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Daniëlle S.W. de Jonge a,b,1,2, Tanja Stratmann b,c,d,*,1, Lidia Lins e, Ann Vanreusel e, 
Autun Purser f, Yann Marcon g, Clara F. Rodrigues h, Ascensão Ravara h, Patricia Esquete h, 
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A B S T R A C T   

Due to the predicted future demand for critical metals, abyssal plains covered with polymetallic nodules are 
currently being prospected for deep-seabed mining. Deep-seabed mining will lead to significant sediment 
disturbance over large spatial scales and for extended periods of time. The environmental impact of a small-scale 
sediment disturbance was studied during the ‘DISturbance and reCOLonization’ (DISCOL) experiment in the Peru 
Basin in 1989 when 10.8 km2 of seafloor were ploughed with a plough harrow. Here, we present a detailed 
description of carbon-based food-web models constructed from various datasets collected in 2015, 26 years after 
the experiment. Detailed observations of the benthic food web were made at three distinct sites: inside 26-year 
old plough tracks (IPT, subjected to direct impact from ploughing), outside the plough tracks (OPT, exposed to 
settling of resuspended sediment), and at reference sites (REF, no impact). The observations were used to develop 
highly-resolved food-web models for each site that quantified the carbon (C) fluxes between biotic (ranging from 
prokaryotes to various functional groups in meio-, macro-, and megafauna) and abiotic (e.g. detritus) com
partments. The model outputs were used to estimate total system throughput, i.e., the sum of all C flows in the 
food web (the ‘ecological size’ of the system), and microbial loop functioning, i.e., the C-cycling through the 
prokaryotic compartment for each site. Both the estimated total system throughput and the microbial loop 
cycling were significantly reduced (by 16% and 35%, respectively) inside the plough tracks compared to the 
other two sites. Site differences in modelled faunal respiration varied among the different faunal compartments. 
Overall, modelled faunal respiration appeared to have recovered to, or exceeded reference values after 26-years. 
The model results indicate that food-web functioning, and especially the microbial loop, have not recovered from 
the disturbance that was inflicted on the abyssal site 26 years ago.   
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1. Introduction 

The future demand for metals such as nickel, copper, and cobalt may 
cause supply shortages from terrestrial mines, thus creating the 
perceived need to mine these mineral resources elsewhere (Hein et al., 
2013). Marine mineral deposits with high metal concentrations, such as 
polymetallic nodules, polymetallic sulphides, and cobalt-rich ferro
manganese crusts, are therefore being prospected, but extraction of 
these substrates from the seafloor will result in significant environ
mental impacts. These impacts will include removal of hard substrate, 
habitat modification and destruction (Oebius et al., 2001), the release of 
toxic metals (Koschinsky et al., 2003), creation of sediment plumes 
(Oebius et al., 2001; Murphy et al., 2016), and noise and light pollution 
(Miller et al., 2018). 

To investigate how to achieve the minimum possible effects of 
mining on deep-sea biota, scientists have performed a variety of ex
periments, mimicking small-scale disturbances and recording their ef
fects. Previous sediment disturbance experiments to study the response 
of the deep-sea ecosystem were mainly focused on specific faunal groups 
(Bluhm, 2001; Ingole et al., 2001, 2005a, 2005b; Miljutin et al., 2011; 
Rodrigues et al., 2001; Vanreusel et al., 2016). In general, varying de
grees of recovery were recorded, with no recovery back to control or 
baseline conditions for almost all faunal groups over decadal time-scales 
(Jones et al., 2017). Generally, large sessile species have either not 
recovered at all or at best, recovered slower than small mobile species 
(Gollner et al., 2017; Jones et al., 2017) (e.g. large suspension feeders; 
Simon-Lledó et al., 2019b). Interest in the impact of sediment distur
bance on abyssal sediment biogeochemistry has increased relatively 
recently (Haffert et al., 2020; Paul et al., 2018; Volz et al., 2020). 

The most comprehensive of these disturbance studies is the 
‘DISturbance and reCOLonization’ (DISCOL) experiment, which was 
performed in 1989, during which a manganese nodule area of 10.8 km2 

was ploughed diametrically 78 times with an 8 m-wide plough-harrow, 
thereby creating plough tracks with nodules mixed into the top 10–20 
cm of sediment (Thiel et al., 1989). Next to these plough tracks, the 
seafloor was not directly disturbed, but the sediment and nodules were 
covered with a layer of resuspended sediments. Food-web recovery was 
monitored during five follow-up cruises between March 1989 and 
September 2015 (Thiel et al., 1989; Schriever, 1990; Schriever and 
Thiel, 1992; Schriever et al., 1996; Boetius, 2015; Greinert, 2015). In 
summary, 26 years after the DISCOL experiment the tracks with reset
tled sediment could still be clearly observed (Gausepohl et al., 2020) 
(Fig. 1) and the different disturbance levels hosted a distinct megafauna 
community (Simon-Lledó et al., 2019b). Although deposit-feeder den
sities, including holothurians, were overall not substantially different 
among sites after 26 years (Simon-Lledó et al., 2019b; Stratmann et al., 
2018c), macrofauna and megafauna densities, especially suspension 
feeders, were significantly depressed inside the plough track compared 
to outside the plough tracks and reference sites (Drazen et al., 2019; 
Simon-Lledó et al., 2019b; Stratmann et al., 2018a). In addition, 26 
years after the initial ploughing and mixing of the upper-sediment layer, 
porewater chemistry in sediments from the DISCOL experimental area 
(DEA) had recovered, but distinct differences in metal distributions 
between disturbed and undisturbed sediments still existed (Paul et al., 
2018) and microbial mediated biogeochemical functions were still 
impaired (Vonnahme et al., 2020). Modelling results indicated that 
removal of the upper sediment layer might result in even slower re
covery rates of geochemical sediment processes compared to the re
covery process observed when sediments were mixed (Haffert et al., 
2020). 

So far, the DISCOL follow-up studies focussed on temporal dynamics. 
However, because not all ecosystem components were addressed during 
the early years of the experiment, i.e., prokaryotes, meiofauna, and high 
taxonomic resolution of megafauna were missing, an integrated food- 
web perspective is lacking in these time-series analyses. During an 
extensive sampling campaign at the DISCOL site in 2015, data on many 

ecosystem components, including the smaller metazoan (e.g. nema
todes) and microbial domain, were collected. This recent dataset allows 
the construction of food-web models at spatially separated disturbed and 
reference sites. Comparing ecosystem functioning at sediments 
disturbed 26 years ago to sediments at nearby reference sites can help to 
understand temporal recovery dynamics on decadal time scales. 

Food-web models describe the trophic interactions within an 
ecological community and provide an integrative approach to study 
ecosystem-wide effects of perturbations, like the DISCOL sediment 
disturbance (Allesina and Pascual, 2008). The quantification of trophic 
interactions in a marine network is, however, often hampered by the 
difficulty of data collection, especially in remote areas like the open or 
deep ocean. Different methods like top-down mass-balancing (e.g. Hunt 
et al., 1987) and inverse modelling (Christensen and Pauly, 1992; van 
Oevelen et al., 2010) have been devised to estimate the fluxes within a 
food web. Resolved food webs can reveal emergent properties of 
ecosystem functioning, which can be captured by network indices 
(Latham, 2006; Heymans et al., 2014). 

Network indices can summarize the characteristics of the complex 
ecological networks at the disturbed and reference sites into single 
values, which can then be compared among the different disturbance 
levels. The topological size and complexity can be captured by the 
number of links (L), linkage density (LD), i.e., the average number of 

Fig. 1. Representative pictures of the sediments at (a) reference sites, (b) 
outside plough tracks, and (c) inside plough tracks taken during the Sonne 
SO242-2 cruise to the DISCOL site in 2015. Photos by ROV Kiel 6000 (GEO
MAR, Kiel, Germany). 
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links per compartments, and connectance (C), i.e., the proportion of 
realised links (Gardner and Ashby, 1970). Trophic level (TL) signifies the 
position of a trophic compartment in the food chain and is related to 
resource availability and transfer efficiency (Post, 2002). In addition, C 
cycling is represented by total system throughput (T..), i.e. the sum of all 
C flows in the food web, reflecting the ‘ecological’ size of the system 
(Latham, 2006), and by the Finn’s Cycling Index (FCI), i.e. the propor
tion of C cycling due to recycling processes, reflecting structural dif
ferences and the efficiency of C usage in a system (Finn, 1976). Network 
indices are robust to a fair extent of variation in input data and network 
structure (Kones et al., 2009; Heymans et al., 2014). This underlines 
their suitability for analysing models that cannot be fully parameterized 
with empirical data, like the food-web model from the remote DISCOL 
experimental area where direct measurements are limited. 

Here, we integrate a recent dataset collected from the DISCOL 
experiment in 2015 to develop highly resolved food webs of the 
following sites: inside plough tracks (IPT), outside plough tracks (OPT), 
i.e., right next to the plough tracks, and reference sites (REF), i.e., an 

area 4 km from the DEA assumed unaffected by the disturbance. Linear 
inverse modelling was used to estimate C flows among food-web com
partments in pre-defined topological food webs based on information 
comprising biomass, feeding preferences, growth efficiencies, and 
respiration rates (Vézina and Platt, 1988; van Oevelen et al., 2010). The 
resolved linear inverse models for the different disturbance levels 
allowed us to obtain estimates of C flows that could not be measured in 
situ and determine ecosystem-wide recovery after a small-scale benthic 
disturbance on decadal timescales. Specifically, system characteristics 
that we would expect to see at an impacted site are (1) reduced 
ecosystem complexity due to species mortality reflected by reduced LD 
and C indices, (2) reduced mean and maximum TL due to reduced 
resource availability, impaired metabolic efficiency, and reduction of 
top predators, (3) reduced productivity of different trophic groups re
flected by impaired respiration, and (4) reduced C cycling and recycling 
efficiency reflected by a reduced T.. and FCI respectively, with a specific 
focus on C cycling in the microbial loop and the scavenging pathway. 
Results were compared to other abyssal plain food-web models and 

Fig. 2. Schematic representation of the topolog
ical food web used for the linear inverse models. 
White boxes show all food-web compartments 
inside the model, whereas black boxes show 
external compartments that were not explicitly 
modelled. Grey boxes show the feeding types 
bacterivores, filter and suspension feeders, de
posit feeders, predators, omnivores, and fish. The 
white boxes enclosed by the grey boxes represent 
the size classes meiofauna, macrofauna, mega
fauna, and the specific fish taxa Ipnops sp., Bath
ysaurus mollis, and Ophidiidae. The numbers in 
brackets behind the size classes specify the 
number of food-web compartments of that spe
cific size class and feeding type. The arrows 
represent C flows leading from the C source 
(arrow ending with a big dot) to C sink (arrow
head). Abbreviations are: DOC = dissolved 
organic matter, lDet (sus) = suspended labile 
detritus, sDet (sus) = suspended semi-labile 
detritus, lDet (sed) = labile detritus in the sedi
ment, sDet (sed) = semi-labile detritus in the 
sediments, rDet = refractory detritus.   
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interpreted with an outlook on deep-seabed mining. 

2. Materials & methods 

2.1. Study site 

The Peru Basin in the south-east Pacific extends from the East Pacific 
Rise at 110◦W to the Atacama Trench west of the coast of Peru (Klein, 
1993; Bharatdwaj, 2006). In the North, the Peru Basin borders on the 
Carnegie Ridge at 5◦S and in the South, it borders on the Sala-y-Gomez 
Ridge and the Nazca Ridge at 24◦S (Klein, 1993; Bharatdwaj, 2006). The 
Peru Basin has a water depth ranging between 3,800 and 4,400 m 
(Wiedicke and Weber, 1996; Greinert, 2015) and a bottom water tem
perature of 2.9 ◦C (Boetius, 2015). The DEA is located in the northern 
part of the Peru Basin at 07◦04.4′S, 88◦27.6′W (Thiel et al., 1989). In 
2015, the long-term impacts of the original disturbance (1989) were 
assessed by taking measurements inside plough tracks, outside plough 
tracks, i.e., areas next to plough-tracks where re-suspended sediment 
settled, and at reference sites 4 km away from the DEA that were 
considered to be unaffected by the disturbance (Fig. 1). 

2.2. Food-web structure 

Faunal compartments in the food web were defined using size-classes 
(meiofauna MEI, macrofauna MAC, and megafauna MEG) and feeding 
types (bacterivores B, filter- and suspension feeders FSF, epistrate 
feeders EF, non-selective deposit-feeders NSDF, sub-surface deposit 
feeders SSDF, surface deposit feeders SDF, omnivores OF, predators P, 
scavengers S). 

Metazoan meiofauna (>32 µm) consisted of Nematoda, Harpacti
coida and their nauplii, Polychaeta, Ostracoda, Tardigrada, Bivalvia, 
Kinorhyncha, Gastrotricha, Tanaidacea, Cyclopoida, Gastropoda, Lor
icifera, Oligochaeta, Rotifera, and Isopoda. Based on the four most 
abundant nematode families in the abyssal CCZ (Miljutin et al., 2011), 
Nematoda were divided into the feeding types non-selective deposit 
feeders (NemNSDF), epistrate feeders (NemEF), and omnivores/ pred
ators (NemOP) (Table A1). Meiofauna polychaetes were divided into 
feeding types following the feeding type classification for macrofauna 
polychaetes. The remaining metazoan meiofauna were classified as filter 
and suspension feeders (MeiFSF), bacterivores (MeiB), deposit feeders 
(MeiDF), predators (MeiP), and omnivore feeders (MeiOF) based on 
reported feeding ecologies in peer-reviewed literature (Table A1). 

Metazoan macrofauna taxa included Polychaeta, Amphipoda, 
Tanaidacea, Isopoda, Cumacea, Bivalvia, Gastropoda, Scaphopoda, 
Echinoidea, and Ophiuroidea. The polychaetes were identified to family 
level, so the review paper by Jumars et al. (2015) was used to classify the 
polychaetes into suspension feeders (PolSF), surface deposit feeders 
(PolSDF), subsurface deposit feeders (PolSSDF), predators (PolP), and 
omnivores (PolOF) (Table A2). For each site, the community composi
tion of polychaete families was used to specify the relative presence of 
each feeding-type. All other macrofauna taxa were classified as filter and 
suspension feeders (MacFSF), deposit feeders (MacDF), predators 
(MacP), and omnivores (MacOF) based on reported feeding ecologies in 
peer-reviewed literature (Table A2). 

Megafauna taxa of the phyla Annelida, Arthropoda, Chordata (except 
fish), Cnidaria, Echinodermata (except Holothuria), Hemichordata, 
Mollusca, and Porifera were combined in the feeding types deposit 
feeders (MegDF), suspension and filter feeders (MegFSF), surface de
posit feeders (MegSDF), subsurface deposit feeders (MegSSDF), preda
tors (MegP), omnivores (MegOF), and scavengers (MegS) (Table A3). 
Furthermore, the five holothurian morphotypes Amperima sp., Bentho
dytes typica, Mesothuria sp., Peniagone sp. (including Peniagone sp. mor
photype “palmata”, Peniagone sp.1, Peniagone sp. 2 benthopelagic), and 
Psychropotes depressa that collectively contributed between 80% (OPT) 
and 83% (REF) to the total holothurian biomass (Stratmann et al., 
2018c) were kept as separate food-web compartments (Table A3). All 

other holothurian morphotypes were summed as filter and suspension 
feeding holothurians (HolFSF) and surface-deposit feeding holothurians 
(HolSDF) based on their feeding ecology (Table A3). 

Fish were divided into Bathysaurus mollis, Ipnops sp., and Ophidiidae. 
Bathysaurus mollis predates on Ipnops sp., Ophidiidae, Amphipoda, Cir
ripedia, Isopoda, Munidopsidae, Probeebei sp., Pycnogonida, and other 
crustaceans, and it also scavenges carrion (Sulak et al., 1985; Crabtree 
et al., 1991; Drazen and Sutton, 2017). Ipnops sp. predates upon Poly
chaeta, Amphipoda, Isopoda, other crustaceans, and Mollusca (Crabtree 
et al., 1991; Drazen and Sutton, 2017). Ophidiidae predates on Poly
chaeta, Amphipoda, Isopoda, other crustaceans, Mollusca and it scav
enges carrion (Crabtree et al., 1991; Drazen and Sutton, 2017; Gerringer 
et al., 2017). The contribution of the different megafaunal compart
ments to the fish diet (Table A4) was calculated based on the contri
bution of each prey taxon to the feeding-type specific C stock. 

The non-faunal food-web compartments included prokaryotes (Pro), 
carrion (CARC), dissolved organic carbon (DOC), and detritus divided 
into different lability classes, namely labile detritus (lDet), semi-labile 
detritus (sDet), and refractory detritus (rDet) (sensu van Oevelen et al., 
2012). 

2.3. Food-web links 

Carbon transfer links in the food web were implemented as shown in 
Fig. 2. Suspended and sedimentary (semi-)labile detritus and sedimen
tary refractory detritus receive C input from an external (semi-)labile 
detritus and an external refractory detritus pool. Suspended labile and 
semi-labile detritus were C sources for all filter- and suspension feeders 
(MeiFSF, MacFSF, PolSF, MegFSF, and HolFF). Nematode epistrate 
feeders (NemEF) fed on sedimentary labile detritus and prokaryotes. 
Sedimentary labile detritus, semi-labile detritus, and prokaryotes were 
grazed upon by non-selective deposit feeders (NemNSDF), surface de
posit feeders (PolSDF and HolSDF), subsurface deposit feeders 
(PolSSDF), other deposit feeders (MeiDF, MacDF, and MegDF), deposit- 
feeding holothurians (Amperima sp., Benthodytes sp., Mesothuria sp., 
Peniagone sp., and Psychropotes sp.), and omnivores (NemOP, MeiOF, 
PolOF, MacOF, and MegOF). 

