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Abstract

Hadal sediments are recognized as organic carbon depocenters with intensified microbial activity compared
to adjacent abyssal sites due to focusing of relatively labile organic materials. However, the sources and turnover
of hadopelagic organic carbon and its linkages to microbial activities have not been studied. We present the first
synergic research on particulate organic carbon, dark carbon fixation, and size-fractionated microbial commu-
nity respiration proxy over the Atacama Trench. The results demonstrate that all parameters attenuate rapidly
from surface to mesopelagic water (~ 1000 m). Progressing deeper, values remain relatively stable throughout
bathypelagic (~ 4000 m) and abyssopelagic (~ 6000 m) waters. However, in the hadopelagic zone (> 6000 m),
highly variable values indicate dynamic organic carbon sources and microbial activities in the deepest trench.
On average, 71% of the microbial community respiration proxy is attributable to particle-associated communi-
ties, indicating importance of particles for microbial metabolism. No apparent relationship was observed
between the microbial community respiration proxy and microbial 16S rRNA gene abundance below the epipe-
lagic depth, indicating variable supply and quality of organic carbon likely constrained heterotrophic activities
rather than microbial abundances in the deep ocean. The depth-integrated dark carbon fixation (> 1000 m)
accounts for 11.5% =+ 7.6% of the surface net primary production, of which 2.9% =+ 0.4% is from hadopelagic
depth. Dark carbon fixation is thus an important in situ organic carbon source for hadal life. This study suggests
that high variability in organic carbon sources and microbial activities in the hadopelagic trench cannot be sim-
ply extrapolated from findings in the shallower dark ocean (e.g., 1000-6000 m).

Hadal trenches cover less than 2% of the global ocean.
However, they include 45% of the oceanic depth range that
covers the epipelagic (0-200 m), mesopelagic (200-1000 m),
bathypelagic (1000-4000 m), abyssopelagic (4000-6000 m),
and hadopelagic (> 6000 m) realms (Schrope 2014). Their
V-shaped bathymetry, unique hydrographical conditions,
high seismic activity, extreme hydrostatic pressure, and bio-
geographical isolation distinguish the hadopelagic environ-
ment from the other pelagic layers (Jamieson 2015). Recent
work has documented intensified microbial activity in hadal
sediments compared to adjacent abyssal sites (Glud
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et al. 2013). This is presumably facilitated by enhanced deposi-
tion and diagenesis of nutritious organic carbon along the
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trench axis due to downslope sediment transport triggered by
frequent earthquake activities (Turnewitsch et al. 2014;
Turner 2015) that is linked to both bend-faulting (Ranero
et al. 2003; Morgan and Ranero 2023) of the incoming plate
and the forearc’s seismic activity (Sippl et al. 2018). However,
little is known about the linkages between organic carbon
cycling and microbial activities in extreme depths.

One enigma in pelagic water is the apparent imbalance
between the biological pump-mediated particulate organic car-
bon (POC) supply rate and the microbial organic carbon con-
sumption rate in the dark global ocean (Burd et al. 2010).
Even the highest estimates of sinking POC flux determined by
sediment traps would only explain about half of the measured
respiratory oxygen consumption in the dark ocean on a global
average (del Giorgio and Duarte 2002). Suspended (i.e., non-
sinking) POC may reduce such an imbalance (Aristegui
et al. 2009; Baltar et al. 2010). Physical processes such as lat-
eral transport (Shen et al. 2020), nepheloid layers (Chronis
et al. 2000), and turbidity flows (Paull et al. 2018), especially
downslope the V-shaped trench sides could also introduce
extra POC. In addition, in situ dark carbon fixation can help
to balance the dark ocean’s carbon budget. For example, about
12-72% of the microbial community carbon demand in the
mesopelagic Atlantic Ocean is potentially supplied by in situ
dark carbon fixation (Baltar et al. 2010). Dark carbon fixation
has also been shown to contribute significantly to heterotro-
phic carbon demand in the mesopelagic northeast Atlantic
(Baltar et al. 2016), the bathypelagic Atlantic waters off the
Galician coast (Guerrero-Feij6o et al. 2018), the deep Medi-
terranean Sea (Celussi et al. 2017), the mid and lower water
column of the upwelling regions in the Arabian Sea (Lengger
et al. 2019), the tropical South China Sea (Zhou et al. 2017),
and the deep-sea sediments of the Mediterranean Sea and
the northeastern Atlantic Ocean (Molari et al. 2013).
However, the quantitative contribution of dark carbon fixa-
tion to the hadopelagic organic carbon budget remains
unmeasured to date.

