded a smaller range of particle sizes 
(Fugate & Friedrichs, 2002). For the time series of the acoustic backscatter signal, raw data were transferred 
to mean volume backscatter using the noise- and attenuation-correction of Gostiaux and Van Haren (2010). 
Data from bin 4 were selected, which corresponded to a height of 6.5 mab. This bin was chosen as it is close 
to the bottom, but high enough above the lander to minimize the effects of any flow alteration caused by 
the lander structure.

The near-bed horizontal velocity components obtained with the ADCP were analyzed to determine the 
tidal constituents contributing to currents at the Schulz Bank. The method used is an extension of the 
one-dimensional harmonic analysis (least squares) method commonly applied to sea-level time series data. 
The two velocity components were analyzed separately as a one-dimensional time series and the resulting 
amplitudes and phases used to define tidal current ellipses for each constituent. Top contributing constit-
uents were assessed based on current speeds and percent energy contribution to the tidal model solution. 
The analyses were conducted on the horizontal velocity components averaged vertically over seven ADCP 
depth bins (3.5–9.5 mab) using the “UTide” package functions in MATLAB (Codiga, 2011). The length of 
the time series allowed a resolution of 67 constituents. Spectral analysis was performed to demonstrate the 
most energetic motions.

In order to assess the likelihood that the Schulz Bank sponge ground experiences intensified near-bed cur-
rents arising from incident internal tides (sensu Huthnance, 1989; see also Frederiksen et al., 1992), the ray 
slope s for an internal wave with the frequency of the dominant semi-diurnal lunar tidal constituent (M2) 
was calculated according to:
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where f is the local inertial (Coriolis) frequency (1.4007 × 10−4 rad s−1 at the latitude of the Schulz Bank), 
N the buoyancy frequency (9.6 × 10−4 rad s−1; representative value from below the permanent pycnocline) 
and σ the frequency of the internal tide (1.4053 × 10−4 rad s−1 for an internal tide with semi-diurnal lunar 
M2 periodicity).

The resulting ray slope (0.68°) was compared to the bottom slopes at the Schulz Bank on the basis of multi-
beam data (see Figure 11, Roberts et al., 2018).

Vertical water displacement was estimated by comparing the CTD profile with the lander time series. The 
recorded temperature change during one day (ΔT; determined from maximum and minimum tempera-
tures) measured by the lander was compared with the corresponding temperatures and depths in the CTD 
transect during the same time interval.

2.4. Suspended Particulate Matter: C/N Analysis, Isotope, and Chlorophyll Measurements

Sediment trap material was transferred into silver cups and the material was acidified inside the cups (2 M 
HCl). δ15N (15N/14N = δ15N), δ13C (13C/12C = δ13C) and total weight percent of organic carbon and nitrogen 
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were analyzed on an Elemental Analyzer (EA; Flash 2000) coupled via an open split (Conflo IV, Thermo 
Fisher Scientific Inc.) to an Isotope Ratio Mass Spectrometer (IRMS; Thermoscientific, Delta V Advantage). 
For nitrogen stable isotope analyses pure N2 was used as a reference gas. As a standard for δ13C benzoic acid 
and acetanilide was used, while for δ15N acetanilide, urea and casein were used. Values are reported in per 
mille relative to air (N2) and VPDB (C) respectively. For δ13C analysis a high signal method was exercised 
including a 70% dilution. Precision and accuracy based on replicate analyses and comparison of standards 
to their certified values was better than 0.15 ‰ for both δ13C and δ15N. Chlorophyll-a was extracted from 
sediment trap samples by adding 90% acetone under dark and cool conditions (Wakeham et al., 1993). The 
concentration was measured by a Fluorescence Spectrometer (F-2500 FL Hitachi) by comparing the sample 
absorbance to the absorbance of a known chlorophyll-a standard at two wavelengths (431.0 and 671.0 nm). 
Afterward HCl was added to the sample to break down chlorophyll-a and measure degradation products 
(pheophytin-a). The amount of chlorophyll-a compared to degradation products was then calculated (for 
details see Holm-Hansen et al., 1965).