Predators and omnivores predated on all faunal organisms from the 
same and smaller size classes. Meiofauna and macrofauna predators 
(NemOP, MeiP, PolP, MacP) also predated on their own compartment. 
Additionally, omnivores and scavengers (MegS, Bathysaurus mollis, and 
Ophidiidae) scavenged from the carrion compartment. Ipnops sp. pre
dated upon MegFSF, MegDF, MegP, and MegS (Table A4). Bathysaurus 
mollis predated upon MegFSF, MegDF, MegP, MegS, Ipnops sp., and 
Ophidiidae, and Ophidiidae predated upon MegFSF, MegDF, MegP, and 
MegS (Table A4). 

All faunal compartments produced faeces that contributed to the 
semi-labile and refractory detritus pool. Furthermore, nematode and 
other metazoan meiofauna mortality contributed to the semi-labile 
detritus pool, whereas dead polychaetes, other metazoan macrofauna, 
holothurians, other megafauna, and fishes contributed to the carrion 
pool. Sedimentary labile, semi-labile, and refractory detritus hydrolysed 
to DOC, which was taken up by prokaryotes. 

Prokaryotes respired C as dissolved inorganic carbon (DIC) and 
contributed to the DOC pool by virus-induced prokaryotic lysis. The 
DOC pool further increased by influx of external DOC to the system. 
Other C fluxes out of the model included the burial of refractory detritus, 
respiration by all faunal compartments, the efflux of DOC, external 
scavengers scavenging carrion, and predation on polychaetes, other 
macrofauna, holothurians, other megafauna, and fishes by external 
predators. 

For the incorporation of isotope data, several processes (detritus 
uptake, defecation, and respiration) were specifically divided into labile 
detritus-derived fluxes and semi-labile and/or refractory detritus- 
derived fluxes (see ‘Incorporation of isotope tracer data’). 
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2.4. Data sources 

2.4.1. Carbon stocks of food-web compartments 
To quantify the labile, semi-labile, and refractory detritus, and pro

karyote pools in the upper 5 cm of sediment of the different study sites, 
sediment samples were taken with multi corers from inside the cham
bers of benthic landers after lander retrieval, and ROV-deployed push 
corers and blade corers (Table A5). 

The labile detritus pool is defined as the average chlorophyll-a (chl- 
a) content in the surface sediment (sensu van Oevelen et al., 2011a), and 
was measured by Vonnahme et al. (2020, IPT corresponded to the mi
crohabitats ‘Furrow’ and ‘Ridge’ combined). Chl-a was extracted in 90% 
acetone, measured photometrically following Jeffrey’s and Humphrey 
(1975) approach for mixed phytoplankton populations and converted to 
C units using a C to chl-a-ratio of 40 (De Jonge, 1980). 

The semi-labile detritus pool is defined as the sum of proteins, car
bohydrates, and lipids, i.e., the so-called biopolymeric carbon (Fabiano 
et al., 1995). The concentration of total hydrolysable amino acids 
(THAA) in 0.4 g freeze-dried surface sediment per sample was measured 
following Maier et al. (2019). As neither lipid nor carbohydrate con
centrations in the sediment were measured, a ratio of 0.12 : 1 : 1.32 for 
lipids : THAAs : carbohydrates (Laubier and Monniot, 1985) was used to 
calculate the total biopolymeric carbon pool. 

The refractory detritus pool refers to the particulate organic carbon 
(POC) stock in the surface sediment that was measured by Vonnahme 
et al. (2020, IPT corresponded to the microhabitats ‘Furrow’ and ‘Ridge’ 
combined) and from which the labile and semi-labile detritus pools were 
subtracted. 

Prokaryotic abundance in the surface sediment (0–1 cm) was 
determined by Vonnahme et al. (2020, IPT corresponded to the micro
habitats ‘Furrow’ and ‘Ridge’ combined) using the Acridine Orange 
Direct Count (AODC) method. Subsequently, we converted prokaryotic 
abundances into prokaryotic C stock (mmol C m− 2) by multiplying the 
abundance with a factor of 12.5 fg C cell− 1, i.e., C content of prokaryotic 
cells in waters from the southern subtropical Pacific (15◦S) (Fukuda 
et al., 1998). The 0–1 cm prokaryotic C stock was extrapolated to the 
0–5 cm prokaryotic C stock as: 

Cstock0− 5cm =
∑

Cstock0− 1cm × e− 0.1×(x+1) (1)  

based on previous C stock measurements in the Peru Basin (For
schungsverbund Tiefsee-Umweltschutz, unpubl.). Cstock0− 1cm corre
sponds to the C stock in the surface sediment (0–1 cm) and (x + 1) is the 
sediment interval (i.e., x = 1 for the sediment interval 1–2 cm). 

Metazoan meiofaunal C stock was determined from ROV-deployed 
push corers (7.4 cm inner-diameter) (Table A5) of which the upper 5 
cm of sediment was preserved in 4% borax-buffered formaldehyde at 
room temperature. Ashore, sediment samples were washed over a 32-μm 
sieve and metazoan meiofauna was extracted by density centrifugation 
with Ludox HS40 (Dupont) at 3000 rpm. A subset of 100–150 metazoan 
meiofauna specimens per sample were identified to higher taxonomic 
level, i.e. to the rank of order, subclass, class, or phyla using Higgins and 
Thiel (1988), and counted with a stereomicroscope (Leica MZ8, 50×
magnification) to determine taxon-specific densities. When the number 
of metazoan meiofauna individuals was lower than 100, the whole 
sample was counted. Stocks of all metazoan meiofauna taxa were 
calculated by multiplying the taxon-specific densities with the conver
sion factors from Table A1. Stocks of the different taxa were grouped 
according to feeding type as described above (see ‘Food-web structure’). 

Metazoan macrofauna were collected with a 50× 50× 60 cm box- 
corer at all three sites (Table A5). The sediment of the upper 5 cm was 
sieved on a 500-μm sieve and all organisms that were retained on this 
sieve were preserved in 96% un-denaturated ethanol and stored at 
− 20 ◦C. Ashore, all macrofauna samples were sorted under stereomi
croscopes (Olympus SZX9, Olympus SZH10, Leica MZ125) and a com
pound microscope (Olympus BX50 MO). They were identified to higher 

taxon level, i.e., to the rank of order, subclass, class, or phyla. Macro
fauna polychaetes were identified to family level. For the identifications 
a vast list of papers was used specialized in the different taxa at major 
group level as well as at family, genus, and even species level. Macro
fauna and macrofaunal polychaete stocks were calculated by multi
plying the macrofauna and macrofaunal polychaete densities from the 
box corers with taxon-specific individual biomass data from Table A2. 

Table 1 
Carbon stocks (mmol C m− 2) of the food-web compartments at reference sites 
(REF), outside plough tracks (OPT), and inside plough tracks (IPT).  

Compartment REF OPT IPT 

Detritus    
Labile detritus (lDet) 6.37 5.70 5.25 
Semi-labile detritus (sDet) 406 538 367 
Refractory detritus (rDet) 6955 7168 7808 

Prokaryotes    
Prokaryotes (Pro) 8.52 8.48 8.17 

Meiofaunal Nematoda    
Non-selective deposit feeding nematodes 
(NemNSDF) 

0.22 0.42 0.33 

Epistrate feeding nematodes (NemEF) 0.11 0.21 0.17 
Omnivory/ predatory nematodes 
(NemOP) 

0.11 0.21 0.17 

Metazoan meiofauna (except Nematoda)    
Meiofauna filter and suspension feeders 
(MeiFSF) 

3.87 ×
10− 2 

6.70 ×
10− 2 

4.34 ×
10− 2 

Meiofauna bacterivores (MeiBF) 4.66 ×
10− 4 

8.09 ×
10− 4 

1.07 ×
10− 3 

Meiofauna deposit feeders (MeiDF) 1.33 2.09 1.82 
Meiofauna predators (MeiP) 6.61 ×

10− 2 
6.85 ×
10− 2 

3.51 ×
10− 2 

Meiofauna omnivores (MeiO) 0.18 0.37 0.48 
Macrofaunal Polychaeta    

Polychaete suspension feeders (PolSF) 0.14 0.21 0.24 
Polychaete surface deposit feeders 
(PolSDF) 

0.40 0.46 0.52 

Polychaete subsurface deposit feeders 
(PolSSDF) 

0.17 0.16 0.20 

Polychaete predators (PolP) 0.24 0.22 0.21 
Polychaete omnivores (PolO) 0.11 0.18 0.07 

Macrofauna (except Polychaeta)    
Macrofauna filter feeders (MacFSF) 3.61 ×

10− 2 
3.87 ×
10− 2 

2.63 ×
10− 2 

Macrofauna deposit feeders (MacDF) 1.35 0.38 0.11 
Macrofauna predators (MacP) 0.18 8.48 ×

10− 2 
5.09 ×
10− 2 

Macrofauna omnivore (MacO) 4.05 ×
10− 2 

4.24 ×
10− 2 

5.04 ×
10− 2 

Holothuroidea    
Amperima sp. 6.01 ×

10− 2 
7.17 ×
10− 2 

5.85 ×
10− 2 

Benthodytes typica 6.76 ×
10− 2 

0.10 0.12 

Mesothuria sp. 1.84 ×
10− 2 

1.27 ×
10− 2 

1.26 ×
10− 2 

Peniagone sp. 2.12 ×
10− 2 

1.68 ×
10− 2 

1.89 ×
10− 2 

Psychropotes depressa 5.11 ×
10− 2 

7.97 ×
10− 3 

1.43 ×
10− 2 

Filter and suspension feeding 
holothurians (HolFSF) 

0.00 0.00 4.56 ×
10− 3 

Surface-deposit feeding holothurians 
(HolSDF) 

4.35 ×
10− 2 

5.23 ×
10− 2 

4.41 ×
10− 2 

Megafauna (except Holothuroidea)    
Megafauna filter and suspension feeders 
(MegFSF) 

9.22 7.44 4.15 

Megafauna deposit feeders (MegDF) 2.51 2.33 3.49 
Megafauna predators (MegP) 3.35 2.50 5.91 
Megafauna scavengers (MegS) 1.43 ×

10− 2 
1.51 ×
10− 2 

6.19 ×
10− 2 

Megafauna omnivores (MegO) 0.93 1.22 2.22 
Fishes    

Bathysaurus sp. 0.00 4.73 14.7 
Ipnops sp. 0.21 0.23 0.12 
Ophidiidae 0.00 0.11 1.00  
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Subsequently, the different C stocks were combined in feeding types as 
described above (see ‘Food-web structure’). 

Densities and subsequently biomass of holothurians at all three sites 
were measured on >4500 seafloor photographs taken with the towed 
“Ocean Floor Observation System” (OFOS LAUNCHER) (Drazen et al., 
2019) as described by Stratmann et al. (2018c). C stocks of the holo
thurian morphotypes were calculated as the product of the morphotype- 
specific densities (Stratmann et al., 2018c) and the median morphotype 
specific individual biomasses (Table A3) and grouped into individual 
holothurian food-web compartments as described under ‘Food-web 
structure’. 

Density of other metazoan megafauna taxa (ind m− 2) was deter
mined on seafloor images taken with the towed OFOS LAUNCHER as 
described in Drazen et al. (2019). For each disturbance level (REF, OPT, 
IPT), 300 pictures were randomly selected and annotated with the open- 
source annotation software PAPARA(ZZ)I (Marcon and Purser, 2017). 
Densities of all metazoan megafauna were converted to C stocks (mmol 
C m− 2) by appropriate conversion factors (Table A3). 

Fishes seen on OFOS pictures were identified to family and when 
possible to genus level using the “Atlas of Abyssal Megafauna Morpho
types of the Clipperton-Clarion Fracture Zone: Osteichthyes” identifi
cation guide (Linley, 2014). Subsequently, fish densities were converted 
to C stocks (mmol C m− 2) using fish-taxon dependent conversion factors 
(Table A4). The stock of each food-web compartment as used in the 
linear inverse model is summarized in Table 1. 

2.4.2. Site-specific flux constraints 
Data constraints on the C fluxes in the food web are presented in 

Table 2. Labile + semi-labile detritus deposition refers to the sum of 
labile and semi-labile detritus deposition to the system, whereas re
fractory detritus deposition is the deposition of refractory detritus to the 
system. Correspondingly, labile + semi-labile degradation rate relates to 
the total loss of labile and semi-labile detritus via dissolution of detritus 
to DOC and uptake by fauna. Refractory detritus degradation is the 
dissolution of refractory detritus to DOC. These four fluxes were 

Table 3 
Physiological processes prokaryotic growth efficiency PGE (–), virus-induced 
prokaryotic mortality VIPM (–), assimilation efficiency AE (–), net growth effi
ciency NGE (–), secondary production SP (mmol C m− 2 d− 1), mortality M (mmol 
C m− 2 d− 1), respiration R (mmol C m− 2 d− 1), feeding selectivity FS (–), and 
feeding preference FP (–) implemented in the food-web models for different size 
classes or compartments either as equality (single values) and inequality con
straints ([minimum, maximum] values). References: 1Vonnahme et al. (2020), 
2Danovaro et al. (2008), 3Herman and Vranken (1988), 4Grahame (1973), 
5Johnson (1976), 6Jordana et al. (2001), 7Niu et al. (1998), 8Peña-Messina et al. 
(2009), 9Sejr et al. (2004), 10Arifin and Bendell-Young (1997), 11Bayne et al. 
(1993), 12Cammen et al. (1980), 13Connor et al. (2016), 14Cox and Murray 
(2006), 15Enríquez-Ocaña et al. (2012), 16Griffiths (1980), 17Han et al. (2008), 
18Hughes (1971), 19Ibarrola et al. (2000), 20Kreeger and Newell (2001), 
21Labarta et al. (1997), 22Lee (1997), 23Mondal (2006), 24Navarro et al. (1992), 
25Navarro and Thompson (1996), 26Nelson et al. (2012), 27Nieves-Soto et al. 
(2013), 28Nordhaus and Wolff (2007), 29Camacho et al. (2000), 30Petersen et al. 
(1995), 31Ren et al. (2006), 32Resgalla et al. (2007), 33Savari et al. (1991), 
34Smaal and Vonck (1997), 35Tatián et al. (2008), 36Velasco and Navarro 
(2003), 37Wright and Hartnoll (1981), 38Yu et al. (2013), 39Zhou et al. (2006), 
40Drazen et al. (2007), 41Clausen and Riisgård (1996), 42Navarro et al. (1994), 
43Nielsen et al. (1995), 44Koopmans, Martens and Wijffels (2010), 45Childress 
et al. (1980), 46Ceccherelli and Mistri (1991), 47Fleeger and Palmer (1982), 
48Mistri et al. (2001), 49Vranken and Heip (1986), 50Brey et al. (1998), 51Brey 
and Hain (1992), 52Cartes and Sorbe (1999), 53Soliman and Rowe (2008), 
54Baumgarten et al. (2014), 55Brey et al. (1995), 56Brey and Clarke (1993), 
57Cartes et al. (2011), 58Cartes et al. (2001), 59Gorny et al. (1993), 60Collins et al. 
(2005), 61Randall (2002), 62Shirayama (1992), 63Sommer et al. (2010), 64van 
Oevelen et al. (2009), 65Brown et al. (2018), 66Hughes (2010), 67Hughes et al. 
(2011), 68Khripounoff et al. (2017), 69Nunnally et al. (2016), 70Treude et al. 
(2002), 71Witte and Graf (1996), 72Drazen and Seibel (2007), 73Drazen and Yeh 
(2012), 74Smith (1978), 75Smith and Brown (1983), 76Smith and Hessler (1974), 
77Smith and Laver, (1981), 78this study, 79Miller et al. (2000), 80van Oevelen 
et al. (2012), 81Purinton et al. (2008).  