Microbial community respiration plays a critical role in
determining the microbial organic carbon consumption rate
and vertical carbon transport in the ocean (Packard
et al. 2015). However, quantification of the microbial commu-
nity respiration from the deep ocean is sparse (del Giorgio and
Duarte 2002). Highly sensitive methods based on in vivo or
in vitro respiratory electron transport system activity have
thus been developed as a proxy for microbial community res-
piration (Martinez-Garcia et al. 2009).

Although they are likely to define the key factors that deter-
mine deep-sea organic carbon dynamics (Nagata et al. 2010;
Middelburg 2011; Herndl and Reinthaler 2013), the POC, dark
carbon fixation, and microbial community respiration have
not been measured simultaneously in hadopelagic waters.
Here we conduct a synergic investigation of POC, dark carbon
fixation, and size-fractionated microbial community respira-
tion proxy over the full water depths of the Atacama Trench.

Organic carbon cycling in trench waters

Our results are then related to the net primary production
(NPP) in the surface ocean and the microbial gene copy num-
bers in each sample. This approach leads to new insights into
the sources and microbial metabolisms of organic carbon in
hadopelagic waters.

Methods

Site description and sample collection

Located at an intense upwelling region with an average pri-
mary production of ~ 270 g C m ?yr !, the Atacama Trench
ranks among one of the most productive marine ecosystems
encountered above any hadal realm (Jamieson et al. 2010).
During a 30-d cruise on RV SONNE (SO261) in March 2018,
water samples targeting selected depths across the epipelagic
to hadopelagic zones were collected from five sites (A2, A3,
A4, A5, and A6) along the Atacama Trench axis and at an
oceanward abyssal reference site (A7; Fig. 1; Supporting Infor-
mation Table S1). A rosette water sampler equipped with
24 ten-liter Niskin bottles and standard Conductivity, Temper-
ature, Depth (CTD) sensors (Sea-Bird Scientific) for conductiv-
ity, temperature, and depth measurement was used to collect
water samples at predefined depths. Standard CTD profiles
were resolved to a depth of 6000 m. A custom-built autono-
mous rosette sampler containing six Niskin bottles (8 or
12 liters each) was used to sample the hadopelagic waters.
Each bottle was closed at a preprogrammed water depth trig-
gered by a pressure sensor.

The NPP was calculated using the standard Vertically Gen-
eralized Production Model (Behrenfeld and Falkowski 1997).
Estimates of annual (2003-2018) average NPP over each site
were calculated using the standard Vertically Generalized
Production Model (Behrenfeld and Falkowski 1997) and
remote sensing data (NASA Goddard Space Flight Center,
Ocean Ecology Laboratory, Ocean Biology Processing Group.
Moderate-resolution Imaging Spectroradiometer [MODIS]
Aqua Chlorophyll Data; 2018 Reprocessing; NASA OB.DAAC,
Greenbelt, MD, USA. doi:10.5067/AQUA/MODIS/L3M/
CHL/2018.).

The detailed information for the sampling sites and annual
average surface water NPP are listed in Table 1 and Supporting
Information Figure S1.