3. Results
3.1. Water Column Data

At the surface, NwAtW was observed and reached depths deeper than 700 m in the basin east of Schulz 
Bank while the thickness of the NwAtW gradually decreased in extent toward the west (Figure 2). East 
of the summit of Schulz Bank NwArIW is constrained at a depth of 1,000–1,500 m which is in contrast 
with the western side where it is also located shallower. NwArIW has a density anomaly between 27.70 
and 27.97 kg m−3 (Rudels et al., 2002, Figure 2a). NwArIW features a local dissolved oxygen (DO) concen-
tration maximum between 500 to 1,000 m water depth (Figure 2e). Below about 1,000 m and at a density 
anomaly >28.05 kg m−3 NwDW (T < −0.5°C, salinity of 34.91–34.92) was observed. In 2018, the summit of 
the seamount was somewhat above the interface between NwArIW and NwDW, where it was observed in 
2016 (Roberts et al., 2018). As NwArIW contained more oxygen than NwDW, the oxygen data provide good 
insight into the characteristics of the interface between the two water masses. Fluorescence maxima were 
observed at approximately 50 m water depth, declining to <0.1 µg l−1 below (data not shown) as was also 
observed by Roberts et al. (2018).

The square of the buoyancy frequency, N2, is a measure of stratification stability, and was calculated from 
the density profile at a CTD station on the eastern side of the Schulz Bank. In this case, two maxima in N2 
were observed (Figure 3). A strong stratification was found underneath the surface mixed layer at about 
50 m and a second, weaker pycnocline was identified at a depth of 500 m (N2 = 0.00001 s−2, Figure 3b). The 
deeper pycnocline was situated at the interface between NwAtW and NwArIW. No N2 peak was situated at 
the interface of intermediate and deeper water masses.

The height of internal waves was estimated by comparing temporal and spatial measurements of tempera-
ture (see Section 2). In July 2017, the maximum isopycnal displacement was calculated to be around 210 m 
(−0.2°C to 0.1°C temperature fluctuations during one day corresponds to 870 and 660 m depth in the water 
column, respectively).

3.2. Lander Data

3.2.1. Setting

Visual information recorded by the camera on the BOBO-lander confirmed that the lander was deployed 
within an area densely covered with sponges and associated fauna, including anemones, soft corals, tuni-
cates (Figure 4) as well as mobile fauna like sea urchins, brittle stars, starfish, and grenadier fish, which 
appeared temporarily in some videos. Analysis of the video clips taken by the lander demonstrated that 
there were no major changes in benthic cover, size of the organisms and species abundance during the 
deployment. Several events with strong currents were observed, whereby some benthic organisms were 
affected. For example, anemones and soft corals retracted their tentacles and some anemones, tunicates 
and larger sponges (likely Schaudinnia rosea) were observed to be relocated by the currents (Hanz, 2019).
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3.2.2. Long-term Records

The most striking observation of the long-term record was that near-bed water temperatures were low 
throughout the year, varying around a mean of 0°C (−0.5°C to 1°C, Figure 5a). The highest temperatures 
were observed in November–December, while lowest temperatures were recorded in March, April and Au-
gust (min. of −0.5°C). Spring and neap tidal cycles were observed in the temperature record from March 
to August. From September to December temperature increased toward a maximum of 1°C. In December, 
short-term temperature fluctuations were largest and sometimes were as large as 1°C during one day, which 
coincided with high current speed. DO concentrations decreased from October to January until they in-
creased in January (Figure 5b). After late March, periodical fluctuations of DO concentrations were record-
ed. The oxygen concentration was varying between 8.4 and 9.1 ml l−1. Fluorescence was in general low and 
showed only one major peak at the end of May (Figure 5c). Turbidity (based on acoustic backscatter meas-
urements) increased from September to October and also during a short period in December (Figure 5e). In 
December, higher turbidity was corresponding to periods of high current speed.
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Figure 2. (a) TS diagram including isobars and water masses indicated. CTD transect cross-sections of (b) potential temperature, (c) salinity, (d) density 
anomaly (sigma-t), (e) DO concentration in August 2018. Vertical lines indicate CTD locations (data plotted using Ocean Data View v.4.7.8; Schlitzer, 2015). 
CTD, Conductivity-Temperature-Depth; DO, dissolved oxygen.