Process Size class/compartment Value References 

PGE Prokaryotes REF: [0.27, 0.50] 
OPT: [0.36, 0.65] 
IPT: [0.14, 0.42] 

1 

VIPM Prokaryotes [0.87, 0.91] 2 

AE Metazoan meiofaunaa,c [0.18, 0.27] 3 

Macrofaunaa [0.68, 0.89] 4–9 

Megafaunaa [0.40 0.75] 8, 10–39 

Fish [0.84, 0.87] 40 

NGE Metazoan meiofaunae [0.10, 0.96] – 

Macrofauna [0.57, 0.68] 41− 43 

Megafauna [0.23, 0.61] 23, 43, 44 

Fish [0.37, 0.71] 45 

SP Metazoan meiofaunaa [2.00 × 10− 2, 
0.12] × C stock 

46− 49 

Macrofaunab [2.57 × 10− 3, 
1.67 × 10− 2] × C 
stock 

50 − 53 

Megafaunab [3.18 × 10− 4, 
1.47 × 10− 3 d] ×
C stock 

54− 59 

Fish [0, 6.30 × 10− 4] 
× C stock 

60, 61 

M Metazoan meiofauna [0, 0.12] × C 
stock 

– 

Macrofauna [0, 1.67 × 10− 2] 
× C stock 

– 

Megafauna [0, 1.47 × 10− 3] 
× C stock 

– 

Fish [0, 6.30 × 10− 4] 
× C stock 

– 

R Metazoan meiofaunab,c [7.00 × 10− 3, 
0.15] × C stock 

62 

Macrofauna [3.57 × 10− 5, 
4.21 × 10− 2] × C 
stock 

62− 64 

Megafaunac [9.32 × 10− 8, 
1.26 × 10− 3] × C 
stock 

65− 71 

Ophidiidae 5.91 × 10− 4 72 

(continued on next page) 

Table 2 
Data on carbon fluxes (mmol C m− 2 d− 1) that were fed into the model as in
equalities [minimum, maximum] or equalities (single values). Abbreviations 
are: REF = reference sites, OPT = outside plough tracks, IPT = inside plough 
tracks. References: 1Haeckel et al. (2001), 2Ståhl et al. (2004), 3Buchanan 
(1984), 4Lahajnar et al. (2005), 5Paul et al. (2018), 6This study, 7Vonnahme 
et al. (2020), 8Danovaro (2010).  

Carbon flux Value References 

Labile + semi-labile detritus deposition [0.18, 0.33] 1 
Refractory detritus deposition [4.11 × 10− 3, ∞a] 1 
Labile + semi-labile detritus degradation 

rate 
[2.19 × 10− 5, ∞a] × C 
stock 

1 

Refractory detritus degradation rate [2.74 × 10− 9, ∞a] × C 
stock 

1 

Burial flux of refractory detritus REF: 8.95 × 10− 2 1, 2, 3, 6  
OPT: 8.95 × 10− 2   

IPT: 9.92 × 10− 2  

Diffusive flux of DOC from the sediment − 2.69 × 10− 3 4, 5, 6  
OPT: 7.37 × 10− 5   

IPT: − 8.71 × 10− 5  

Total C mineralizationb REF (n = 25): [0.69, 
0.90] 

7  

OPT (n = 28): [0.53, 
0.70]   
IPT (n = 19): [0.51, 0.68]  

Prokaryotic C productionb REF (n = 6): [0.34, 0.68] 7, 8  
OPT (n = 8): [0.40, 1.00]   
IPT (n = 14): [0.11, 0.37]   

a The original upper bounds from Haeckel et al. (2001) for refractory detritus 
deposition and degradation rates resulted in incompatible constraints in the LIM, 
therefore the upper bounds were removed. 

b Minimum and maximum values correspond to the 1st and 3rd quartile of the 
dataset. 
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estimated by Haeckel et al. (2001) in a numerical diagenetic model for 
the Peru Basin based on organic matter and pore water profiles of oxy
gen, nitrate, nitrite, ammonia, phosphate, manganese, sulphate, silicate, 
and pH. 

Burial of refractory detritus (BFc) was calculated following Ståhl 
et al. (2004) as: 

BFc = ω × DBD × sedOC (2) 

where ω is the sediment accumulation rate (2 cm ky− 1; Haeckel et al., 
2001), DBD is the dry bulk density (2.65 g cm− 3; Buchanan, 1984), and 
sedOC is the sediment organic C content of the 14–16 cm sediment layer 
(REF: 0.74 ± 5.45 × 10− 2 wt%, n = 6; OPT: 0.74 ± 4.77 × 10− 2 wt%, n 
= 9; IPT: 0.82 ± 5.43 × 10− 2 wt%, n = 18). 

The diffusive DOC flux out of the sediment (J0) was inferred from the 
DOC concentration difference in the overlaying water and the pore 
water in the surface sediment (0–2 cm). It was calculated with Fick’s 
First Law: 

J0 = − φm × Dsw ×
dC
dz0

(3)  

where φm is the porosity of the surface sediment, Dsw is the molecular 
diffusion coefficient of DOC, dC is the DOC concentration gradient be
tween porewater and bottom water, and dz0 is the distance over which 
the concentration gradient was measured (Lahajnar et al., 2005). 
Porosity of surface sediment was measured (REF: 0.93 ± 0.01, OPT: 
0.93 ± 0.01, IPT: 0.92 ± 0.01) by weight loss due to freeze-drying 
(Haffert et al., 2020, IPT corresponded to the microhabitats ‘Furrow’ 
and ‘Ridge’ combined). The difference in DOC concentration between 
porewater at the midpoint of the sampling interval, i.e., 1 cm for a 0–2 
cm sediment slice, and bottom water was 11.32 μmol DOC L− 1 (REF), 
− 0.31 ± 0.95 μmol DOC L− 1 (OPT), and 0.37 ± 0.71 μmol DOC L− 1 (IPT) 
(Paul et al., 2018). The molecular diffusion coefficient of DOC for deep- 
sea regions is 2.96 × 10− 7 cm2 s− 1 (Lahajnar et al., 2005). 

Total C respiration was measured as diffusive oxygen uptake (DOU) 
rates by ROV deployed in situ microsensors (MPI, Bremen) and by 
microprofiling with a benthic flux lander system (MPI, Bremen) (Von
nahme et al., 2020, IPT corresponded to the microhabitats ‘Furrow’ and 
‘Ridge’ combined). 

Prokaryotic C production was measured as 3H-leucin incorporation 
by prokaryotes (Vonnahme et al., 2020, IPT corresponded to the mi
crohabitats ‘Furrow’ and ‘Ridge’ combined) and converted to prokary
otic production following Danovaro (2010): 

PCP = LI × (%Leu) × M × 0.86, (4)  

where PCP is the prokaryotic C production (in mmol C m− 2 d− 1). LI is the 
leucine incorporation rate (nmol Leu g dry sediment− 1 d− 1), %Leu is the 
leucine fraction in the total prokaryotic amino acid pool (0.073), M is 
the molar weight of leucine (131.2 g mol− 1) and 0.86 is the conversion 
factor of prokaryotic protein production to prokaryotic C production. 

2.4.3. Physiological constraints 
Physiological constraints used in the model are presented in Table 3. 

Prokaryotic growth efficiency (PGE) at REF, OPT, and IPT were esti
mated based on measured PCP and on prokaryotic respiration measured 
as DOU (Vonnahme et al., 2020; IPT corresponded to the microhabitats 
“Furrow” and “Ridge” combined) as: 

PGE =
PCP

(PCP + DOU)
(5) 

The minimum and maximum values of virus-induced prokaryotic 
mortality (VIPM) corresponded to the meanVIPM − SDVIPM and the 
meanVIPM +SDVIPM values for sediments below 1000 m water depth 
(Danovaro et al., 2008). 

Assimilation efficiency AE was defined as: 

AE =
(I − F)

I
(6)  

with I being the ingested food and F being the faeces (Crisp, 1971). Net 
growth efficiency NGE was defined as: 

NGE =
G

(G + R)
(7) 

where G was the growth and R was the respiration (Clausen and 
Riisgård, 1996). To determine the minimum and maximum conversion 
constraints of AE and NGE in the model, a water depth-dependent 
dataset of published AE and NGE values for invertebrate metazoan 
meiofauna, macrofauna, and megafauna was compiled (see literature 
references in Table 3). Subsequently, descriptive statistics were applied 
to the datasets and the lower quartile was used as minimum constraint 
and the upper quartile as maximum constraint. However, due to 
constraint incompatibility found during model development, the mini
mum AE constraint for metazoan meiofauna was changed from lower 
quartile to the minimum value. Net growth efficiency for metazoan 
meiofauna was calculated with Eq. (7) using the minimum and 
maximum secondary production rates SP (for G) and respiration rates in 
Table 3. The minimum and maximum AE values for fish were set to the 
range of AE measured for shallow and deep-water fishes (Drazen et al., 
2007). 

The minimum and maximum invertebrate secondary production 
rates SP (mmol C m− 2 d− 1) were calculated as: 

SP =
P
B

ratio × C stock (8)  

where P
B-ratio was the lower and upper quartile production/biomass- 

ratio (d− 1) for invertebrate meiofauna, macrofauna, and megafauna 
from the descriptive statistical analysis of a depth-dependent dataset of 
published P

B-ratio values (see literature references in Table 3) as 
described for AE and NGE. The maximum secondary production SP 
(mmol C m− 2 d− 1) for fish was also calculated with Eq. (8), but with a 
P
B-ratio based on the allometric relationship between annual PB-ratio (yr− 1) 
and fish weight W (g) (Randall, 2002): 

log10
P
B

ratio = 0.42 − 0.35 × 5.86 × log10(W) (9) 

The fish weight W (g) used in Eq. (9) was the individual biomass of a 
benthic deep-sea fish as calculated for a water depth of 4100 m as 
(Collins et al., 2005): 

log10W = 0.62+ 5.86 × 10− 41 × depth (10) 

Table 3 (continued ) 

Process Size class/compartment Value References 

Bathysaurus sp., Ipnops sp. [1.79 × 10− 4, 
8.54 × 10− 4] × C 
stock 

72− 77 

FS NemNSDF, MeiDF, MacDF, MegDF, 
PolSSDF, Mesothuria sp.d 

[1, 15] 78–80 

PolSDF, HolSDF, Amperima sp. 
Benthodytes typica, Peniagone sp. 
Psychropotes depressa 

[50, 1000] 80, 81 

FP NemOP [0.75, 1.0] 80  

a Due to a lack of data for abyssal plains, the data from near-shore areas were 
applied. 

b Due to a lack of data for abyssal plains, the data from the continental slope 
were applied. 

c The range of constraints was extended as explained in the methods section in 
order to avoid incompatible constraints in the LIM. 

d The minimum constraint was set to zero for Mesothuria sp., in order to avoid 
incompatible constraints in the LIM. 

e NGE for meiofauna was calculated as described in Eq. (7) (NGE =
SP

(SP + R)
) 

using SP and R from meiofauna in this table. 
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The mortality M (mmol C m− 2 d− 1) always ranged from 0 to the 
maximum secondary production SP. 

Similar to SP, the respiration R (mmol C m− 2 d− 1) was calculated as: 

R = r × Cstock (11)  

where r was the lower and upper quartile biomass-specific faunal 
respiration (d− 1) for invertebrate meiofauna, macrofauna, and mega
fauna from the descriptive statistical analysis of a depth-dependent 
dataset of published biomass-specific faunal respiration rates (see 
literature references in Table 3). Due to otherwise incompatible con
straints, the respiration constraints for metazoan meiofauna were set to 
the minimum and maximum biomass-specific faunal respiration pre
sented in Table 3. R of fish was calculated as described in Eq. (11): 
Ophidiidae r was based on a measurement for Ophidiidae (Drazen and 
Seibel, 2007) and r of the food-web compartments Bathysaurus sp. and 
Ipnops sp. was based on a dataset of 7 demersal fish species (Antimora 
microlepis, Pachycara gymninium, Sebastolobus altivelis, Coryphaenoides 
acrolepis, Cyclothone acclinidens, Corphaenoides armatus, Synapho
branchus kaupi; n = 26; (Smith and Hessler, 1974; Smith, 1978; Smith 
and Laver, 1981; Smith and Brown, 1983; Drazen and Seibel, 2007; 
Drazen and Yeh, 2012). 

Feeding selectivity FS described the proportionally higher uptake of 
labile detritus to semi-labile detritus compared to their presence in the 
detritus stock (van Oevelen et al., 2012). Feeding preference FP of mixed 
omnivores and predators signified the contribution of predation to their 
diet. 

2.4.4. Incorporation of isotope tracer data 
Stratmann et al. (2018b) investigated site-specific differences (REF 

vs. IPT) in the incorporation of fresh phytodetritus C by prokaryotes, 
metazoan meiofauna, macrofauna, and holothurians (Table 4) by con
ducting in situ pulse-chase experiments with 13C-labelled Skeletonema 
costatum. These phytodetritus C incorporation rates I were integrated in 
the linear inverse model to further constrain C flows (van Oevelen et al., 
2006, 2012). The secondary production based on phytodetritus C 
incorporation SPP was implemented as: 

SPP = I × B (12)  

and as: 

SPP = UP × AE × NGE (13)  

where UP is the uptake of phytodetritus C (mmol C m− 2 d− 1). 

2.5. Linear inverse model development 

Carbon-based linear inverse models were developed for steady state 
conditions, with sink compartments and fluxes between these food-web 
compartments (see ‘Food-web structure’ and ‘Food-web links’). The 
food-web model is a set of linear functions formed by an equality and 
inequality matrix equation (van Oevelen et al., 2010): 

E⋅x = f (14)  

G⋅x ≥ h (15) 

where vector x contains the unknown fluxes, vectors f and h contain 
empirical equality and inequality data respectively (see ‘Data avail
ability’), whereas the coefficients in matrices E and G specify the com
bination of unknown fluxes that should meet the requirements defined 
in vectors f and h. 

When all compartments are present in the food web, it contained 430 
C flows with 41 mass-balances, i.e. food-web compartments, 6 data 
equalities, and 453 data inequalities. This implies that the model was 
mathematically under-determined (47 equalities vs. 430 unknown 
flows). The models were solved in the R package LIM v.1.4.6 (van 
Oevelen et al., 2010) in R 3.6 (R-Core Team, 2017) on the bioinformatics 
server of the Royal Netherlands Institute of Sea Research (The 
Netherlands). Following the likelihood approach (van Oevelen et al., 
2010), 100,000 model solutions were generated in 25 parallel sessions, i. 
e., 4000 solutions per session. For each flow, means and standard de
viations of the 100,000 solutions were calculated, which showed a 
convergence of standard deviations to ±2% error margin. The model 
input and R-code are included as supplementary material. 

2.6. Network indices 

Network indices number of links (L), linkage density (LD), con
nectance (C) Total system throughput (T..), i.e., the sum of all C flows in 
the food web, Finns’ Cycling Index (FCI), and the trophic level (TL) of 
each faunal compartment were calculated with the R package NetIndices 
v.1.4.4. (Kones et al., 2009) for each of the 100,000 model solutions and 
summarized as mean ± SD. The trophic level of the carrion pool TLcarrion 
was calculated for each model solution as the weighted average of 
inflow source compartments as: 

TLcarrion =
∑n

j=1

(
T*

j,carrion/Tcarrion × TLj

)
(16)  

where n is the number of internal food-web compartments, j are food- 
web compartments, T* is the flow matrix excluding external flows, 
and Tcarrion is the total inflow to the carrion compartment excluding 
external sources. 

2.7. Statistical analysis 

Statistical differences between disturbance levels for individual C 
flows, C flow pathways and network indices were determined using the 
approach presented in van Oevelen et al. (2011b). Briefly, the fraction of 
flows in one randomized set that is larger than flows in another ran
domized set in a pairwise comparison is calculated and used to define 
significance. When the similarity between sites is <10%, i.e. <10% or 
>90% of the flows in one set are larger, the difference is considered to be 
significant. When the similarity between sites is <5%, i.e. <5% or >95% 
of the flows in one set are larger, the difference is considered highly 
significant. 

Table 4 
Phytodetritus C incorporation rates I (mmol phytodetritus C mmol C− 1 d− 1) in 
prokaryotes, several Nematoda feeding types, macrofauna, and holothurians 
based on pulse-chase experiments by Stratmann et al. (2018b). The data are 
presented as inequalities [minimum, maximum] or equalities (single values). 
See Table 1 for full compartment names, sites are abbreviated as: REF = refer
ence sites, OPT = outside plough tracks, IPT = inside plough tracks.  

Size class Food-web 
compartments 

Phytodetritus C incorporation 

Prokaryotes  REF +
OPT: 

[4.62 × 10− 3, 1.46 ×
10− 2]   

IPT: [2.49 × 10− 3, 1.02 ×
10− 2] 

Nematoda NemNSDF, NemEF REF +
OPT: 

[1.53 × 10− 3, 2.95 ×
10− 3]   

IPT: [1.23 × 10− 3, 3.23 ×
10− 3] 

Polychaeta PolSDF  [3.79 × 10− 3, 4.62 ×
10− 3] 

Macrofauna MacDF  [9.40 × 10− 5, 1.20 ×
10− 3] 

MacFSF  [2.49 × 10− 4, 1.25 ×
10− 3] 

Holothurians Amperima sp.  [1.24 × 10− 3, 1.13 ×
10− 2] 

Benthodytes typica, Mesothuria sp., 
Peniagone sp., Psychropotes depressa, 
HolSDF 

[1.24 × 10− 3, 1.29 ×
10− 2]  
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2.8. Additional incorporation of xenophyophores and dark C fixation 

Protozoa and dark C fixation (DCF) are known to occur in abyssal 
systems (Gooday et al., 1992; Molari et al., 2013; Sweetman et al., 
2019), but were omitted from the main food-web model due to a severe 

lack of data. To aid the discussion of this important model limitation, the 
limited available site-specific data on these two food-web components 
were additionally incorporated into the three models to observe the 
effects on the overall food-web solutions. Detailed methods for this 
additional incorporation are given in the Appendix and Table A6. In 
summary, site-specific xenophyophore densities from image annotations 
were combined with the average xenophyophore test size in the 
Clarion-Clipperton Fracture Zone (CCZ) (Simon-Lledó et al., 2019a), and 
regression and conversion data from literature to obtain an estimated 
biomass assuming all observed specimens were alive. Xenophyophore 
trophic relations and physiological rates were incorporated based on 
both general benthic foraminifera and specific xenophyophore litera
ture. DCF rates were calculated from the site-specific rates reported by 
Vonnahme et al. 2020 using the upper 1 cm and sediment dry bulk 
density and porosity values given in ’Site-specific flux constraints’. It 
was assumed that the uptake of DIC by prokaryotes leads to effective 
prokaryotic biomass production and that all DOC production from DIC 
comes from prokaryotic viral lysis. It is crucial to bear in mind that these 
additional processes are poorly constrained, and any quantitative 
interpretation of results must be done with great caution. 