Particulate organic carbon sampling and analysis

Water samples were obtained at several depths between
5 and 8000 m for the analysis of POC at sites A2, A4, and A6
(Supporting Information Table S1). Sixty liters of seawater
were first prefiltered through 20 um and then filtered onto
precombusted (450°C, 24 h) Whatman GF/F filters (47 mm g,
nominal pore size 0.7 yum) for each sample. Filters with parti-
cles were dried at 60°C for 24h, then wrapped in
precombusted aluminum foil and stored in a sealed container
with silica gel. Before analysis, filters were placed overnight in
a desiccator saturated with HCI fumes to remove any
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Fig. 1. Sampling sites in this study along the Atacama Trench during SO261 cruise by RV SONNE in March, 2018. A7 is used as the abyssal reference site
while the other sites are along the trench axis which is enclosed by the dashed black line.

Table 1. Detailed information for the sampling sites in the Atacama Trench, along with annual average NPP.

Reference site

Hadal sites (from north to south)

Parameters A7 A2 A3 A4 A5 A6
Latitude (°S) 22.94 21.78 23.05 23.36 23.82 24.27
Longitude (°W) 71.62 71.21 71.30 71.34 71.37 71.42
Maximum water depth (m) 5500 7994 7915 8085 7770 7720
NPP (mgCm~2d™") 828 837 911 928 924 878

carbonate and then moved into a new desiccator with silica
gel. Dried filters were subsequently packed into tin capsules
and then fed into an elemental analyzer (Thermo Scientific
Flash 2000 CHN EA; Universidad de Concepcién) for POC
concentration (mg m~>) analysis in the Laboratory of Bio-
geochemistry and Applied Stable Isotopes, Pontifical Catho-
lic University of Chile. The analytical error of the filter blank
is lower than 3 ug which corresponds to 0.03-0.8% of the
measured values.

Dark carbon fixation rate measurement

The dark carbon fixation rate experiment was conducted at
sites A2, A4, and A6 (Supporting Information Table S1) according
to the procedure of Hama et al. (1983). Briefly, seawater samples
from each depth were transferred into precombusted 1-liter glass
bottles and spiked with 10 mL of 20 mM NaH'3*CO; solution
(99 atom% '3C, Cambridge Isotope Laboratories) with a final

concentration of about 10% of the total ambient inorganic car-
bon (Kwak et al. 2013). Then, the samples were incubated in
darkness at in situ temperature for 120 h. Immediately after incu-
bation, samples were filtered directly through precombusted
(450°C for 4 h) Whatman GF/F filters (47 mm @, ~ 0.7 ym pore
size) under a gentle vacuum. The filters were kept frozen and
stored at —80°C until further isotopic analysis.

After freeze-drying, the filters were cut in half and treated
with concentrated HCI vapors (12 N) for 6 h. The filters were
then packed in tin capsules in a 48-well tray and analyzed at
the UC Davis Stable Isotope Facility, using a PDZ Europa
ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20—
20 isotope ratio mass spectrometer (Sercon Ltd.). The final iso-
tope results are expressed in & notation (%o) relative to inter-
national standards Vienna PeeDee Belemnite. The standard
deviation for quadruplicate analysis was always within 0.46%o0
of the sample values.
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The  volume-specific dark carbon fixation rate
(ugCm3d") is obtained using the following equation
(Hama et al. 1983; Mousseau et al. 1995):

C(ais — dns)

x 1000
t(aic — ans)

Dark carbon fixation rate =

where a;, is the atom% of '*C in the incubated sample; an; is
the atom% of '3C in the natural sample; a;. is the atom% of
13C in the total inorganic carbon (i.e., *C added/['*C added
+ dissolved inorganic carbon]); C is the POC in the incubated
sample (mg C m>); and t is the incubation time in days.