Figure 3. (a) Buoyancy frequency N2 (black) and density (blue) of CTD station slightly east of the seamount, (b) 
zoomed-in view of the second peak around 500 dbar. CTD, Conductivity-Temperature-Depth.
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The acoustic backscatter recorded constantly elevated values in the BBL up to about 6 mab (Figures 5e and 
6). This turbid layer was thinner from April to June (up to 4 mab) and thicker during resuspension events 
in autumn and winter (over 10 mab, Figure 6). Periods of high turbidity in the BBL were connected to slow 
southwestward currents in the first 5 mab (<0.07 m s−1). Water flow at the summit of the seamount exhib-
ited an asymmetry in the tidal transport, with net residual transport in the WNW (290°) direction over the 
summit (Figure 7). Current speed at a depth of 6.5 mab showed daily fluctuations of about 0.4 m s−1 around 
an average of 0.14 m s−1, whereas highest current speeds of up to 0.76 m s−1 were recorded in December 
(Figure 5f). Slowest current speeds were related to a southward directed flow.

The optical backscatter sensor at 1 mab recorded only one major turbidity peak in December (Figure 5d) 
and a smaller peak after the peak in fluorescence in May 2017, indicating an increase of smaller particles 
in the SPM fraction, while mostly larger particles predominate at the end of summer/autumn as shown by 
the acoustic backscatter record. This was confirmed by comparing the video observations for the different 
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Figure 4. Camera view from the lander showing sponges as well as associated fauna, including anemones, soft corals, 
tunicates on top of a dense spicule mat. (a) Video still captured at the start of the deployment 04 June 2016, (b) Video 
still captured at the end of the deployment at 15 July 2017.

Figure 5. Time series of (a) temperature, (b) oxygen concentration, (c) fluorescence, (d) optical and (e) acoustic backscatter and (f) current speed with 0.3 
cycles per day cut-off low-pass filtered current speed, measured by the lander on the summit of the Schulz Bank from July 2016 to August 2017.
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time intervals, with large, slow moving marine snow being observed at the end of summer and fast moving 
particle aggregates and sponge spicules being observed in winter, specifically during the high current speed 
events.

3.2.3. Tidal Analysis

The primary astronomical constituents determined for the observed current signal were the principal lunar 
semi-diurnal (M2) constituent, contributing about 38% energy to the tidal model solution, and the luni-solar 
declinational diurnal (K1) constituent, contributing 24% energy. This is evident in the kinetic energy spec-
trum, in which the largest peaks were found at these frequencies (Figure 8). The local inertial frequency is 
very close to M2 and does not show a separate distinguishable peak. In terms of internal waves, K1 < f and 
thus waves are non-propagating or trapped, while f ≤ M2 ≤ N permits freely propagating waves with the 
notion that M2-waves propagate near-horizontally.

The M2 satellite constituents H1 and H2 (with frequencies very close to that of M2) were indicating seasonal 
modulation of the amplitude and phase of the M2 harmonic. Some variations on seasonal timescales cap-
tured by the fitting procedure (including the M2 modulation and solar semi-annual constituent) may be the 
result of non-tidal processes (e.g., seasonal changes in stratification and associated changes in tidal currents 
through internal tides). The compound tide MKS2 contributes 6.7% energy to the tidal model solution, and 
thus the nonlinear interaction of astronomical tides that this harmonic represents is relatively important.
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Figure 6. Acoustic backscatter intensity at 4–15 m above bottom during the period July 2016 until August 2017.

Figure 7. (a) Time-averaged flow velocity in the horizontal at the Schulz Bank summit during one year with the tidal ellipse and residual current indicated by 
an arrow, (b) Time-averaged eastward flow velocity per depth above the bottom during one year, (c) Time-averaged northward flow velocity per depth above the 
bottom.
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The superposition of all 67 constituents in the fit explained 44.3% of the 
observed variance in the original currents record (i.e., 44.3% tidal vari-
ance, sensu Codiga, 2011). The mean current components were found to 
be 0.022 m s−1 and −0.067 m s−1 for the north and east components, re-
spectively, confirming a mean current of 0.071 m s−1 flowing west-north-
west (288.2°).