Fig. 3. Food-web model structure of the (a) reference sites, (b) outside plough 
tracks, and (c) inside plough tracks. Square nodes represent compartments for 
which carbon stock values were assigned for plotting purposes. Also, the trophic 
level of the square nodes (except for the carcass compartment) was altered from 
its true value of 1.0 for plotting purposes. The thickness of a link denotes the 
flow magnitude transformed by a double square-root (mmol C m− 2 d− 1). Note 
that import and export from the system have not been plotted. Numbers inside 
every node correspond to the compartments as follows: 1 = sedimentary labile 
detritus, 2 = suspended labile detritus, 3 = sedimentary semi-labile detritus, 4 
= suspended semi-labile detritus, 5 = sedimentary refractory detritus, 6 =
prokaryotes, 7 = labile detritus-based DOC in the sediment, 8 = semi-labile and 
refractory detritus-based DOC in the sediment, 9 = carrion, 10 = non-selective 
deposit feeding nematodes, 11 = epistrate feeding nematodes, 12 = omnivory 
predatory nematodes, 13 = metazoan meiofauna filter and suspension feeder, 
14 = metazoan meiofauna bacterivore, 15 = metazoan meiofauna deposit 
feeder, 16 = metazoan meiofauna predator, 17 = metazoan meiofauna omni
vore, 18 = polychaete suspension feeder, 19 = polychaete surface deposit 
feeder, 20 = polychaete subsurface deposit feeder, 21 = polychaete predator, 
22 = polychaete omnivore, 23 = macrofauna filter feeder, 24 = macrofauna 
deposit feeder, 25 = macrofauna omnivore, 26 = macrofauna predator, 27 =
Amperima sp., 28 = Benthodytes typica, 29 = Mesothuria sp., 30 = Peniagone sp., 
31 = Psychropotes depressa, 32 = filter and suspension feeding holothurians, 33 
= surface-deposit feeding holothurians, 34 = megafauna filter and suspension 
feeder, 35 = megafauna deposit feeder, 36 = megafauna omnivore, 37 =
megafauna predator, 38 = megafauna scavengers, 39 = Bathysaurus mollis, 40 
= Ipnops sp., and 41 = Ophidiidae. 

Table 6 
Comparison of different network measures calculated for reference sites (REF), 
outside plough tracks (OPT), and inside plough tracks (IPT). The numbers 
indicate the fraction of values of the first site that are higher than the values of 
the second site in a random pairwise comparison. * Significant difference, ** 
highly significant difference.  

Network measure REF vs. 
OPT 

REF vs. 
IPT 

OPT vs. 
IPT 

Trophic level    
Mean  0.21  0.68  0.89 
Carrion  0.67  0.55  0.36 
Carnivores  0.42  0.49  0.57 
Deposit feeders  0.46  0.50  0.55 
Respiration    
Total  1.00**  1.00**  0.64 
Prokaryotes  1.00**  1.00**  0.54 
Meiofaunal nematodes  0.07*  0.01**  0.09* 
Metazoan meiofauna (except 

nematodes)  
0.06*  0.22  0.84 

Macrofaunal polychaetes  0.13  0.38  0.76 
Macrofauna (except polychaetes)  0.63  1.00**  1.00** 
Holothurians  1.00**  1.00**  0.34 
Megafauna (except holothurians)  0.07*  0.02**  0.38 
Fish  0.00**  0.00**  0.00** 
Faunal (all excl. prokaryotes)  0.02**  0.02**  0.70 
Faunal (macro- and megafauna)  0.08*  0.08*  0.54 
Carbon cycling    
Total carbon throughput T..  0.22  1.00**  1.00** 
Finn’s cycling index FCI  0.00**  0.15  1.00** 
Specific carbon pathways    
Microbial loop  0.71  1.00**  1.00** 
Scavenging pathway  0.22  0.58  0.86 
Prokaryotic DOC uptake  0.06*  1.00**  1.00** 
Ingestion of prokaryotic C  0.01**  1.00**  1.00**  

Table 5 
Network indices calculated for the food webs at reference sites (REF), outside 
plough tracks (OPT), and inside plough tracks (IPT). n = Number of food-web 
compartments, L = Total number of links, LD = Linkage density, C =
connectance.  

Site n L LD C 

REF 38 360  9.47  0.213 
OPT 40 382  9.55  0.203 
IPT 41 391  9.54  0.198  
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3. Results 

3.1. Food-web structure and trophic levels 

The food-web models at REF, OPT, and IPT contained 38, 40, and 41 
compartments, respectively (Fig. 3, Table 5). No filter-feeding holo
thurians were observed at the OPT and REF sites, so these compartments 
were omitted from those models. In addition, the fish taxa Bathysaurus 
mollis and Ophidiidae were not observed at the REF sites and therefore 
these compartments were not included in the REF food-web model. 
Food-web model compartments were connected with 360 (REF) to 391 

(IPT) links, with a linkage density between 9.47 (REF) and 9.55 (OPT) 
and a connectance of 0.198 (IPT) to 0.231 (REF) (Table 5). 

Maximum trophic levels at the three sites were estimated as 3.83 ±
0.21 (REF), 3.87 ± 0.22 (OPT), and 3.94 ± 0.08 (IPT). The mean 
modelled trophic level ranged from 2.57 ± 0.57 (IPT) to 2.65 ± 0.82 
(OPT) and did not differ significantly between sites (Table 6). Mean 
modelled trophic levels of carnivores were estimated at 3.27 ± 0.39 
(REF), 3.29 ± 0.43 (OPT), and 3.20 ± 0.46 (IPT), whereas mean 
modelled trophic levels of deposit feeders were estimated at 2.23 ± 0.29 
(REF), 2.24 ± 0.27 (OPT), and 2.20 ± 0.25 (IPT). For both feeding types 
(carnivores and deposit feeders), the difference between sites was not 
significant (Table 6). 

3.2. Carbon flows 

Modelled total C input (mmol C m− 2 d− 1) (Table 7), i.e., deposition 
and filter/suspension feeding, was estimated to be 0.88 ± 3.19 × 10− 2 

(REF), 0.71 ± 4.87 × 10− 2 (OPT), and 0.71 ± 3.72 × 10− 2 (IPT). 
Modelled total C input was dominated by refractory detritus deposition 
that contributed between 53.8% (IPT) and 62.4% (REF) to total C input. 
The contribution of labile detritus deposition and filter/suspension 
feeding on this detritus type to modelled total C input was between 
33.1% (REF) and 38.8% (OPT) and semi-labile detritus accounted for 
4.2% (REF) to 10.3% (IPT). DOC influx (mmol C m− 2 d− 1) was estimated 
to be 2.69 × 10− 3 ± 1.09 × 10− 3 (0.3% of total C input) at REF and 8.71 
× 10− 5 ± 3.56 × 10− 5 (0.01% of total C input) IPT. 

The models estimated most C was lost via respiration (85.9% at IPT 
to 88.6% at REF), followed by C burial whose contribution was 10.2% 
(REF), 12.6% (OPT), and 14.0% (IPT). DOC efflux resulted in an esti
mated loss of 7.37 × 10− 5 ± 3.00 × 10− 5 mmol C m− 2 d− 1 at OPT (1.04 
× 10− 2% of total C outflow); no DOC efflux was measured (and therefore 
modelled) at REF and IPT (Table 2). 

Estimated respiration (mmol C m− 2 d− 1) ranged from 0.61 ± 2.07 ×
10− 2 (IPT) to 0.79 ± 2.15 × 10− 2 (REF) and was significantly higher at 
REF compared to OPT and IPT (Table 6). Estimated respiration was 
dominated by modelled prokaryotic respiration that contributed be
tween 85.7% (OPT) and 92.4% (REF) to total respiration. Faunal, i.e., 
non-prokaryotic respiration, was estimated to be significantly lower at 
REF (5.98 × 10− 2 ± 9.36 × 10− 3 mmol C m− 2 d− 1) compared to OPT 
(8.82 × 10− 2 ± 1.71 × 10− 2 mmol C m− 2 d− 1) and IPT (8.05 × 10− 2 ±

1.15 × 10− 2 mmol C m− 2 d− 1) (Table 6). 
Estimated C ingestion is summarized in Fig. 4. Estimated uptake of C 

by metazoan meiofauna was largest (REF: 0.67 ± 4.73 × 10− 2 – OPT: 
0.88 ± 8.73 × 10− 2 mmol C m− 2 d− 1) of which 3.0–5.2% by filter and 
suspension feeders, 35.8–56.4% by all deposit feeders, 34.4–56.6% by 
all omnivores, and 2.8–6.2% by all predators. Estimated C uptake by 
macrofauna (IPT: 4.11 × 10− 2 ± 4.49 × 10− 3 – OPT: 5.34 × 10− 2 ± 6.54 
× 10− 3 mmol C m− 2 d− 1) and megafauna (REF: 2.94 × 10− 2 ± 3.98 ×
10− 3 – IPT: 5.43 × 10− 2 ± 7.02 × 10− 3 mmol C m− 2 d− 1) were of similar 
magnitude. Estimated macrofauna C uptake was done for 11.2–17.5% 
by all filter and suspension feeders, for 48.5–53.0% by all deposit 
feeders, for 11.3–16.2% by all omnivores, and for 18.3–28.9% by all 
predators. Estimated megafauna C uptake was mediated for 23.9–33.4% 
by all filter and suspension feeders, for 16.4–24.4% by all deposit 
feeders, for 18.8–32.7% by all omnivores, and for 19.0–31.7% by all 
predators. Fig. 4 indicates a reduced ingestion of prokaryotic C, and 
increased importance of feeding on detritus for deposit feeders and 
omnivores IPT compared to REF and OPT, which is confirmed by a 
significance test (Table 6). 

Uptake of DOC by prokaryotes, which is part of the microbial loop 
(see ’Specific carbon pathways’), was 1.75 ± 7.11 × 10− 2 mmol C m− 2 

d− 1 at REF, 2.00 ± 1.03 × 10− 1 mmol C m− 2 d− 1 at OPT, and 1.07 ±
5.66 × 10− 2 mmol C m− 2 d− 1 at IPT. DOC uptake by prokaryotes 
significantly decreased from REF to OPT and from OPT to IPT (Table 6). 

A summary of the most important changes in modelled C flows 
among the three sites is visualized in Fig. 5. Highlights in the diagram 

Table 7 
Detritus deposition (mmol C m− 2 d− 1) of different lability classes and food-web 
respiration (mmol C m− 2 d− 1) of the different size classes at reference sites 
(REF), outside plough tracks (OPT), and inside plough tracks (IPT). Data are 
presented as mean ± SD and contribution (in %) of size class-specific respiration 
to total respiration.   

REF % OPT % IPT % 

Total deposition 0.88 ±
3.19 ×
10− 2 

100 0.71 ±
4.87 ×
10− 2 

100 0.71 ±
3.72 ×
10− 2 

100 

Labile detritus 0.29 ±
1.84 ×
10− 2 

33.1 0.28 ±
3.22 ×
10− 2 

38.8 0.25 ±
2.20 ×
10− 2 

35.8 

Semi-labile 
detritus 

3.70 ×
10− 2 ±

1.77 ×
10− 2 

4.20 4.98 ×
10− 2 ±

2.63 ×
10− 2 

7.02 7.32 ×
10− 2 ±

2.26 ×
10− 2 

10.3 

Refractory detritus 0.55 ±
1.91 ×
10− 2 

62.4 0.38 ±
2.53 ×
10− 2 

54.1 0.38 ±
1.98 ×
10− 2 

53.8 

DOC influx 2.69 ×
10− 3 ±

1.09 ×
10− 3 

0.31 0.00a  8.71 ×
10− 5 ±

3.56 ×
10− 5 

0.01 

Total respiration 0.78 ±
2.15 ×
10− 2 

100 0.62 ±
3.08 ×
10− 2 

100 0.61 ±
2.07 ×
10− 2 

100 

Prokaryotes 0.73 ±
1.94 ×
10− 2 

92.4 0.53 ±
2.57 ×
10− 2 

85.7 0.53 ±
1.81 ×
10− 2 

86.7 

Metazoan 
meiofauna 
(except 
Nematodes) 

3.37 ×
10− 2 ±

9.07 ×
10− 3 

4.27 5.36 ×
10− 2 ±

1.67 ×
10− 2 

8.71 3.95 ×
10− 2 ±

9.55 ×
10− 3 

6.52 

Nematoda 5.12 ×
10− 3 ±

1.44 ×
10− 3 

0.65 8.12 ×
10− 3 ±

2.10 ×
10− 3 

1.32 1.51 ×
10− 2 ±

6.08 ×
10− 3 

2.49 

Macrofaunal 
polychaetes 

9.37 ×
10− 3 ±

1.11 ×
10− 3 

1.19 1.10 ×
10− 2 ±

1.58 ×
10− 3 

1.78 9.80 ×
10− 3 ±

1.63 ×
10− 3 

1.62 

Macrofauna 
(except 
polychaetes) 

4.89 ×
10− 3 ±

9.32 ×
10− 4 

0.62 4.42 ×
10− 3 ±

7.00 ×
10− 4 

0.72 2.04 ×
10− 3 ±

2.46 ×
10− 4 

0.34 

Holothurians 3.56 ×
10− 4 ±

5.23 ×
10− 5 

0.05 2.91 ×
10− 4 ±

6.13 ×
10− 5 

0.05 3.01 ×
10− 4 ±

6.29 ×
10− 5 

0.05 

Megafauna 
(except 
holothurians) 

6.29 ×
10− 3 ±

1.06 ×
10− 3 

0.80 9.78 ×
10− 3 ±

1.85 ×
10− 3 

1.59 1.05 ×
10− 2 ±

1.41 ×
10− 3 

1.73 

Fish 9.24 ×
10− 5 ±

3.19 ×
10− 5 

0.01 1.06 ×
10− 3 ±

6.96 ×
10− 5 

0.17 3.32 ×
10− 3 ±

3.25 ×
10− 5 

0.55 

Faunal (all excl. 
prokaryotes) 

5.98 ×
10− 2 ±

9.36 ×
10− 3 

7.59 8.82 ×
10− 2 ±

1.71 ×
10− 2 

14.3 8.05 ×
10− 2 ±

1.15 ×
10− 2 

13.3  

a No DOC influx was measured, hence modelled, outside the plough tracks. 
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include the differences in detritus deposition and dissolution. The mi
crobial loop, including DOC uptake and prokaryotic respiration, is 
significantly reduced at IPT (Table 6), and metazoan meiofaunal 
ingestion dominates overall faunal ingestion whereas ingestion of 
macro- and megafauna combined is much smaller. Faunal respiration is 
significantly smaller at the REF (Table 6). The scavenging loop is rela
tively small and not significantly different among sites (Table 6), 
whereas input to the detritus compartment through excretion by, and 
mortality of metazoan meiofauna is large. 

Additional incorporation of poorly constrained xenophyophores and 
DCF results in similar total C inflow, overall respiration, faunal 

respiration, and observed differences between sites (Table A7). Also, the 
uptake rate of xenophyophores is estimated to have the same order of 
magnitude as the uptake rate of metazoan meiofauna in the main model 
(Table A7). 

3.3. C cycling 

Total C throughput T.. (mmol C m− 2 d− 1) was estimated to be 5.61 ±
0.11 (REF), 5.77 ± 0.19 (OPT), and 4.74 ± 0.14 (IPT). The modelled T.. 
at IPT was significantly smaller compared to the other two sites, but the 
difference in modelled T.. between REF and OPT was not significant 

Fig. 4. Estimated uptake of carbon (mmol C m− 2 d− 1) through ingestion of labile detritus (lDet), semi-labile detritus (sDet), carrion (Carc), prokaryotes (Pro), or 
fauna (Fau) for different consumer groups. For plotting purposes, the y-scale varies per panel, and some consumer groups include multiple food-web compartments: 
MeiDF = NemNSDF + NemEF + MeiDF + MeiB, MeiO = NemOP + MeiO, MacFSF = PolSF + MacFSF, MacDF = PolSDF + PolSSDF + MacDF, MacO = PolO + MacO, 
MacP = PolP + MacP, MegFSF = HolFF + MegFSF, MegDF = Amp + Benth + Meso + Penia + Psych + HolSDF + MegDF, MegO = MegO + MegS + Bathy + Ophid, 
MegP = MegP + Ipnop. Error bars represent one standard deviation. 