Microbial community respiration proxy measurement

The enzymatic electron transport system drives oxida-
tive phosphorylation. It has frequently been used as a
proxy for respiration (Minutoli and Guglielmo 2009;
Villegas-Mendoza et al. 2019). In vivo electron transport
system activity was measured at in situ temperature based
on tetrazolium salt 2-para(iodo-phenyl)-3(nitrophenyl)-5
(phenyl)tetrazolium chloride (INT) reduction rate follow-
ing the protocol of Martinez-Garcia et al. (2009). Briefly,
two control replicates of 500 mL of seawater collected
from each water depth of all sites were immediately fixed
with formaldehyde (2% w/v final concentration) for
15 min. Then 12.5 mL of 7.9 mM INT solution was added
to each of the killed-controls and the triplicate seawater
samples (500 mL each; final INT concentration of 0.2 mM)
to incubate for 1h. The incubated samples were then
fixed with formaldehyde for 15 min before being sequen-
tially filtered through polycarbonate filters (47 mm
Whatman) as suggested by Martinez-Garcia et al. (2009);
Martinez-Garcia et al. (2018). The sizes of 3.0, 0.8, and
0.2 ym pore size were chosen to best match the sizes for
the microbial gene abundance analysis described below.
The filters were then stored in cryovials at —80°C until
their further analysis for the amount of formazan (INT-F)
produced from INT reduction. No prefiltration was carried
out for sampled seawater. Therefore, the INT reduction
rates may include the activity of small zooplankton in
addition to the activity of microplankton that mainly
includes the prokaryotes (bacteria and archaea), nano fla-
gellates, and ciliates for the samples retained on the
3.0 ym pore-size filters (>3.0 um). A pretest was conducted
that showed linear INT-F accumulation rates during the
relevant incubation period.

For further analysis, 1 mL of propanol was added to each
cryovial containing the INT-F filters, followed by its sonica-
tion (47 kHz) in 50°C water baths for 30 min and vertexing
for 1-2 min. Next, propanol extract containing INT-F was
transferred to a 1.5-mL microcentrifuge tube and centrifuged
at 13,200g, 18°C for 10 min. The absorbance of the superna-
tant was measured at 485 nm using a UV-VIS Spectropho-
tometer (UV-2600, Shimadzu). A standard curve constructed

Organic carbon cycling in trench waters

using 12 different concentrations (ranging from 0.02 to
42 uM, dissolved in propanol) of pure INT-F was used to cali-
brate the concentrations of sample INT-F. Considering the
potential uncertainties in the conversion ratio between
microbial community respiration and electron transport sys-
tem activity under different oceanic conditions (Aristegui
et al. 2003; Reinthaler et al. 2006; Garcia-Martin et al. 2019),
the in vivo INT reduction rate in the unit of mmol m>d!
used as a proxy for potential electron transport system activ-
ity was applied as the microbial community respiration
proxy. In addition, the microbial community respiration
proxy of the >0.8 and 0.2-0.8 yum size fractions were sepa-
rately calculated to assess the relative contributions of the
particle-associated and free-living microbial subcommunities
to the total microbial community respiration proxy,
respectively.

Microbial quantitative polymerase chain reaction (qPCR)
analysis

Seawater samples (2-9.75 liters) from different water depths
at sites A2, A4, and A6 (Supporting Information Table S1) were
collected on-deck and successively filtered through GF/F filters
with pore sizes of 2.7 um (Whatman), 0.7 yum (Whatman), and
0.3 ym (Advantec, Japan) and stored at —80°C until further
analyses. Microbial community genomic DNA was extracted from
the filter samples in the laboratory using the DNeasy Power Soil
Kit (QIAGEN) according to the manufacturer’s instructions.
Archaeal and bacterial 16S rRNA gene abundances were deter-
mined using SYBR Green gPCR assays with primer sets 787F
(ATTAGATACCCSBGTAGTCC)/915R  (GTGCTCCCCCGCCAAT
TCCT) and 338F (ACTCCTACGGGAGGCAG)/805R (GACTACCA
GGGTATCTAA TCC), respectively (Thijs et al. 2017).