The residual or “de-tided” signal in the horizontal velocity data was com-
puted by subtracting the reconstructed tidal signal (based on the ampli-
tudes and phase lags determined by harmonic analysis) from the original 
record. It revealed that high current events, particularly those in Decem-
ber, were not well captured by the tidal model (i.e., they remained strong-
ly present in the residual component of the time series and were thus 
non-tidal in nature)—see the tidally low-pass filtered record in Figure 5f. 
Sub-tidal flows are dominated by a small peak at 0.2 cpd (cycles per day), 
implying a 5 day periodicity. Larger broadband “peaks” are found at 0.02 
cpd (50-day periodicity) and 0.005 cpd (200-day periodicity), see Figure 8. 
The direction of the large-scale sub-tidal flows is mainly east-west (cf. 
Figure 7a), or about a 45° angle with the main ridge of Schulz Bank.

Intensified near-bed currents, caused by internal tides being amplified 
by the topography, are generated most effectively where the bottom slope 
is equal to or larger than the ray slope of the internal wave. These inten-
sified currents were calculated to appear in areas where the slope of the 
Schulz Bank exceeds 0.68°, for the dominant M2 constituent (for calcula-
tion see Section 2).

At the lander site, bottom slopes are about 7° and are thus supercritical for M2 propagating internal waves. 
The site of Schulz Bank is very close to the turning point latitude for M2 internal tidal waves, which become 
evanescent poleward of 74.5°N and thus reflect equatorward. At the turning point latitude, which is only 
0.7° poleward of the lander site, internal wave energy is expected to be enhanced (e.g., Munk, 1980) and 
internal tides propagate near-horizontally like inertial waves.

3.2.4. Short-term Fluctuations

In order to determine relationships between physical factors and the resuspension of suspended material, 
two shorter periods of two days were analyzed. Two days in December with large semi-diurnal current fluc-
tuations were compared with two days in July with small diurnal current fluctuations, being essentially the 
extremes from the entire observation period.

In winter current speeds varied in a semi-diurnal pattern from 0.2 m s−1 to 0.7 m s−1. Low current speed was 
correlated with a southward current direction, high currents with a northwest current direction. Peaks in 
the acoustic backscatter did not appear to be strictly associated with one part of the tidal cycle. Sometimes 
turbidity peaks appeared during slow southward current, whereas other turbidity peaks were in line with 
peaks in current speed (Figure 9). In contrast to semi-diurnal tides in winter, during summer a predom-
inantly diurnal current pattern was observed with much smaller semi-diurnal constituents and current 
maxima less than half those observed for the winter season (Figure 9a). Highest currents in summer, as with 
winter, were in a northwest direction and slower currents in a southern direction. Acoustic backscatter did 
not correlate with the current speed in summer.

3.2.5. Vertical Fluxes

Vertical downward mass fluxes showed three peaks in September 2016, December 2016, and June 2017 all 
exceeding 200 mg dry matter m−2 day−1, while during spring and early summer mass fluxes were below 
100 mg m−2 day−1 (Figure 10a). The carbon flux peaked in June 2017, when it exceeded 20 mg Corg m−2 day−1. 
Comparing mass and carbon fluxes showed that the 2016 September and December peaks in mass flux were 
relatively low in organic carbon, indicating resuspension of material as was shown by high backscatter 
values, high current speeds and in the video footage. This was confirmed by the presence of large amounts 
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Figure 8. Weakly smoothed, about 10 degrees of freedom, average 
kinetic energy spectrum from currents of bins 2–4, with indications at 
tidal frequencies diurnal K1 and semi-diurnal M2, inertial frequency f, and 
buoyancy frequency N. The lower vertical dashed line indicates the cut-off 
frequency for low-pass filtering.
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of sponge spicules in the collected trap material for these periods. The δ15N of the sediment trap material 
increased from 2.2‰ in July 2016 to 7.5‰ in June 2017 (Figure 10b). The δ13C value was on average −24.88 
‰ (data not shown). Over the same time interval the C/N ratio decreased from 7.4 to 5.2 (Figure 10a). The 
chlorophyll-a concentration decreased from about 50 µg l−1 in July 2016 to 0 µg l−1 in November 2016 and 
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Figure 9. Acoustic backscatter from 4 to 14 mab and current speed at 6.5 m above seafloor (black line) at two days (a) in summer, (b) in winter.