Fig. 5. Diagram summarizing the most important changes in modelled carbon flows among the reference site (REF), outside the plough tracks (OPT), and inside the 
plough tracks (IPT). The width of the black arrows corresponds to the flow magnitude (mmol C m− 2 d− 1) squared. The white arrows have flow magnitudes too small 
to scale in the figure. The enlarged white flows are enlarged 100x for comparison with the scaled (i.e. black) arrows. The background images are equal to Fig. 1. 
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(Table 6). Finn’s cycling index FCI was estimated as 0.24 ± 1.65 × 10− 2 

(REF), 0.35 ± 2.00 × 10− 2 (OPT), and 0.26 ± 1.08 × 10− 2 (IPT), and was 
significantly higher at OPT (Table 6). The difference in estimated FCI 
between REF and IPT was not significant. Additional incorporation of 
poorly constrained xenophyophores and DCF results in increased T.. (by 
approximately 10–15%) and FCI (by approximately 10–50%) values, 
however, with the same trend in differences between sites as the main 
model (Table A7). 

3.4. Specific carbon pathways 

The microbial loop, i.e., detritus dissolution, DOC uptake by pro
karyotes, viral-induced prokaryotic lysis, prokaryotic respiration, and 
faunal grazing on prokaryotes, had an estimated C flow of 3.34 ± 7.70 ×
10− 2 mmol C m− 2 d− 1 at REF, which was 59.5% of modelled T… The 
microbial loop accounted for an estimated 3.25 ± 0.11 mmol C m− 2 d− 1 

(56.3% of modelled T..) at OPT. The estimated microbial loop IPT of 2.2 
± 6.32 × 10− 2 mmol C m− 2 d− 1 (46.2% of modelled T..) was signifi
cantly smaller compared to the other two sites (Table 6). 

The models estimated that only 65.9% of C that passed through the 
microbial loop at REF flowed through the microbial loop IPT. Similar 
values for microbial loop C cycling were found when additionally 
incorporating poorly constrained xenophyophores and DCF (Table A7). 

An estimated C flow of 1.36 × 10− 2 ± 6.96 × 10− 3 mmol C m− 2 d− 1 

was channelled through the scavenging pathway, i.e., carrion scav
enging, at REF, which was 0.24% of modelled T… The C flow through 
the scavenging pathway was estimated to be 2.13 × 10− 2 ± 1.07 × 10− 2 

mmol C m− 2 d− 1 at OPT (0.37% of modelled T..), and estimated to be 
1.17 × 10− 2 ± 3.52 × 10− 3 mmol C m− 2 d− 1 at IPT (0.25% of modelled 
T..). The modelled amount of C that was channelled through the scav
enging pathway did not differ significantly among sites (Table 6). 

A summary of the modelled microbial loop and scavenging loop is 
included in Fig. 5. 

4. Discussion 

The degree of ecosystem recovery of an abyssal plain food web from 
the DISCOL sediment disturbance experiment was assessed by investi
gating differences in modelled C flows between reference sites, outside 
plough tracks, and inside plough tracks that were created 26 years prior 
to sampling. The benthic abyssal food web, estimated by linear inverse 
modelling, was relatively complex with a link density (i.e. realisation of 
all possible links in a food web) of ~20% (Smith-Ramesh et al., 2017). 
On average, each food-web model compartment had roughly 10 in
teractions with other compartments (Table 5), and the modelled mean 
and maximum trophic level were 2.6 and 3.8, respectively. The food web 
was estimated to be mainly fuelled by deposition of refractory detritus, 
whereas modelled export was mainly via respiration and deep burial 
(Table 7), the latter simply being refractory C export independent of 
infauna activity and bioturbation rates. Modelled microbial respiration 
accounted for roughly 90% of overall estimated respiration, whereas 
modelled metazoan meiofaunal (incl. nematodes) respiration was al
ways more than half of the estimated total faunal respiration (Table 7). 
Modelled metazoan meiofaunal (incl. nematodes) C ingestion was 
roughly an order of magnitude larger than the combined modelled C 
ingestion by macrofauna and megafauna (Fig. 4). After 26 years, the 
modelled microbial loop within the plough tracks was still impaired 
(Table 6), so that the total modelled C flows inside plough tracks had not 
recovered to reference values. In contrast, estimated faunal respiration 
appeared to have recovered and sometimes exceeded the modelled 
values found at the reference sites, although this varied among food-web 
compartments. 

4.1. Model limitations 

Though the model was based on an extensive dataset generated using 
state-of-the-art technologies and methods, it unavoidably comes with 
limitations. 

The sampling of faunal groups was focused on determining diversity 
and density estimates. As such, the faunal biomass values were derived 
using conversion factors which, especially for metazoan meiofauna, are 
not well constrained. Physiological data and feeding preferences were 
taken from literature, and although care was taken to use data calculated 
from large datasets including representative species, the constraints 
might deviate from the biological traits of the modelled functional 
groups. 

Fish were observed in relatively low densities (34 ind. ha− 1) 
compared to smaller fauna, but they have high body masses thereby 
contributing considerably to the biomass of the system. Although the 
sample size in this study was relatively small (0.4 ha), our estimated 
density is similar to the average fish density in the DISCOL area of 30 
ind. ha− 1 reported by Drazen et al. (2019) and 18 to 63 ind. ha− 1 re
ported by Simon-Lledó et al. (2019a) over an area of approximately 10 
ha. This larger area studied by Drazen et al. (2019) showed that also 
Liparidae, Macrouridae and Zoarcidae fish were reported in the DISCOL 
area in addition to Bathysaurus mollis, Ipnops sp. and Ophidiidae used in 
our food web model. However, their sightings by Drazen et al (2019) 
were rare (4, 7, and 4 individuals of Liparidae, Macrouridae and Zoar
cidae respectively over ~10 ha), explaining their absence in our imagery 
analysis. Similarly, the densities of Bathysaurus mollis and Ophidiidae 
found by Drazen et al. (2019) were very low: 2 and 19 sightings 
respectively at the reference site, compared to 5 and 30 sightings 
respectively outside the plough tracks, and 2 and 10 sightings respec
tively inside the plough track. For comparison, Ipnopidae sightings 
ranged between 13 and 100 times. These low densities of Bathysaurus 
mollis and Ophidiidae found by Drazen et al. (2019) explains their 
absence at the reference sites in our model. A more extensive analysis of 
fish presence and biomass might improve the model; we expect that such 
inclusion will mostly affect network indices related to network topology, 
like maximum trophic level, with only minor changes in overall faunal C 
cycling as currently fish respiration only contributes 0.1% to 4.1% of 
modelled faunal respiration. 

Prominent model limitations are the lack of distinction between 
Bacteria and Archaea, the exclusion of the dark inorganic C fixation 
(DCF) process, and missing protozoan food-web compartments. These 
model limitations stem from a severe lack of data, and future research 
into these components is highly recommended. The modelled prokary
otic food-web compartment includes both Bacteria and Archaea as there 
were not enough data available to include them as separate compart
ments. The relative contribution of Archaea to total prokaryotic biomass 
at the DISCOL site is unknown, but might be limited (<10%, Hoshino 
and Inagaki, 2019). Additionally, the extent of archivory, i.e. metazoan 
grazing on Archaea, is very poorly known (Thurber et al., 2012). 

Both abyssal Bacteria and Archaea are thought to be able to perform 
DCF either as autotrophic process, as anaplerotic reaction in the het
erotrophic process, or a combination of both in a mixotrophic process 
(Middelburg, 2011; Molari et al., 2013; Sweetman et al., 2019; Von
nahme et al., 2020; Woulds et al., 2020). The estimated DCF fluxes, 
ranging from roughly 0.2 mg C m− 2 d− 1 (~1200 m in the Mediterra
nean, Molari et al. 2013) to 2 mg C m− 2 d− 1 (~4150 m in the Peru Basin, 
Vonnahme et al. 2020) are very large and comparable to estimated POC 
flux to the seafloor in the Peru Basin (2.16–3.96 mg C m− 2 d− 1, Haeckel 
et al. 2001). However, as the exact DCF pathway in Bacteria and/or 
Archaea is still largely unknown it was not yet possible to confidently 
include this process in our main DISCOL food-web model. 

The benthic abyssal protozoa community, i.e. single-celled 
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eukaryotes including protists, has a size range from nano- (Gooday et al., 
1995) to megabenthic scale (Rodrigues et al., 2001), and is very poorly 
characterized. Although test-forming protists called foraminifera often 
dominate faunal densities in deep-sea benthic systems, data on biomass 
contribution and metabolism is extremely limited (Gooday et al., 2020 
and references therein). There is practically no data on the abundance 
and importance of deep sedimentary naked protists (e.g. flagellates, 
ciliates, and amoebas) (Gooday et al., 2020) and other protozoa like 
fungi. Despite the severe lack of data, protists are thought to play an 
important role in C cycling as they can directly consume bacteria 
(Laureillard et al., 2004; Mojtahid et al., 2011), other protists, detritus 
(Levin and Gooday, 1992), and perhaps even small metazoans (Levin, 
1991) and DOM (DeLaca et al., 1981; Nomaki et al., 2011). Protists are 
preyed upon by some metazoans and other protists, and some protist 
species might provide a habitat for small metazoans and bacteria (Levin 
and Gooday, 1992). The large foraminiferan xenophyophores are the 
most abundant group in polymetallic nodule fields identifiable at the 
megabenthic scale (Rodrigues et al., 2001; Amon et al., 2016), but live 
specimens cannot be distinguished from dead specimens (Hughes and 
Gooday, 2004) from imagery. 

The limited DCF and xenophyophore data available for the DEA were 
combined with literature data and some assumptions, which resulted in 
resolvable, but poorly constrained, adjustments of the presented food- 
web models (Appendix, Table A6). This inclusion of DCF and xen
ophyophores did not result in changes to our conclusions (Table A7). 
The addition of xenophyophores was possible within the same C influx 
into the system but resulted in a significantly higher T.. and FCI for all 
sites (Table A7). This can be interpreted as increased recycling of C that 
can sustain an increase in biomass even though food availability stays 
the same. 

Carcasses, or carrion, are bulky detritus resources which are easily 
accessible by larger fauna, but also experience microbial degradation. 
The importance of microbial degradation of abyssal carcasses is poorly 
studied, and thus microbial degradation of carcasses is currently not 
included in the food-web model. The scavenging rate on abyssal car
casses is very high (e.g. Harbour et al., 2020) and thus the microbial 
contribution to carcass C cycling might be negligible. However, mi
crobes are able to access particular carcass components that are often 
not edible by scavengers (e.g. bones, Smith et al., 2015) and may in
fluence the scavenging rate (e.g Burkepile et al., 2006), thus these food- 
web interactions are an interesting avenue for further research. 

The reference site was assumed to not have been impacted by the 
experimental disturbance, but no pre-disturbance data have been 
collected there. The representativeness and hence the use of reference 
sites as an experimental control with regard to the DEA has been called 
into question (Simon-Lledó et al., 2019b). Large-scale temporal differ
ences that affect the benthic system like fluctuations in detritus depo
sition (Bluhm, 2001) are expected to influence all sites evenly as they 
were sampled in the same year and season. However, small-scale spatial 
variations in environmental conditions of nodule fields may explain part 
of the observed differences between the experimental and reference 
areas, which were located 4 km apart. Significant variation in faunal and 
prokaryotic communities on the abyssal plains have been demonstrated 
at spatial scales of <1 km (Janssen et al., 2015), <10 km (Simon-Lledó 
et al., 2019b), and <60 km (Molari et al., 2020). A rough estimate of 
nodule density and weight based on box core data (Greinert, 2015) 
shows that at the experimental site (n = 14) the nodule density (8.4 ±
6.4 nodules m− 2) and weight (5.6 ± 4.0 kg nodules m− 2) appears to be 
lower than at the reference site (29 ± 15 nodules m− 2 and 14 ± 8.0 kg 
nodules m− 2, n = 10), which might explain part of the observed dif
ferences (De Smet et al., 2017; Simon-Lledó et al., 2019b; Vanreusel 
et al., 2016). Understanding the natural spatial variation of abyssal 
communities is a major knowledge gap, and should be addressed in 

order to better interpret the outcome of disturbance studies (Gollner 
et al., 2017). 

4.2. Long-term effects of abyssal sediment disturbance on carbon cycling 

The presented food-web models allowed us to estimate C fluxes that 
could not be measured in situ, and to assess the long-term effects of a 
small-scale benthic disturbance on abyssal C cycling. Our main findings 
are that inside the plough tracks overall modelled faunal respiration 
appears to have recovered to and sometimes exceeded reference values 
26 years after the initial disturbance, although there was variation 
among food-web compartments, whereas the microbial loop and 
consequently the total system C flow is still impaired (Table 6). This 
section discusses these results in light of previous disturbance studies 
and in the greater context of abyssal system functioning. 

Our modelling exercise showed that overall faunal respiration was 
significantly higher inside the plough tracks compared to the reference 
sites, and not significantly different between outside and inside the 
plough tracks (Table 6). A review of previous disturbance studies 
showed a general trend that small mobile fauna generally recovered 
faster than larger sessile fauna, sometimes even exceeding pre- 
disturbance abundances, although the extent of recovery was highly 
variable among taxonomic groups and locations (Gollner et al., 2017; 
Jones et al., 2017). This study also found variability in recovery among 
different faunal food-web compartments, with two-thirds of the faunal 
compartments having a higher respiration rate, and one-third exhibiting 
lower respiration rates inside the plough track compared to the refer
ence site. In line with the reviewed studies, we observed a general trend 
of recovered respiration in metazoan meiofauna, sometimes greatly 
exceeding reference values (up to a 927% for respiration of omnivorous 
and predatory nematodes), whereas macrofaunal respiration was similar 
to, or smaller than reference values (Tables 6 and 7). 

Perhaps unexpectedly, overall megafauna respiration inside the 
plough tracks was significantly higher at the experimental compared to 
the reference sites (Table 6), with the notable exception of holothurians 
(in contrast to Simon-Lledó et al., 2019b; Stratmann et al., 2018c) and 
Ipnops sp. (in line with Simon-Lledó et al., 2019b). Although the 
modelled holothurian respiration rate is significantly reduced at the 
experiment site, i.e. the model finds reduced holothurian respiration in 
at least 95% of all model outcomes, the absolute differences in respi
ration between sites (range from 2.91 × 10− 4 to 3.56 × 10− 4 mmol C 
m− 2 d− 1) are relatively small compared to the range of holothurian 
respiration rates found by Stratmann et al. (2018c) (4.5 × 10− 4–10.6 ×
10− 4 mmol C m− 2 d− 1). Stratmann et al. (2018c) concluded that holo
thurian density and respiration had recovered when compared to his
torical density values at the DEA. At first glance, the relatively high 
faunal C cycling in the plough tracks does not appear to concur with the 
reduction in bioturbation activity found by Vonnahme et al. 2020. 
However, the extent of bioturbation directly scales with organism size 
(Middelburg, 2019), and we found that macrofauna in contrast to 
meiofauna had reduced respiration inside the plough tracks. 

Our finding that overall faunal respiration had recovered is in stark 
contrast to the conclusions of Stratmann et al. (2018a) who found 
significantly reduced faunal respiration inside the plough tracks 26 
years after the initial disturbance compared to outside the plough tracks 
(Stratmann et al., 2018a). This difference in findings results from the 
improved resolution of the food-web model and biomass estimation 
methods. First of all, while the study by Stratmann et al. (2018a) only 
incorporated macrofauna and megafauna in the model, this study 
additionally included metazoan meiofauna. Our models estimated that 
metazoan meiofauna strongly dominated C ingestion (Fig. 4) and overall 
faunal respiration (Table 7). Therefore, the reduced metazoan meio
faunal respiration at the reference site compared to the experimental 
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sites largely explains the different conclusions in the present study and 
in Stratmann et al. (2018a). Nevertheless, when only taking macrofauna 
and megafauna respiration into account, we did not find the inside and 
outside plough tracks to be significantly different (Table 6) in contrast to 
Stratmann et al. (2018a). This is remarkable as identical macrofauna 
and megafauna density datasets were used in Stratmann et al. (2018a) 
and this study. However, Stratmann et al. (2018a) compared several 
food webs over a time range spanning 26 years, and was therefore 
restricted to include only those macrofaunal taxa that were consistently 
quantified, resulting in exclusion of several taxa that were investigated 
in 2015, but not in previous years. Additionally, the individual bio
masses of megafauna estimated by Stratmann et al. (2018a) were based 
on a relatively coarse taxonomic resolution predefined by Bluhm (2001). 
For the present study, we identified megafauna to the highest taxonomic 
resolution possible, and calculated individual biomasses using conver
sion factors with the same resolution. Hence, megafaunal C stocks pre
sented in this study are more precise than the megafaunal stocks 
reported in Stratmann et al. (2018a). 