The gPCR solution contained 1 uL template DNA, 5 uL
SYBR Premix Ex Taq™II (TaKaRa Biotechnology Co.), 0.4 uL
each primer, 0.2 uL. ROX Reference Dyell (TaKaRa Biotechnol-
ogy Co.), and 3 uL deionized water. The qPCR conditions were
as follows: initial denaturation at 95°C for 30 s, followed by
40 cycles of denaturation at 95°C for 5 s, annealing at 55°C
for 45 s, and extension at 72°C for 1 min. Each sample was
measured in triplicate. The amplification efficiency of bacterial
and archaeal 16S rRNA genes was about 95% and 85%, respec-
tively. The microbial 16S rRNA gene abundance in the unit of
copies mL™' was calculated as the sum of bacterial and
archaeal 16S rRNA gene abundance and was used as a proxy
for the microbial abundance. In addition, the gene abun-
dances of the > 0.7 and 0.3-0.7 ym size fractions were sepa-
rately calculated to assess the relative contributions of the
particle-associated and free-living microbial subcommunities
to the total prokaryotic community abundance, respectively.

Data regression analysis

The depth attenuation of the analyzed parameters is
expressed by the normalized power function as defined by
Martin et al. (1987):
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Z

et (i)

where R is the parameter (e.g., POC, microbial community res-
piration proxy, or gene copy numbers) analyzed at any spe-
cific depth; z is the depth in meters; and R;qp is the modeled
parameter value at 100 m depth, where Atacama Trench sur-
face water photosynthesis usually ceases due to light limita-
tion (Fernandez-Urruzola et al. 2021).

A plot of logR vs. 1log(z/100) would give an intercept that
yields the value of logR;oo and a slope that yields the value of
the exponent b, the absolute value of which is the flux attenu-
ation coefficient. Statistically significant differences were iden-
tified using a one-way ANOVA at a 95% confidence
interval (p < 0.05).

Results

The POC concentrations and dark carbon fixation rates
The concentration of POC declines from 129.0 mg C m >
(A2, 20 m), 115.8 mg Cm > (A4, 20 m), and 95.7 mgCm 3
(A6, 5m) in the epipelagic zone to 16.3mgCm> (A2,
1000 m), 14.0 mg Cm~* (A4, 1000 m), and 13.3 mgC m*
(A6, 1000 m) in the mesopelagic zone (Fig. 2A; Table 2),
respectively. Thereafter, values remain relatively uniform until
6000 m, with a single excursion for A6 at 5000 m. In
hadopelagic waters, values tend to increase and become more
variable in comparison with those in the abyssopelagic zone,
in particular at A2 and A4. Although the POC concentration
typically follows the normalized power function at all sites
above 6000 m (R%>0.94, p <0.05, Table 2), the hadal data
points overshoot each regression line of the power function at
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Fig. 2. Depth profiles of (A) POC (log scale), and (B) dark carbon fixa-
tion rates at sites A2, A4, and A6. The shadow in (A) shows 95% confi-
dence intervals for the normalized power function regression of POC.

Organic carbon cycling in trench waters

A2 and A4 (Fig. 2A). The attenuation coefficient for POC con-
centration from the surface to 6000 m ranges from 0.35 (A4,
A6, p <0.05) to 0.38 (A2, p < 0.05; Fig. 2A; Table 3).

Dark carbon fixation rates were resolved at a coarser resolu-
tion. These range from 4.3 to 561.7 ugCm >d ' (Fig. 2B;
Table 2). The profiles generally exhibit similar depth patterns
as the POC concentration patterns, that is, a distinct decline
from the epipelagic to the mesopelagic zone, and thereafter
remaining relatively constant throughout the abyssopelagic
zone. At hadopelagic depths, however, the dark carbon fixa-
tion rates exhibit highly variable patterns. For example, the
dark carbon fixation rate increases to 19.6 + 3.5 g Cm 3d!
(7000 m) at A2, which is 3.9 times higher than the average
rate of dark carbon fixation between 1000 and 6000 m
5.1+0.6ugC m~3dY). In contrast, A6 shows a decreasing
trend (Fig. 2B).