Figure 10. (a) Vertical mass flux at the sponge ground and C/N ratio (b) Carbon flux, δ15N, chlorophyll-a concentration and chlorophyll-a/pheophytin-a ratio of 
the sediment trap material from July 2016 to July 2017 in 30 day intervals. Stars indicate resuspension events; green cross indicates missing chlorophyll-a value.
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stayed at 0 µg l−1 until June 2017 (no value for July 2017, Figure 10b). The chlorophyll-a/pheophytin-a ratio 
was highest in July 2016 (2,488) and decreased during the sampled time interval.

4. Discussion
Deep-sea sponge grounds are hotspots of biological activity, yet their environmental requirements, in terms 
of hydrodynamics and food supply mechanisms are so far poorly known. This study shows the first obser-
vations of the long-term near-bed environmental conditions at a sponge ground in the Arctic. It provides 
insight into the variability of physical and biological conditions deep-sea sponges are experiencing through-
out a year.

4.1. Temperature

Bottom water temperatures on the Schulz Bank summit were around 0°C during the whole 13  months 
of observations, which might have important implications for the benthic communities. In general, low 
temperatures slow chemical reactions and reduce enzyme activities (Hochachka & Somero,  1968). This 
has a major effect on the functioning of (benthic) organisms as it controls metabolic rate and physiological 
processes slow down with decreasing temperature (King & Farner, 1961; Strand et al., 2017). A slower me-
tabolism reduces energy demand in most aquatic invertebrates, where respiration rates are roughly halved 
with every 10°C decrease (Q10 temperature coefficient = 2–3, e.g., Coma, 2002). It is known that benthic 
species can adapt to cold environments, which compromises extrapolation of the metabolic rates of tropical 
or temperate species down to cold environments (Somero, 1998). Still, the cold environment might play a 
role in the survival of species in this food-deprived environment due to reduced metabolism, whereas food 
reduction itself might also decrease the metabolic state like for example observed in fish (Yang & Some-
ro, 1993). The upper temperature range for deep-sea sponge occurrences is not known for most species, 
whereas for example Geodia barretti (characteristic for boreal grounds) is known to survive in temperatures 
of up to 12°C (Strand et al., 2017). Our long-term record showed that deep-sea sponges in Arctic grounds 
thrive at temperatures at least 4°C lower than the reported temperature range of, for instance, scleractinian 
CWCs (4°C–12°C, Dodds et al., 2007; Freiwald, 2002). Pheronema carpenteri, a relatively well-known glass 
sponge, has been found over a broad temperature range of 2.7°C–20.9°C (Howell et al., 2016). These thresh-
olds imply that sponges could be more prevalent in the deep sea compared with CWSs.
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Figure 11. (a) Summit of the Schulz Bank from multibeam echosounder data (5 m resolution) with critical slope areas 
for semi-diurnal internal waves marked in red. The slopes were calculated over a 5X larger neighborhood of cells to 
better visualize areas of critical slope, (b) 3D representation of the Schulz Bank summit with dominant hydrodynamic 
features and food supply mechanisms indicated. DOC, dissolved organic carbon.
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4.2. Hydrodynamics

Density gradients play an important role in mixing processes in the ocean interior. In general, less mixing is 
found in a highly stratified water column. Nevertheless, baroclinic tidal waves are able to propagate along 
density gradients inside the ocean interior. The ability of internal waves to propagate freely depends on the 
turning point latitudes. At the latitude of the Schulz Bank, they can only exist at a semi-diurnal frequency 
since diurnal internal tides cannot exist as freely propagating waves at this latitude (Lavelle & Mohn, 2010; 
Robertson et al., 2017). However, around Rockall Bank trapped diurnal tidal waves have been demonstrat-
ed to considerably contribute to turbulent mixing over coral mounds (Cyr et al., 2016; van Haren, Mienis, 
et al., 2014). The large diurnal tidal signal observed in our data suggests a similar mechanism is at work 
around Schulz Bank. In addition, the latitude of Schulz Bank is so close to the turning point latitude of M2 
internal tides that enhancement of internal tidal energy is expected (Munk, 1980).