Differences in the summed C flows (T..) among reference sites and 
inside plough tracks, and among outside and inside plough tracks were 
mainly the result of significant differences in the microbial loop (Fig. 5). 
Both prokaryotic biomass and C production inside plough tracks were 
lower compared to reference sites, although the microbial community 
structure after 26 years was not significantly different between the 
reference and experimental sites (Vonnahme et al., 2020). The apparent 
slow recovery of prokaryotic C cycling is remarkable, since bacteria are 
generally considered to have relatively short generation times and high 
growth rates even in abyssal sediments (Deming, 1985; Jørgensen and 
Boetius, 2007). Abyssal prokaryotic communities are strongly linked to 
sediment geochemistry, as illustrated by the significant change in pro
karyotic density (Deming, 1985), C production rates (Luna et al., 2013), 
and community composition with depth (Lindh et al., 2017; Shulse et al., 
2017) and polymetallic nodule abundance (Tully and Heidelberg, 2013; 
Lindh et al., 2017; Cho et al., 2018; Molari et al., 2020). Although most, 
but not all, porewater profiles at the DISCOL sites were fully regenerated 
after 26 years, differences in the solid phase profiles were still clearly 
visible between undisturbed and disturbed sediments (Paul et al., 2018). 
This was confirmed by Vonnahme et al. (2020) who found that altered 
sediment integrity and biogeochemistry inside the plough tracks was 
related to strongly reduced prokaryotic growth efficiencies and extra
cellular enzymatic activity. It is important to note that for constructing 
our food-web model for inside the plough track we omitted the micro
habitat ‘sub-surface patch’ and aggregated the microhabitats ‘plough 
furrows’ and ‘plough ridges’ as defined in Haffert et al. (2020), Paul 
et al. (2018), and Vonnahme et al. (2020). In contrast, these DEA sedi
ment biogeochemistry studies (Haffert et al., 2020; Paul et al., 2018; 
Vonnahme et al., 2020) specifically looked at the separate microhabitats 
and found biogeochemical differences even among the plough track 
microhabitats, with subsurface patches often being the most impacted. 

Outside the plough tracks, the effects of the original sediment 
disturbance are expected to be limited to sedimentation of resuspended 
particles as the sediment integrity was kept intact. Indeed, the modelled 
food-web characteristics outside the plough tracks are a mixture of 
characteristics either similar to the reference site model or inside the 
plough tracks model. Just like inside the plough tracks, estimated pro
karyotic and therefore overall respiration outside the plough tracks was 
significantly lower compared to the reference site. In contrast, the mi
crobial loop, which includes microbial respiration, outside the plough 
track was not significantly different compared to the reference site. 
Additionally, outside the plough tracks total modelled C throughput T.. 
was higher, although not significantly, than at the reference site. Also 
faunal respiration and Finn’s Cycling Index FCI were significantly higher 
outside the plough tracks. The high C cycling and recycling efficiency 

outside the plough tracks are therefore likely related to changes in the 
faunal community rather than the prokaryotic community. The mech
anism behind increased faunal cycling possibly linked to settling 
resuspended sediment is unknown, as the effects of plume forming and 
consequent increased sedimentation in areas adjacent to deep-seabed 
mining have not yet received elaborate attention (Drazen et al., 2020), 
but may be related to input of new nutrients and carbon originating from 
deeper sediment layers of the ploughed area (Raghukumar et al., 2001; 
Sharma et al., 2001). 

The impaired microbial loop did not appear to affect abyssal faunal C 
cycling in this study. This is consistent with the finding that C transfer 
from microbes to deep-sea metazoans in deep-sea sediments is rather 
inefficient. For instance, there was no significant transfer of C derived 
from bacteria to metazoan consumers in sediments of the Arabian Sea 
(Pozzato et al., 2013; Middelburg, 2018). However, for fauna feeding on 
prokaryotes the model does show a diet shift with reduced feeding on 
prokaryotes and a greater importance of feeding on detritus, notably 
semi-labile detritus (Fig. 4). This diet shift is also visible for xen
ophyophores when added to the model (Table A7). So, although overall 
faunal C cycling was not significantly impacted, the importance of food 
source was shifted away from the microbial community towards 
deposited detritus. 

The models did not reveal any indications of reduced system 
complexity due to species mortality or significantly altered trophic- 
chain lengths due to the sediment disturbance. The average number of 
links per food-web compartment (LD) was similar in- and outside the 
plough tracks and only slightly lower at the reference sites. The total 
fraction of realised links (C) shows small increases in connectance from 
inside to outside the plough tracks to reference sites (Table 5). No sig
nificance value can be calculated for LD and C as they are based on 
network topology which is the same in every model solution. However, a 
decline in C with a larger number of food-web compartments when LD 
remains constant is inherent to the calculation of these network indices 
(Pimm et al., 1991), suggesting the differences in C between sites are not 
of important magnitude. As these complexity indices are sensitive to 
compartment resolution, the results may be different if the food-web is 
resolved to species level. 

The maximum trophic level (TL) in a food web is significantly related 
to resource availability under very low food input (<10 g C m− 2 y− 1), 
but in a non-linear relationship where intermediate availability, not the 
highest, results in the longest trophic chains (Post, 2002). Maximum TL 
did not significantly differ between sites, and thus resource availability 
and the efficiency of C transfer to higher trophic levels do not appear to 
be affected by the sediment disturbance. Although the differences in TL 
were not significant, it is likely that the maximum TL inside the plough 
tracks is highest due to the greater biomass of scavengers and fish, and 
the low mean TL inside the plough tracks is caused by the reduced 
importance of grazing on prokaryotes (Fig. 4). 

The extent of C cycling by fauna and in the microbial loop at all three 
sites was comparable to C cycling in other abyssal plain systems. Carbon 
cycling was modelled in previous studies for two other abyssal plain 
systems both considered eutrophic systems influenced by seasonal pul
ses of POC (Rice et al., 1994; Smith and Druffel, 1998): Station M located 
in the abyssal North-East Pacific (Dunlop et al., 2016) and the lesser 
eutrophic Porcupine Abyssal Plain (PAP) in the North-East Atlantic (van 
Oevelen et al., 2012; Durden et al., 2017). The Peru Basin is known to 
experience relatively high fluxes of organic matter compared to other 
abyssal plains due to its location near the equatorial zone of high pro
ductivity and is also considered eutrophic (Smith et al., 1996, 1997). 
Community respiration at the Peru Basin reference site (0.78 mmol C 
m− 2 d− 1) was similar to community respiration estimated by the food- 
web model of Station M (0.71–0.74 mmol C m− 2 d− 1) (Dunlop et al., 
2016). In contrast, community respiration inside plough tracks (0.59 
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mmol C m− 2 d− 1) was similar to the community respiration at PAP 
(0.45–0.56 mmol C m− 2 d− 1) (van Oevelen et al., 2012; Durden et al., 
2017). The contribution of prokaryotic respiration was consistently 
between 70% and 92% of total community respiration in all models, 
including this study, highlighting the importance of the prokaryotic 
community for abyssal plains (Rowe and Deming, 1985; Lochte and 
Turley, 1988; Boetius and Lochte, 1996; Sweetman et al., 2019). The 
size of prokaryotic processes (sum of detritus dissolution, DOC uptake, 
and respiration) was similar between Station M (1.8–2.2 mmol C m− 2 

d− 1) (Dunlop et al., 2016) and the Peru Basin (1.9–2.8 mmol C m− 2 d− 1), 
with lower reported values at PAP (1.2–1.3 mmol C m− 2 d− 1) (van 
Oevelen et al., 2012; Durden et al., 2017). 

4.3. Outlook to deep-seabed mining effects 

The DISCOL experiment covered an area of 11 km2 (Thiel et al., 
1989), whereas industrial-scale seabed mining activity is expected to 
affect an area at least one to two orders of magnitude larger. Based on 
our results, we can assume that industrial-scale polymetallic nodule 
extraction will impair the microbial loop. Our results highlight the key 
role of the microbial community in benthic C cycling at abyssal depths as 
shown in other deep-sea studies (Rowe and Deming, 1985; Lochte and 
Turley, 1988; Boetius and Lochte, 1996; Sweetman et al., 2019) and the 
fact that deep-seabed mining will in all likelihood modify the processes 
these key organisms carry out. However, faunal recovery rates for 
industrial-scale seabed mining activity cannot directly be extrapolated 
from small-scale disturbance results, because ecosystem recovery in a 
commercial mining context will be dependent on a variety of factors, 
including, but not limited to large-scale dispersal, connectivity, re- 
colonisation, and the availability of C in subsurface sediments exposed 
by mining machines. Faunal recovery may partly be facilitated by 
recruitment from unaffected adjacent areas, but this process might be 
slowed in mined areas with reduced connectivity to these unaffected 
areas. 

Additionally, the DISCOL experiment did not remove nodules from 
the seafloor but ploughed them below the sediment surface. The 
removal of nodules, which will occur during industrial exploitation, will 
destroy nodule-obligate fauna and change the community composition, 
especially the presence of sessile species like corals, sponges, and xen
ophyophores (Simon-Lledó et al., 2019a, 2019b; Vanreusel et al., 2016). 
Even though a change in community composition is likely to result in an 
observable change in C cycling, it is theoretically possible that 
ecosystem functioning in terms of C cycling is the same between varying 
community compositions which differ when reviewed for another type 
of function, like the degree of habitat forming structures. Therefore, 
diversity indices should be reviewed alongside ecosystem functioning. 

Finally, it is important to note that deep-seabed mining is only a 
single stressor potentially affecting abyssal systems. Other anthropo
genically induced changes, most importantly climate change (Sweetman 
et al., 2017), will also exert stress on abyssal ecosystems with potentially 
unknown synergistic effects (Ramirez-Llodra et al., 2011). Our model 
results show that fauna can shift towards a more detritus-based diet 
when the prokaryotic community is impaired due to deep-seabed min
ing, and we could speculate that this increased faunal demand for high- 
quality detritus cannot be met under future climate scenarios. In future 
abyssal climate scenarios the C demand will be higher due to increased 
metabolic rates with higher temperatures, but the detritus deposited on 
abyssal sediments will likely be of lower quantity and quality (Sweet
man et al., 2017). Therefore, besides scaling predicted effects from 
mining simulations to industrial scale mining, policy should also take 
into account the additional effects of biogeochemical changes due to 
climate change, resource exploitation, and other human activities on 
abyssal ecosystems. 

5. Conclusion 

Based on the most highly resolved deep-sea food-web model to date, 
both in food-web complexity and data availability, we show that 26 
years after a small-scale sediment disturbance total C throughput was 
16% lower, and microbial loop C cycling was reduced by 35% inside 
plough tracks compared to reference sites. This indicates that ecosystem 
functioning in terms of C cycling had not recovered from the distur
bance, and that the microbial loop was still impaired. Faunal respiration 
recovered to, and exceeded reference values but varied among faunal 
compartments. Recovery of the prokaryotic community was most likely 
closely related to recovery of sediment integrity and biogeochemistry, so 
sediment integrity and prokaryotic production could be used as an extra 
environmental proxy for monitoring abyssal ecosystems, besides faunal 
monitoring. The impaired microbial loop observed at DISCOL is ex
pected to also occur if large-scale polymetallic nodule mining com
mences, which could affect ocean biogeochemistry. The importance of 
taking into account the effects of deep-seabed mining on the microbial- 
mediated biogeochemical processes is also highlighted by Orcutt et al. 
(2020). Additional incorporation of xenophyophore and DCF processes 
in the DISCOL food-web models, though based on severely limited data, 
confirms overall conclusions and highlights the potentially great 
importance of these components in abyssal C cycling. Future research 
into these poorly understood biogeochemical processes at the base of the 
food web is therefore highly recommended. It is difficult to predict if 
faunal carbon-flow recovery rates will be the same following industrial- 
scale seabed mining over prolonged periods of time, due to potentially 
less recruitment possibilities in affected areas and synergistic effects 
with other anthropogenically-induced stressors, such as climate change. 
Resolved food-web models, like the ones presented, can potentially be 
employed to construct dynamic models (e.g. sensu van Oevelen et al., 
2012) to study ecosystem stability and predict future changes by altering 
constraints and forcing flows based on e.g. climate predictions. This 
study shows mining of polymetallic nodules will likely reduce ecosystem 
functioning on at least decadal time scales. 
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Appendix A 

This appendix contains additional information and data used to 
construct the food-web inverse models. 
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Feeding types and taxon-specific biomasses 

The feeding types and taxon-specific biomasses used to calculate the 
C stocks for the different food-web compartments are given in Tables A1, 
A2, A3, and A4 

Sampling regime 

The sampling regime, i.e. location, used sampling gear, and sample 
size, to determine site-specific parameters are given in Table A5. 

Protozoa and DCF 

The omission of protozoa and dark carbon fixation from the food- 
web model is a limitation that needs to be discussed. To aid this dis
cussion, the limited site-specific data on these two food-web components 
that were available were additionally incorporated into the model to 
observe the effect on the overall food-web solution. The method is 
outlined below, and the additional site-specific parameters are pre
sented in Table A6. 

For the DISCOL site only xenophyophore density data was available 
(REF = 0.488 ind m− 2, OPT = 0.396 ind m− 2, IPT = 0.169 ind m− 2), but 
no size annotations were performed. Image annotations of xen
ophyophores from the APEI6 area in the CCZ (Simon-Lledó et al., 2019a) 
did include size measurements, and the average test size was estimated 
at 31.09 ± 11.06 mm (n = 39337). Individual average test volume was 
estimated from this average size with the regression Test Volume (mL) 
= 2.311 * Test Size (cm) − 0.877 (R2 = 0.71, n = 6) based on the data in 
Levin and Gooday (1992). Individual xenophyophore protoplasm 

Table A1 
Feeding types and taxon-specific biomasses (mmol C ind− 1) of all metazoan 
meiofauna included in the food-web models. Abbreviations are: MeiB = meta
zoan meiofauna bacterivores, MeiDF = metazoan meiofauna deposit feeders, 
MeiFSF = metazoan meiofauna filter and suspension feeders, MeiP = metazoan 
meiofauna predators, MeiOF = metazoan meiofauna omnivores, NemNSDF =
nematode non-selective deposit feeders, NemEF = nematode epistrate feeders, 
NemOP = nematode omnivores and predators; REF = reference sites, OPT =
outside plough tracks, IPT = inside plough tracks. References for feeding types 
(Ref.): 1Giere (2009), 2Fox et al. (2003), 3Enríquez-García, Nandini and Sarma, 
(2013), 4McClain, Johnson and Rex (2004), 5Menzies (1962), 6Heiner, Vinther 
Sørensen and Møbjerg Kristensen (2018), 7Miljutin et al. (2011), 8Giere (2006), 
9Stratmann et al. (2018a). References for biomasses: 10Stratmann et al. (2018b), 
11Galéron et al. (2000), 12Zeng et al. (2018), 13Bianchelli et al. (2010), 14Rex 
et al. (2006).  

Taxon Feeding type Biomass Ref. 

Bivalviaa MeiFSF 3.48 ×
10− 5 

1, 2, 

13 

Cyclopoida 50% MeiOF, 50% MeiP 5.97 ×
10− 7 

1, 3, 

11 

Gastropodac 90% MeiDF, 10% MeiP 1.59 ×
10− 5 

4, 13 

Gastrotrichab MeiB 5.96 ×
10− 7 

1, 13 

Harpacticoida MeiDF 7.01 ×
10− 5 

1, 2, 

11 

Isopodaa 93% MeiDF, 7% MeiP 1.24 ×
10− 4 

5, 13 

Kinorhynchaa 50% MeiB, 50% MeiDF 4.22 ×
10− 6 

1, 2, 

13 

Loriciferac MeiB 1.59 ×
10− 5 

6, 14 

Nematoda 50% NemNSDF, 25% NemEF, 25% NemOP 2.97 ×
10− 6 

7, 10 

Oligochaetaa MeiDF 9.43 ×
10− 5 

8, 13 

Ostracoda MeiOF 4.98 ×
10− 4 

1, 12 

Polychaeta REF: 54% MeiDF, 13% MeiFSF, 23% MeiP, 
10% MeiOF; 
OPT: 50% MeiDF, 17% MeiFSF, 18% MeiP, 
15% MeiOF; 
IPT: 58% MeiDF, 19% MeiFSF, 17% MeiP, 
6% MeiOF 

1.48 ×
10− 4 

9, 12 

Rotiferac MeiDF 1.59 ×
10− 5 

1, 14 

Tanaidaceab MeiOF 1.18 ×
10− 5 

1, 13 

Tardigradab MeiB 1.05 ×
10− 7 

1, 13  

a Taxon-specific individual biomasses for abyssal plains (B4000; mmol C ind− 1) 
were calculated as B4000 = 10log10(B1887)− βmeiofauna×Δdepth, where B1887 corresponds to 
the taxon-specific individual biomass (mmol C ind− 1) from the southern open 
slope of the Catalan Margin (1887 m depth; NW Mediterranean Sea) (Bianchelli 
et al., 2010). βmeiofauna (=1.70 × 10− 4) corresponds to β in the regression analysis 
for meiofauna biomass in Rex et al. (2006) and Δdepth is the depth difference 
between the abyssal plains (~4,000 m depth for the DISCOL experimental site) 
and the slope station (1,887 m depth). 

b Taxon-specific individual biomasses for abyssal plains (B4000; mmol C ind− 1) 
were calculated as B4000 = 10log10(B985)− βmeiofauna×Δdepth, where B985 corresponds to 
the taxon-specific individual biomass (mmol C ind− 1) from the southern open 
slope of the Catalan Margin (985 m depth; NW Mediterranean Sea) (Bianchelli 
et al., 2010) and Δdepth is the depth difference between the abyssal plains 
(~4,000 m depth for the DISCOL experimental site) and the slope station (985 m 
depth). 

c The individual biomass corresponds to the mean biomass of an individual 
deep-sea meiofaunal organisms at 4,100 m depth (Rex et al., 2006). 

Table A2 
Feeding types of all metazoan macrofauna included in the food-web models. The 
taxon-specific individual biomass data (mmol C ind− 1) were taken from Strat
mann et al. (2018a). Abbreviations are: MacDF = macrofauna deposit feeders, 
MacFSF = macrofauna filter and suspension feeders, MacOF = macrofauna 
omnivores, MacP = macrofauna predators, PolSDF = polychaete surface deposit 
feeders, PolSF = polychaete suspension feeders, PolSSDF = polychaete subsur
face deposit feeders, PolP = polychaete predators, PolOF = polychaete omni
vores; REF = reference sites, OPT = outside plough tracks, IPT = inside plough 
tracks. References for feeding types (Ref.): 1Gage and Tyler (1991), 2WoRMS 
Editorial Board (2019), 3Fox et al. (2003), 4Smith and Stockley (2005), 
5McClain, Johnson and Rex (2004), 6Menzies (1962), 7Iken et al. (2001), 
8Jumars, Dorgan and Lindsay (2015), 9Vannier, Abe and Ikuta (1998), 10Gowing 
and Wishner (1986).  

Taxon Feeding type Biomass Ref. 

Amphipoda 50% MacOF, 50% MacP 3.68 ×
10− 3 

1, 2 

Bivalvia MacFSF 1.41 ×
10− 3 

3 

Copepoda MacDF 5.39 ×
10− 4 

10 

Cumacea MacDF 3.09 ×
10− 3 

3 

Echinoidea 85% MacOF, 15% MacDF 9.66 ×
10− 3 

4 

Gastropoda 90% MacDF, 10% MacP 8.56 ×
10− 2 

5 

Isopoda 93% MacDF, 7% MacP 1.33 ×
10− 3 

6 

Nematodaa 75% MacDF, 25% MacP 3.26 ×
10− 4 

9 

Ophiuroidea MacDF 9.66 ×
10− 3 

7 

Ostracoda MacOF 2.27 ×
10− 3 

3 

Polychaeta REF: 13% PolSF, 38% PolSDF, 16% PolSSDF, 
23% PolP, 10% PolOF; 
OPT: 17% PolSF, 37% PolSDF, 13% PolSSDF, 
18% PolP, 15% PolOF; 
IPT: 19% PolSF, 42% PolSDF, 16% PolSSDF, 
17% PolP, 6% PolOF 

1.33 ×
10− 2 

8 

Scaphopoda MacP 9.66 ×
10− 3 

3 

Tanaidacea MacDF 5.48 ×
10− 3 

3  

a Macrofauna nematodes were divided into feeding types following the 
feeding type classification for meiofauna nematodes. 
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volume for the average test size was estimated with the regression 
Protoplasm Volume (mL) = 0.030 * Test Volume − 0.011 (R2 = 0.86, n 
= 4) based on Micro-CT 3D imaging data from Gooday et al. (2018). The 
density of xenophyophores at the three sites as calculated from the an
notations combined with the individual protoplasm volume was used to 
estimate xenophyophore biomass (mmol C m− 2) by assuming 1.02 g 
protoplasm wet weight per mL protoplasm (Snider et al., 1984) and 0.1 g 
C per g protoplasm wet weight (Gerlach et al., 1985; Korsun et al., 
1998). Assuming all observed xenophyophores were alive, this results in 
a biomass of 0.25 (IPT) to 0.73 (REF) mmol C m− 2 (Table A6). This 
biomass does not include any associated prokaryotes or metazoans. 

Xenophyophores that were added to the model fed on labile and 
semi-labile detritus from the sediment and from suspension (Levin, 
1991; Levin and Gooday, 1992; Gooday et al., 2020), on bacteria 
(Laureillard et al., 2004; Mojtahid et al., 2011), and on labile DOC 
(DeLaca et al., 1981; Nomaki et al., 2011). No feeding selectivity was 
assumed. Xenophyophores are preyed upon by macrofaunal (incl. 
polychaetes) and megafaunal (surface) deposit feeders (incl. holothu
rians), omnivores, and predators (except fish) (Levin, 1991; Levin and 
Gooday, 1992; Gooday et al., 2020). Faecal pellets of xenophyophores 
are called stercomata, and are assumed to be semi-labile and refractory. 
Mortality of xenophyophores results in semi-labile detrital material. 

Secondary production of xenophyophores SP was based on the 
slowest and fastest observed increases in test volume over time (Gooday 
et al., 1993) and R was based on minimum and maximum reported 
benthic foraminiferal respiration reported by Nomaki et al. (2007), Piña- 
Ochoa et al. (2010), Geslin et al. (2011) (Table A6). As assimilation 
efficiency has never been determined for xenophyophores or any other 
Foraminifera, the smallest minimum and the largest maximum AE 
constraints for metazoan invertebrate benthos from Table 3 were esti
mated. NGE for xenophyophores was estimated using Eq. (7) and the SP 
and R rates. Unfortunately, this mixture of physiological constraints was 
not compatible with the model, and only the upper constraint for pro
duction rate was used. 

Prokaryotic DCF rates were determined by Vonnahme et al. (2020) 
through the addition of 14C-labelled bicarbonate to sediment 

Table A3 
Feeding types for megafauna specimen photographed with an “Ocean Floor 
Observatory System” in the Peru Basin (SE Pacific). Median taxon-specific in
dividual biomass (mmol C ind− 1) was calculated as described in Stratmann, Lins 
et al. (2018) based on length measurements of individual organisms in the Peru 
Basin. n refers to the number of individuals used to estimate taxon-specific 
biomasses. 
Abbreviations are: MegDF = megafauna deposit feeders, MegFSF = megafauna 
suspension and filter feeders, MegSDF = megafauna surface deposit feeders, 
MegSSDF = megafauna subsurface deposit feeders, MegP = megafauna preda
tors, MegOF = megafauna omnivores, MegS = megafauna scavengers; REF =
reference sites, OPT = outside plough tracks, IPT = inside plough tracks. Ref
erences for biomasses (Ref.): 1Stratmann et al. (2018c), 2Tilot (1992), 3Strat
mann et al. (2018a), 4Durden, et al. (2016), 5Rex et al. (2006), 6this study. 
References for feeding type (Ref.): 7Fox et al. (2003), 8Gage and Tyler (1991), 
9WoRMS Editorial Board (2019), 10Menzies (1962), 11Escobar-Briones et al. 
(2002), 12MacAvoy et al. (2008), 13Nakamura et al. (2015), 14Smith and 
Stockley (2005), 15McClain et al. (2004), 16Bluhm (2001), 17Fratt and Dearborn 
(1984), 18Wigham et al. (2003), 19Wigham et al. (2008), 20Roberts et al. (2000), 
21Iken et al. (2001), 22Billett et al. (2001), 23Hudson et al. (2004).  

Taxa Feeding type n Biomass Ref. 

Annelida     
Polychaetaa REF: 54% MegDF, 13% 

MegSF, 23% MegP, 10% 
MegOF; 
OPT: 50% MegDF, 17% 
MegSF, 18% MegP, 15% 
MegOF; 
IPT: 58% MegDF, 19% 
MegSF, 17% MegP, 6% 
MegOF 

62 0.53 3 

Arthropoda     
Amphipoda 50% MegP/ 50%MegS 8 3.58 6, 21 

Cirripedia MegFSF 2 176 6, 7 

Isopoda 93% MegDF, 7% MegP 19 8.13 6, 10 

Munidopsidae MegDF 41 267 6, 21 

Probeebei sp. MegDF 421 68.3 6, 8 

Pycnogonida 50% MegP, 50% DF 41 3.73 6, 8, 21 

Other crustaceans MegP 41 2.6 6, 8 

Chordata     
Ascidiaceab MegFSF  0.83 2, 7 

Cnidaria     
Actiniaria MegFSF 301 0.30 3, 7 

Antipatharia MegFSF 3 177 3, 7 

Cerianthariab MegFSF  1923 2, 7 

Gorgonaria MegFSF  21.7 2, 7 

Other Cnidariac MegFSF  0.24 6, 7 

Echinodermata     
Asteroidea 50% MegDF, 50% MegP 53 139 3, 21 

Crinoideab MegFSF  5.33 2, 7 

Echinoideab 15% MegDF, 85% MegOF  59.2 2, 14 

Ophiuroidea MegOF 527 16.1 3, 8 

Holothurian morphotypes 
Abyssocucumis 

abyssorum 
MegFSF 1 4.98 1, 7, 20 

Amperima sp. MegSDF 73 18.1 1, 7, 

18, 21 

Bathyplotes sp.c MegSDF 552 7.48 1, 23 

Benthodytes gosarsi MegSDF 2 61.1 1, 7, 21 

Benthodytes sp. MegSDF 12 3.00 1, 7, 21 

Benthodytes typica MegSDF 123 22.7 1, 7, 21 

Benthothuria sp.c MegSDF 552 7.48 1, 23 

Elpidiidae gen. sp.1 MegSDF 24 2.84 1, 22 

Elpidiidae gen. sp. 2 MegSDF 15 11.0 1, 22 

Elpidiidae gen. sp. 3 MegSDF 5 2.06 1, 22 

Galatheathuria sp. MegFSF 6 66.0 1, 22 

Mesothuria sp. MegSSDF 94 4.32 1, 7, 21 

Oneirophanta sp. MegSDF 11 9.99 1, 7, 21 

Peniagone sp. 
(morphotype 
“palmata”) 

MegSDF 21 1.71 1, 7, 21 

Peniagone sp. 1 MegSDF 21 3.27 1, 7, 

19, 21 

Peniagone sp. 2 
(benthopelagic)c 

MegSDF 552 7.48 1, 7, 

19, 21  

Table A3 (continued ) 

Taxa Feeding type n Biomass Ref. 

Psychronaetes hansenic MegSDF 552 7.48 1, 20 

Psychropotes depressa MegSDF 13 28.2 1, 7, 21 

Psychropotes longicauda MegSDF 9 4.44 1, 7, 21 

Synallactidae gen. sp. 1d MegSDF 26 2.41 1 

Synallactidae gen. sp. 2d MegSDF 46 2.10 1 

Synallactes profundie MegSDF 17 2.46 1 

Synallactes sp. 
(morphotype “pink”)c 

MegSDF 11 4.36 1 

Unknown holothuriansc MegSDF 552 7.48 1 

Hemichordata     
Hemichordatae MegDF  22.4 5, 8 

Mollusca     
Gastropodae 90% MegDF, 10% MegP  22.4 6, 15 

Porifera     
Poriferab MegFSF  6.74 2, 7  

a As no information about families and/or feeding types was available for 
megafauna polychaetes, the macrofauna polychaete feeding type composition 
was also used for the megafauna polychaete feeding type composition. 

b Mean taxon-specific biomass data per individual were extracted from Tilot 
(1992) for the CCZ. 

c The taxon-specific individual biomass of this holothurian morphotype is the 
mean biomass of all holothurians. 

d As the gut content of a specimen of Synallactidae collected in the Peru Basin 
(Stratmann, unpublished data) showed an 18 times enrichment in organic C 
compared to surrounding sediment, all Synallactidae, Synallactes profundi, and 
Synallactes sp. were classified as surface deposit feeder. 

e Individual biomass calculated for mean benthos megafauna at 4100 m depth 
based on the biomass-bathymetry and abundance-bathymetry relationships 
presented in Rex et al. (2006). 
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Table A4 
Diet, fish taxon-dependent conversion factors, and median taxon-specific individual biomass (mmol C ind− 1) of all fish specimens that were observed on pictures taken 
with the “Ocean Floor Observatory System” in the Peru Basin. n refers to the number of individuals used to estimate taxon-specific biomasses. Abbreviations are: REF =
reference sites, OPT = outside plough tracks, IPT = inside plough tracks. References for feeding types: 1Crabtree et al. (1991), 2Drazen and Sutton (2017), 3Sulak et al. 
(1985), 4Gerringer et al. (2017).  

Diet Conversion factorsa n Biomass  

a b Dry weight/ wet 
weight 

C/dry 
weight   

Bathysaurus mollis1,2,3       

0–1.6% MegFSF, 11.2–12.5% MegDF, 0.2–2.4% MegP, 0.01–0.02% MegS, 43–100% Ipnops 
sp., 43–100% Ophidiidae, 0.2% carrion 

3.24 ×
10− 3  

3.16  0.24  0.42 2 OPT: 6,715       

IPT: 21,114 
Ipnops sp.1,2       

3–6% MegFSF, 28.8–79.8% MegDF, 13.1–64.7% MegP, 3.5–6.6% MegS 4.90 ×
10− 3  

3.03  0.24  0.42 10 REF: 64.1       

OPT: 108       
IPT: 87.4 ± 0.29 

Ophidiidae1,2,4       

0.3–0.6% MegFSF, 28.7–79.6% MegDF, 13–64.6% MegP, 3.5–6.6% MegS, 0.2% carrion 1.02 ×
10− 3  

3.06  0.17  0.38 3 OPT: 154       

IPT: 720 ± 675; 
720  

a Length L (cm) of each specimen was measured in PAPARA(ZZ)I (Marcon and Purser, 2017) using a unilateral triangle of laser points as reference (see also 
Stratmann et al. (2018c). This length measurement was converted to wet-weight WW (g ww ind− 1) following Froese, Thorson and Reyes (2014): WW = a× Lb, where 
a and b are taxon-dependent conversion factors and subsequently to individual biomass (mmol C ind− 1) using conversion factors from Brey et al. (2010). 

Table A5 
Geographic location (GPS in latitude, longitude) and number (n) of the samples taken to determine various sample parameters at reference sites (REF), outside plough 
tracks (OPT), and inside plough tracks (IPT), including specification of the employed sampling gear. References (Ref.): 1Haffert et al. (2020), 2Vonnahme et al. (2020), 
3This study, 4Stratmann et al. (2018b).   

REF OPT IPT   

Sample parameter GPS n GPS n GPS n Sampling gear Ref. 

Sediment porositya − 7.125◦N, − 88◦451◦E 
− 7.076◦N, − 88◦526◦E 
− 7.101◦N, − 88◦414◦E 

1 
1 
1 

− 7.073◦N, − 88.464◦E 
− 7.074◦N, − 88.449◦E 
− 7.078◦N, − 88.458◦E 
− 7.078◦N, − 88.457◦E 

1 
1 
1 
1 

− 7.073◦N, − 88.464◦E 
− 7.074◦N, − 88.464◦E 
− 7.075◦N, − 88.449◦E 
− 7.078◦N, − 88.458◦E 

1 
1 
2 
1 

Multi corer, push corer 1 

Labile detritus − 7.076◦N, − 88.526◦E 
− 7.083◦N, − 88.469◦E 
− 7.101◦N, − 88.414◦E 

3 
3 
3 

− 7.075◦N, − 88.449◦E 
− 7.078◦N, − 88.457◦E 
− 7.074◦N, − 88.464◦E 

3 
3 
3 

− 7.074◦N, − 88.464◦E 
− 7.075◦N, − 88.449◦E 
− 7.079◦N, − 88.457◦E 
− 7.075◦N, − 88.449◦E 

6 
3 
6 
3 

Push corer 2 

Semi− labile detritus − 7.125◦N, − 88.450◦E 
− 7.800◦N, − 88.270◦E 

1 
2 

− 7.083◦N, − 88.470◦E 
− 7.074◦N, − 88.449◦E 

1 
1 

− 7.083◦N, − 88.470◦E 
− 7.074◦N, − 88.449◦E 

1 
1 

Push corer, benthic lander 3 

Refractory detritusa (see Labile detritus) 9 (see Labile detritus) 9 (see Labile detritus) 18 Push corer 2 
Prokaryotes (see Labile detritus) 9 (see Labile detritus) 9 (see Labile detritus) 18 Multi corer, push corer 2 
Metazoan meiofauna − 7.126◦N, − 88.450◦E 2 − 7.073◦N, − 88.463◦E 

− 7.075◦N, − 88.448◦E 
3 
3 

− 7.078◦N, − 88.457◦E 
− 7.075◦N, − 88.448◦E 
− 7.073◦N, − 88.463◦E 

6 
6 
6 

Push corer 3, 4 

Macrofauna − 7.126◦N, − 88.451◦E 
− 7.126◦N, − 88.450◦E 
− 7.076◦N, − 88.526◦E 
− 7.077◦N, − 88.526◦E 

2 
3 
3 
2 

− 7.074◦N, − 88.464◦E 
− 7.074◦N, − 88.465◦E 
− 7.075◦N, − 88.449◦E 

3 
1 
3 

− 7.074◦N, − 88.464◦E 3 Box corer 3  

a For the analysis of sediment porosity, labile detritus, refractory detritus, and prokaryotes, sediment samples were taken of the microhabitats “plough track furrow” 
and “plough track ridge”. 
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incubations, and subsequent measurements of incorporation into DOC 
and prokaryotic biomass. DCF rates from the upper 1 cm for each site 
were converted from nmol C g− 1 d− 1 to mmol C m− 2 d− 1 using the 
sediment dry bulk density and surface porosity values reported in the 
main Materials & Methods section of the manuscript (IPT corresponded 
to the microhabitats ‘Furrow’ and ‘Ridge’ combined). The first and third 
quartile of DCF rates for each site based on the upper 1 cm were used as 
lower and upper constraints (Table A6). DCF rates could not be 
extrapolated to 5 cm, as DCF depth profiles were only available for three 
disturbed sites and no other data on DCF depth profiles is known. 
Therefore, the DCF rates used as constraints are underestimations. It was 
assumed that the uptake of DIC by prokaryotes leads to effective pro
karyotic biomass production and is part of, not in addition to, pro
karyotic production as estimated from 3H-leucin incorporation. 
Furthermore, it was assumed that all DOC production from DIC comes 
from prokaryotic viral lysis. 