If propagating internal tidal waves impinge on topographic features like seamounts, they can be reflected or 
their energy can be converted into turbulence depending on the properties of the obstacle (Jalali et al., 2017). 
Turbulence is created by internal waves propagating upslope and interacting with the downslope flow, 
which remains from previous waves, resulting in wave breaking (J. R. Taylor, 1993). This can produce high 
local turbulence around the seamount summit (van Haren, Hanz, et al., 2017). At the Schulz Bank, we 
observed strong semi-diurnal and diurnal tides which are likely the origin for high internal wave breaking, 
increasing local mixing and turbulence. Intensification and amplification of both turbulence and mixing 
at the Schulz Bank is expected to appear in areas where the bed slope is steeper than that of semi-diurnal 
internal tidal wave slopes of around 0.68° (Figure 11). Unfortunately, there was not enough fauna distri-
bution data available to correlate the steeper slopes of the summit with an increased abundance of benthic 
organisms. However, it is known that steep slopes on the north-eastern summit are an area of high species 
abundance (Meyer et al., 2019).

We established the characteristics of the internal waves at Schulz Bank by comparing temporal and spatial 
measurements (see Section 2): isopycnal displacements are up to >200 m and peak near-bed horizontal 
current velocities are up to 0.7 m s−1. These velocities are much higher than found at other biologically rich 
Mid-Atlantic seamounts (van Haren, Hanz, et al., 2017; van Haren & Gostiaux, 2012) and are comparable 
to currents associated with internal waves at the Hawaiian ridge, which were observed to be up to 300 m 
in displacement (Rudnick et al., 2003), or over a CWC mound at the Rockall bank, which were more than 
120  m high (van Haren, Mienis, et  al.,  2014). The maximum current speeds at Schulz Bank were close 
to those of internal waves observed in the South China Sea, where horizontal velocities of up to 1 m s−1 
were found producing massive overturns of up to 500 m, which are expected to be amongst the most pow-
erful in the world (Alford et al., 2015). Resulting turbulence in such regions can be >1,000 times that of 
the open ocean (van Haren & Gostiaux, 2012), which is also suggested to be beneficial for CWCs (Mienis, 
Duineveld, et al., 2012). Video recordings taken during highest current speed events in winter at Schulz 
Bank showed that these might be close to the maximum that sessile benthic fauna can endure, with some 
individual sponges as well as anemones already being detached from the bottom and transported laterally 
(Hanz, 2019).

Mixing processes due to turbulence and the vertical displacement of water with different properties are 
likely to be an essential driver for the local benthic fauna since they supply nutrients, oxygen, and particu-
late organic matter (Duineveld, Lavaleye, & Berghuis, 2004). Comparison of the baroclinic tides with SPM 
supply to the sponge ground in this study indicated that tidal waves might provide an alternative route for 
delivering nutrients from deeper water layers and possibly even fresher SPM from shallower water masses 
as a consequence of enhanced downward currents on short-time scales as was also observed near CWCs 
(Duineveld, Lavaleye, Bergman, et al., 2007). Once brought into suspension by turbulent mixing, the sus-
pended matter will be advected horizontally by the larger-scale flows. These flows are, on average, directed 
approximately westward over Schulz Bank. Since we did not study potential sources further away from 
Schulz Bank, we have no quantitative measure of the supply of organic matter to the Schulz Bank from the 
east. Mixing around the seamount is likely to deliver water column bacteria toward the sponge communities 
on the summit, which act as a food source. This process has been observed to influence the microbial com-
munity structure up to several hundreds of meters above the summit (Busch et al., 2020).
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Hydrodynamic processes can also trap food particles above the seamount summit. Earlier modeling stud-
ies (Chapman & Haidvogel, 1992) showed that anti-cyclonic circulation patterns (Taylor caps) or trapped 
waves in the case of periodically alternating flow can arise over the summit of isolated seamounts (Haid-
vogel et  al.,  1993). These have the potential to trap sinking organic material (Mourino et  al.,  2001; Vi-
las et  al.,  2009), but can also affect the microbial community composition (Busch et  al.,  2020). Roberts 
et al. (2018) expected possible transient Taylor caps at the Schulz Bank. Calculations in this study with an 
updated larger dimension of the seamount (h = 1.9 km, L = 22 km, H = 2,460 m, U = 0.14 m s−1) confirms 
the possibility of a Taylor cap (Ro = 0.045, δ = 0.77, S = 2.55, f = 1.4 × 10−14 rad s−1, N = 3.2 × 10−13 s−1, calcu-
lations like stated in Roberts et al., 2018). However, evidence for a Taylor cap in the form of clear isopycnal 
doming, higher turbidity or increased fluorescence above the summit, as shown in Roberts et al. (2018), 
were not detected by the CTD transect in 2018. This likely reflects the coarse spatial resolution of the CTD 
transect or the timing of the CTD transect not corresponding with the main bloom period or with a Taylor 
cap that is transient in nature.