The additional DISCOL food-webs for all three sites which now 
include xenophyophores and DCF were sampled 10,000 times, to reduce 
calculation times compared to the 100,000 iterations to resolve the main 
model. Assessment of all 10,000 solutions shows the required conver
gence and expected distributions, although with lower coverage than 
the main model. Results of some important food-web characteristics 
with a focus on xenophyophores and DCF are given in Table A7. 

Appendix B. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pocean.2020.102446. 
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Model component Parameters Reference 
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100% alive 
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1, 2, 3, 4, 5, 
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Xenophyophore AE (-)b [0.18, 0.89] 6 
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table to be able to compare them to the estimated physiological parameters 
based on the model fluxes as presented in Table A7. 

Table A7 
Results for some main network characteristics for the DISCOL food-web model 
including DCF and xenophyophores as described in the Appendix. For fluxes the 
standard deviation is given. REF = reference sites, OPT = outside plough tracks, 
IPT = inside plough tracks. T.. = Total System Throughput, FCI = Finn’s Cycling 
Index.  

Model 
characteristic 

REF OPT IPT 

Total C inflow 
(mmol C m− 2 

d− 1) 

0.86 ± 3.32 ×
10− 2 

0.71 ± 3.35 ×
10− 2 

0.70 ± 3.53 ×
10− 2 

T.. (mmol C m− 2 

d− 1) 
6.42 ± 0.18 6.69 ± 0.28 5.15 ± 0.13 

FCI (–) 0.35 ± 0.02 0.43 ± 0.02 0.29 ± 0.01 
Total respiration 

(mmol C m− 2 

d− 1) 

0.77 ± 2.38 ×
10− 2 

0.61 ± 2.39 ×
10− 2 

0.59 ± 1.79 ×
10− 2 

Faunal respiration 
(mmol C m− 2 

d− 1) 

5.78 × 10− 2 ±

1.29 × 10− 2 
8.95 × 10− 2 ±

1.89 × 10− 2 
7.64 × 10− 2 ±

1.00 × 10− 2 

Microbial loop 
(mmol C m− 2 

d− 1) 

3.26 ± 0.09 3.17 ± 0.10 2.09 ± 0.05 

Xenophyophores    
Uptake 

(mmol C m− 2 

d− 1)  

0.63 ± 3.12 ×
10–2  

0.53 ± 3.81 ×
10− 2  

0.32 ± 4.20 ×
10− 2  

Defecation 
(mmol C m− 2 

d− 1)  

7.31 × 10− 2 ±

1.52 × 10− 2  
5.24 × 10− 2 ±

2.42 × 10− 2  
8.23 × 10− 2 ±

1.51 × 10− 2  

Respiration 
(mmol C m− 2 

d− 1) 

2.94 × 10− 3 ±

7.72 × 10− 3  
2.05 × 10− 3 ±

6.11 × 10− 3  
1.73 × 10− 3 ±

3.07 × 10− 3  

Respiration rate 
(d− 1) 

4.03 × 10− 3 3.46 × 10− 3 6.87 × 10− 3 

Production rate 
(d− 1) 

0.75 0.81 0.94 

AE (–) 0.88 0.90 0.71 
GE (–) 0.995 0.996 0.996  

D.S.W. de Jonge et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/j.pocean.2020.102446
https://doi.org/10.1016/j.pocean.2020.102446
https://doi.org/10.1007/s12080-007-0007-8
https://doi.org/10.1007/s12080-007-0007-8
https://doi.org/10.1038/srep30492
http://refhub.elsevier.com/S0079-6611(20)30184-1/h0015
http://refhub.elsevier.com/S0079-6611(20)30184-1/h0015
http://refhub.elsevier.com/S0079-6611(20)30184-1/h0015
https://doi.org/10.1111/maec.12097
http://refhub.elsevier.com/S0079-6611(20)30184-1/h0025
http://refhub.elsevier.com/S0079-6611(20)30184-1/h0025
http://refhub.elsevier.com/S0079-6611(20)30184-1/h0025
https://doi.org/10.1016/j.dsr.2009.12.001
https://doi.org/10.1016/S0079-6611(01)00060-X


Progress in Oceanography 189 (2020) 102446

20

Bluhm, H., 2001. Re-establishment of an abyssal megabenthic community after 
experimental physical disturbance of the seafloor. Deep-Sea Res. II 48, 3841–3868. 
https://doi.org/10.1016/S0967-0645(01)00070-4. 

Boetius, A., 2015. RV SONNE SO242/2. Cruise Report/Fahrtbericht. DISCOL revisited. 
Guayaquil: 28 August 2015 - Guayaquil: 1 October 2015. SO242/2: JPI Oceans 
Ecological Aspects of Deep-Sea Mining. Bremen. 

Boetius, A., Lochte, K., 1996. Effect of organic enrichments on hydrolytic potentials and 
growth of bacteria in deep-sea sediments. Mar. Ecol. Prog. Ser. 140, 239–250. 
https://doi.org/10.3354/meps140239. 

Brey, T., Clarke, A., 1993. Population dynamics of marine benthic invertebrates in 
Antarctic and subantarctic environments: Are there unique adaptations? Antarct. Sci. 
5, 253–266. https://doi.org/10.1017/S0954102093000343. 

Brey, T., Gutt, J., Mackensen, A., Starmans, A., 1998. Growth and productivity of the 
high Antarctic bryozoan Melicerita obliqua. Mar. Biol. 132, 327–333. https://doi.org/ 
10.1007/s002270050398. 

Brey, T., Hain, S., 1992. Growth, reproduction and production of Lissarca notorcadensis 
(Bivalvia: Philobryidae) in the Weddell Sea. Antarctica. Mar. Ecol. Prog. Ser. 82, 
219–226. 

Brey, T., Müller-Wiegmann, C., Zittier, Z.M.C., Hagen, W., Marina, S., 2010. Body 
composition in aquatic organisms - A global data bank of relationships between 
mass, elemental composition and energy content. J. Sea Res. 64, 334–340. https:// 
doi.org/10.1016/j.seares.2010.05.002. 

Brey, T., Peck, L.S., Gutt, J., Hain, S., Arntz, W.E., 1995. Population dynamics of 
Magellania fragilis, a brachiopod dominating a mixed-bottom macrobenthic 
assemblage on the Antarctic shelf. J. Mar. Biol. Assoc. UK 75, 869–887. 

Brown, A., Hauton, C., Stratmann, T., Sweetman, A., van Oevelen, D., Jones, D.O.B., 
2018. Metabolic rates are significantly lower in abyssal Holothuroidea than in 
shallow-water Holothuroidea. R. Soc. Open Sci. 5, 172162 https://doi.org/10.1098/ 
rsos.172162. 

Buchanan, J.B., 1984. Sediment analysis. In: Holme, N.A., McIntyre, A.D. (Eds.), Methods 
for the Study of Marine Benthos. Blackwell Scientific Publications. pp. 41–65. 

Burkepile, D.E., Parker, J.D., Woodson, C.B., Mills, H.J., Kubanek, J., Sobecky, P.A., 
Hay, M.E., 2006. Chemically mediated competition between microbes and animals: 
Microbes as consumers in food webs. Ecology 87, 2821–2831. https://doi.org/ 
10.1890/0012-9658(2006)87[2821:CMCBMA]2.0.CO;2. 

Camacho, A.P., Labarta, U., Navarro, E., 2000. Energy balance of mussels Mytilus 
galloprovincialis: the effect of length and age. Mar. Ecol. Prog. Ser. 199, 149–158. 

Cammen, L.M., Seneca, E.D., Stroud, L.M., 1980. Energy flow through the fiddler crabs 
Uca pugnax and U. minax and the marsh periwinkle Littorina irrorata in a North 
Carolina salt marsh. Am. Midl. Nat. 103, 238. https://doi.org/10.2307/2424622. 

Cartes, J.E., Elizalde, M., Sorbe, J.C., 2001. Contrasting life-histories, secondary 
production, and trophic structure of Peracarid assemblages of the bathyal 
suprabenthos from the Bay of Biscay (NE Atlantic) and the Catalan Sea (NW 
Mediterranean). Deep-Sea Res. I 48, 2209–2232. https://doi.org/10.1016/S0967- 
0637(01)00012-7. 

Cartes, J.E., Mamouridis, V., Fanelli, E., 2011. Deep-sea suprabenthos assemblages 
(Crustacea) off the Balearic Islands (western Mediterranean): Mesoscale variability 
in diversity and production. J. Sea Res. 65, 340–354. https://doi.org/10.1016/j. 
seares.2011.02.002. 

Cartes, J.E., Sorbe, J.C., 1999. Estimating secondary production in bathyal suprabenthic 
peracarid crustaceans from the Catalan Sea slope (western Mediterranean; 391–1255 
m). J. Exp. Mar. Bio. Ecol. 239, 195–210. https://doi.org/10.1016/S0022-0981(99) 
00026-X. 

Ceccherelli, V.U., Mistri, M., 1991. Production of the meiobenthic harpacticoid copepod 
Canuella perplexa. Mar. Ecol. Prog. Ser. 68, 225–234. 

Childress, J.J., Taylor, S.M., Cailliet, G.M., Price, M.H., Cailliert, G.M., Price, M.H., 1980. 
Patterns of growth, energy utilization and reproduction in some meso-and 
bathypelagic fishes off Southern California. Mar. Biol. 61, 27–40. https://doi.org/ 
10.1007/BF00410339. 

Cho, H., Kim, K.H., Son, S.K., Hyun, J.H., 2018. Fine-scale microbial communities 
associated with manganese nodules in deep-sea sediment of the Korea deep ocean 
study area in the Northeast Equatorial Pacific. Ocean Sci. J. 53, 337–353. https:// 
doi.org/10.1007/s12601-018-0032-0. 

Christensen, V., Pauly, D., 1992. Ecopath II – a software for balancing steady-state 
ecosystem models and calculating network characteristics. Ecol. Modell. 61, 
169–185. 

Clausen, I., Riisgård, H.U.H., 1996. Growth, filtration and respiration in the mussel 
Mytilus edulis: no evidence for physiological regulation of the filter-pump to 
nutritional needs. Mar. Ecol. Prog. Ser. 141, 37–45. https://doi.org/10.3354/ 
meps141037. 

Collins, M.A., Bailey, D.D.M., Ruxton, G.D., Priede, I.I.G., 2005. Trends in body size 
across an environmental gradient: A differential response in scavenging and non- 
scavenging demersal deep-sea fish. Proc. R. Soc. B Biol. Sci. 272, 2051–2057. 
https://doi.org/10.1098/rspb.2005.3189. 

Connor, K.M., Sung, A., Garcia, N.S., Gracey, A.Y., German, D.P., 2016. Modulation of 
digestive physiology and biochemistry in Mytilus californianus in response to feeding 
level acclimation and microhabitat. Biol. Open 5, 1200–1210. https://doi.org/ 
10.1242/bio.019430. 

Cox, T.E., Murray, S.N., 2006. Feeding preferences and the relationships between food 
choice and assimilation efficiency in the herbivorous marine snail Lithopoma 
undosum (Turbinidae). Mar. Biol. 148, 1295–1306. https://doi.org/10.1007/s00227- 
005-0166-3. 

Crabtree, R.E., Carter, J., Musick, J.A., 1991. The comparative feeding ecology of 
temperate and tropical deep- sea fishes from the western North Atlantic. Deep-Sea 
Res. 38, 1277–1298. 

Crisp, D., 1971. Energy flow measurements. In: Holme, N.A., McIntyre, A.D. (Eds.), 
Methods for the Study of Marine Benthos. Blackwell Scientific Publications, 
pp. 284–367. 

Danovaro, R., 2010. Benthic prokaryotic heterotrophic production using the leucin 
incorporation method. In: Methods for the Study of Deep-Sea Sediments, Their 
Functioning and Biodiversity. CRC Press – Taylor & Francis Group, Boca Raton, 
pp. 337–342. 

Danovaro, R., Dell’Anno, A., Corinaldesi, C., Magagnini, M., Noble, R., Tamburini, C., 
Weinbauer, M., 2008. Major viral impact on the functioning of benthic deep-sea 
ecosystems. Nature 454, 1084–1087. https://doi.org/10.1038/nature07268. 

De Jonge, V.N., 1980. Fluctuations in the organic carbon to chlorophyll a ratios for 
estuarine benthic diatom populations. Mar. Ecol. Prog. Ser. 2, 345–353. https://doi. 
org/10.3354/meps002345. 

De Smet, B., Pape, E., Riehl, T., Bonifácio, P., Colson, L., Vanreusel, A., 2017. The 
community structure of deep-sea macrofauna associated with polymetallic nodules 
in the eastern part of the Clarion-Clipperton Fracture Zone. Front. Mar. Sci. 4, 14. 
https://doi.org/10.3389/fmars.2017.00103 Deep-sea. 

DeLaca, T.E., Karl, D.M., Lipps, J.H., 1981. Direct use of dissolved organic carbon by 
agglutinated benthic Foraminifera. Nature 289, 287–289. 

Deming, J.W., 1985. Bacterial growth in deep-sea sediment trap and boxcore samples. 
Mar. Ecol. Prog. Ser. 25, 305–312. https://doi.org/10.3354/meps025305. 

Drazen, J.C., Leitner, A., Morningstar, S., Marcon, Y., Greinert, J., Purser, A., 2019. 
Observations of deep-sea fishes and mobile scavengers from the abyssal DISCOL 
experimental mining area. Biogeosciences 16, 3133–3146. https://doi.org/10.5194/ 
bg-16-3133-2019. 

Drazen, J.C., Reisenbichler, K.R., Robison, B.H., 2007. A comparison of absorption and 
assimilation efficiencies between four species of shallow- and deep-living fishes. 
Mar. Biol. 151, 1551–1558. https://doi.org/10.1007/s00227-006-0596-6. 

Drazen, J.C., Seibel, B.A., 2007. Depth-related trends in metabolism of benthic and 
benthopelagic deep-sea fishes. Limnol. Oceanogr. 52, 2306–2316. https://doi.org/ 
10.4319/lo.2007.52.5.2306. 

Drazen, J.C., Smith, C.R., Gjerde, K.M., Haddock, S.H.D., Carter, G.S., Choy, C.A., 
Clark, M.R., Dutrieux, P., Goetze, E., Hauton, C., Hatta, M., Koslow, J.A., Leitner, A. 
B., Pacini, A., Perelman, J.N., Peacock, T., Sutton, T.T., Watling, L., Yamamoto, H., 
2020. Opinion: Midwater ecosystems must be considered when evaluating 
environmental risks of deep-sea mining. PNAS 117, 17455–17460. https://doi.org/ 
10.1073/pnas.2011914117. 

Drazen, J.C., Sutton, T.T., 2017. Dining in the deep: The feeding ecology of deep-sea 
fishes. Ann. Rev. Mar. Sci. 9, 337–366. https://doi.org/10.1146/annurev-marine- 
010816-060543. 

Drazen, J.C., Yeh, J., 2012. Respiration of four species of deep-sea demersal fishes 
measured in situ in the eastern North Pacific. Deep-Sea Res. I 60, 1–6. https://doi. 
org/10.1016/j.dsr.2011.09.007. 

Dunlop, K.M., van Oevelen, D., Ruhl, H.A., Huffard, C.L., Kuhnz, L.A., Smith, K.L., 2016. 
Carbon cycling in the deep eastern North Pacific benthic food web: Investigating the 
effect of organic carbon input. Limnol. Oceanogr. 61, 1956–1968. https://doi.org/ 
10.1002/lno.10345. 

Durden, J.M., Ruhl, H.A., Pebody, C., Blackbird, S.J., van Oevelen, D., 2017. Differences 
in the carbon flows in the benthic food webs of abyssal hill and plain habitats. 
Limnol. Oceanogr. 62, 1771–1782. https://doi.org/10.1002/lno.10532. 

Durden, J.M., Bett, B.J., Horton, T., Serpell-Stevens, A., Morris, K.J., Billett, D.S.M., 
Ruhl, H.A., 2016. Improving the estimation of deep-sea megabenthos biomass: 
Dimension to wet weight conversions for abyssal invertebrates. Mar. Ecol. Prog. Ser. 
552, 71–79. https://doi.org/10.3354/meps11769. 

Enríquez-García, C., Nandini, S., Sarma, S.S.S., 2013. Feeding behaviour of 
Acanthocyclops americanus (Marsh) (Copepoda: Cyclopoida). J. Nat. Hist. 47, 
853–862. https://doi.org/10.1080/00222933.2012.747637. 

Enríquez-Ocaña, L.F., Nieves-Soto, M., Piña-Valdez, P., Martinez-Cordova, L.R., Medina- 
Jasso, M.A., 2012. Evaluation of the combined effect of temperature and salinity on 
the filtration, clearance rate and assimilation efficiency of the mangrove oyster 
Crassostrea corteziensis (Hertlein, 1951). Arch. Biol. Sci. 64, 479–488. https://doi. 
org/10.2298/ABS1202479O. 

Escobar-Briones, E., Morales, P., Cienfuegos, E., González, M., 2002. Carbon sources and 
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Peña-Messina, E., Martínez-Córdova, L.R., Bückle-Ramírez, L.F., Segovia-Quintero, M.A., 
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polymétalliques de l’océan Pacifique tropical est. PhD-Thesis. Université de Bretagne 
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