4.3. The Reef Effect

Benthic food availability also depends on smaller-scale processes entraining food resources in the BBL 
(Boudreau & Jorgensen, 2001). Particulate matter was continuously resuspended above the sponge ground 
as indicated by a turbid BBL throughout the year. Short-term observations showed that this BBL experiences 
periods where the extent of the turbidity in the BBL decreases. These periods are likely essential to replen-
ish the BBL with new suspended (organic) matter as well as dissolved (organic) matter, bacteria (Busch 
et al., 2020), and nutrients, which all serve as a food source for the benthic fauna. Roberts et al.  (2018) 
showed that water in the BBL is also replenished by water with higher DO concentration during so-called 
jump-relax events.

In the 5 m immediately above the bottom, currents interact with the “roughness” of the bottom created by 
the 3D structure of the benthic fauna and sponges (Witte et al., 1997), which creates additional small-scale 
turbulence, as observed at CWC reefs (Guihen et al., 2013; Mienis, Bouma, et al., 2019). This turbulence may 
play a role in the trapping and accumulation of particles in the lower BBL. Significant differences between 
the current speeds below and above 5 mab (Figure 6) as well as in the long-term permanent turbid layer 
from 2 to 6 mab in the acoustic backscatter record (Figure 5) are indicating the presence of this reef effect 
at the Schulz Bank sponge ground.

4.4. Fluxes of Organic Matter

One peak in fluorescence was observed at the end of May at the Schulz Bank summit corresponding with 
a high flux of organic matter. The presence of only one bloom period is typical for the Arctic region (Sver-
drup, 1953). At high latitudes, the spring bloom occurs late without a subsequent fall bloom, depending on 
the onset of the stabilization of the upper water layer and the limited sun elevation (Wassmann et al., 1991). 
The Arctic summer phytoplankton bloom at the surface delivered OM of relatively high nutritional quality 
to the Schulz Bank sponge ground in July 2017 and especially June 2016, when δ15N reached its lowest 
value and chlorophyll-a values were highest, indicating the presence of relatively fresh phytodetritus at the 
sponge ground (Figure 10). However, the Corg flux throughout the year was in general low during all other 
months. After the 2016 bloom period the Corg flux decreased to reach a minimum just prior to the onset 
of the next bloom period in June 2017. The June 2017 peak in vertical flux in our sediment trap does not 
seem to be composed of sinking fresh primary production because of the relatively high δ15N. More likely 
the material is derived from fecal pellets of copepods (Calanus sp.) which contain degraded phytodetritus 
(Nöthig & von Bodungen, 1989). According to Bathmann et al. (1990) copepod abundance decreases sig-
nificantly after the fecal pellet pulse in June/July due to insufficient food resources and small quantities of 
unprocessed organic material can sink to the bottom. This would explain the relatively fresh organic matter 
in our sediment trap in months following the July 2016 peak in Corg flux (Figure 10). In September light 
intensity in the Arctic is insufficient for substantial primary production, inhibiting a second bloom and 
therefore there is no further delivery of fresh material to the sponge ground. After the summer period more 
processed (i.e., refractory) organic material was observed in the sediment trap, based on increasing δ15N 
values and decreasing chlorophyll-a content, which is most likely derived from resuspended or advected 
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sediments. Resuspension events were observed in our data when turbidity increased in the BBL from that 
time onwards (Figure 6). High turbidity events in winter are produced by resuspension of material from the 
bottom, which is confirmed by the fact that a large amount of spicules and a low carbon content was found 
in the sediment trap at these times. The combined data suggest that the benthic community on Schulz Bank 
depends on the food pulse of fresh material in summer refueling the BBL with high-quality SPM, which 
becomes progressively more refractory and depleted over the remainder of the year.

The food delivered to the sponge ground has likely no allochthonous source since no landmasses are close 
enough to deliver terrestrial organic material. Terrestrially derived organic material has a higher C/N ratio 
(>10) and generally shows a depleted δ13C signal around −27‰ (Knies & Martinez, 2009), compared to the 
values recorded here, which were showing a marine origin (C/N <10 and δ13C of <26 ‰).

There are so far no data available on community carbon uptake by the sponge ground on Schulz Bank to 
match with the C flux measured here. Taking the estimated carbon demand of a deep-water glass sponge 
reef (ca. 160 m depth, ∼10°C) at the Canadian coast (1,800–4,100 mg C m−2 day−1, Kahn, Yahel, et al., 2015), 
the carbon input at Schulz Bank during the bloom period with the highest carbon input would provide 
approximately <1% of the required carbon demand. In the Canadian sponge reefs C consumption was 
much higher compared to the carbon flux (460 mg m−2 day−1). However, this estimation does not include 
the potential changes or adaptations in metabolism depending on depth and temperature. Even though it 
is difficult to compare both ecosystems, it is likely that the low carbon flux will at no time cover the carbon 
demand of the densely covered sponge ground of the Schulz Bank even if the actual demand is much lower 
than that in sponge grounds of the Canadian coast. This is based on sediment trap data which presumably 
underestimates the vertical flux (Baker et al., 1988), which implies that the assumed carbon deficit is slightly 
smaller. Therefore, it is to be expected that the availability of dissolved organic matter (de Goeij et al., 2008), 
pelagic bacteria (Reiswig, 1975; Yahel et al., 2006) and chemosynthesis by symbiotic bacteria and archaea 
(Hentschel et al., 2006; Radax, Hoffmann, et al., 2012) will play an important and supplementary role in 
meeting the food supply demands of the Schulz Bank sponge community (Busch et al., 2020). To enhance 
these processes, the hydrodynamic regime will play an important role. Internal wave actions will transport 
water from deeper areas with higher dissolved nutrient concentrations (PO4, NOx, Si) toward the summit 
with each tidal cycle (Roberts et al., 2018). This is detectable by the temperature records measuring water 
from deeper or shallower regions with a difference of up to 1°C and the calculated vertical displacement of 
>200 m water depth. This can fuel the bacterial and Archean communities at the sponge ground, as well as 
the sponges and their own bacterial communities directly (Busch et al., 2020; de Goeij et al., 2008; Radax, 
Rattei, et al., 2012). Turbulence at the seamount summit due to interaction of internal waves with the sea-
mount topography is proposed as the essential factor allowing a constant replenishment of both resources 
(resuspended SPM and inorganic nutrients) in the BBL, resulting in a dense coverage of filter-feeding and 
microbially active sponges.

5. Conclusion
The 1-year data set on near-bed environmental conditions showed that sponges can withstand temporar-
ily high current speeds (∼0.7 m s−1), live in temperatures around 0°C and can survive in an environment 
which likely does not receive sufficient food from surface waters to be able to sustain such a dense benthic 
ecosystem. Although we do not have quantitative evidence of the suspended matter and nutrient sources, 
larger-scale flows may have transported these from the east and greater depths. A major finding was that 
the sponge ground is located at the interface between two water masses, where strong internal tidal waves 
can propagate and interact with the bottom topography. Being near the M2-turning point latitude, enhanced 
semi-diurnal (as well as trapped diurnal) internal tides slosh back and forth against the steep slopes causing 
wave breaking. This creates mixing and turbulence on the seamount summit, delivering and exchanging 
water with different beneficial characteristics from above and below, thereby supplying the benthic ecosys-
tem with new resources (e.g., particulate and dissolved matter) within a semi-diurnal tidal cycle.
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Data Availability Statement
Lander and CTD data are available in PANGAEA (Hanz, 2021a, 2021b, 2021c). The lander video data are avail-
able in the NIOZ data repository (Hanz et al., 2019). CTD data: https://doi.org/10.1594/PANGAEA.927946. 
Sediment trap: https://doi.org/10.1594/PANGAEA.927955. Long-term: https://doi.org/10.1594/PAN-
GAEA.927956. Video: https://doi.org/10.25850/nioz/7b.b.t
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