Quantitatively, the whole water depth-integrated dark car-
bon fixation rates (248.3-368.0 mg C m 2 d ') are equivalent
to 31.2% + 3.6% (A2), 39.7% + 17.4% (A4), and 28.3% +
4.6% (A6) of the annual average NPP of the euphonic zone, or
an average of 33.0% + 13.0% for the three sites (Table 2). For
waters below 1000 m, the depth-integrated dark carbon fixa-
tion rates (50.0-175.0mgCm *d ') are equivalent to
6.0% £+ 2.0% (A2), 8.7% +£3.3% (A4), and 19.9% =+ 4.5%
(A6) of the annual average NPP, or an average of 11.5% +
7.6% for the three sites (Table 2), in which 2.9% =4 0.4% is
from the hadopelagic depth, indicating the importance of the
dark carbon fixation in the deep ocean.

Size-fractionated microbial community respiration proxy

At the abyssal site A7, the microbial community respiration
proxy of the three size fractions decreases sharply by 59%
(0.2-0.8 ym), 75% (0.8-3.0 ym), and 87% (> 3.0 ym) from the
epipelagic to mesopelagic zone (1000 m), and then stays at rel-
atively low and constant levels down to 5000 m (Supporting
Information Table S2). The numbers for the > 3.0 ym fraction
drop from 22.0 + 0.9 mmolm 3d~! (n = 3) at 5 m depth to
28+0.6mmolm>d! (n=3) at 1000 m, and then main-
tain an average of 3.1 + 0.3 mmolm 3d™' (n=9) between
1000 and 5000 m. This general pattern is apparent at all sites
overlying hadal water depths (Fig. 3; Supporting Information
Table S2). The values of particle-associated microbial commu-
nity respiration proxy also decrease significantly, by 58%
(A6) to 93% (A2), from the epipelagic to the mesopelagic zone
(1000 m) at all sites (average of 76.4% =+ 13.4%; Fig. 3;
Table 3) and have no significant depth variations between
1000 and 5000 m while ranging from 9.7 + 0.9 mmol m 3 d ™'
at A2 t0 87.2 +£ 0.1 mmol m~3 d~! at A3 (Table 3).

In the hadopelagic zone, however, the depth profiles of
microbial community respiration proxy clearly exhibit higher
variability. For instance, at A2, the microbial community res-
piration proxy for 0.8-3.0 ym fraction increases significantly
from 8.3+ 1.2mmolm3d~! at 6000-7000m (n=09) to
167.3 £ 102.1 mmolm3d~! at 7500 m (n = 3), nearly the
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Table 2. The POC, dark carbon fixation rates (DCF), depth-integrated dark carbon fixation rates (mg C m~2d~"'), and their comparison
with annual average NPP (%) in the study area. The numbers in parenthesis in the last column indicate the percentage for 0-6000 m

depth integration.

Depth POC Dark carbon fixation Depth-integrated dark carbon fixation rate
Sites (m) (mgm~3) rates (ugCm 3d ") (mgCm2d™M DCF/NPP (%)
A2 5 97.5 418.7 £12.1 31.2 £ 3.6 (28.1 £3.1)
20 129.0 —
60 63.6 —
200 46.5 —
500 26.1 —
1000 16.3 55+1.3 211.0 £ 9.4 (5-1000 m)
2000 13.0 —
3000 12.1 43+1.9
4000 7.5 —
5000 10.6 —
6000 9.9 54403 24.5 + 8.9 (1000-6000 m)
7000 13.5 19.6 + 3.5 12.5 £ 2.6 (6000-7000 m)
8000 14.5 — 12.9 (7000-8000 m)*
A4 5 65.6 561.7 £130.4 39.7+£17.4(36.4+£17.1)
20 115.8 —
60 49.8 —
200 50.3 —
500 71.5 —
1000 14.0 158+ 1.1 287.3 £92.5 (0-1000 m)
2000 12.5 —
3000 7.5 8.1+1.4
4000 9.9 —
5000 6.7 — 50.7 +19.4 (1000-6000 m)
7000 11.3 222+15 12.94 (6000-7000 m)*
7000 12.0 —
8000 16.9 11.8+1.7 17.1 £ 2.2 (7000-8000 m)
A6 5 95.7 — 283 +£4.6 (258 +4.2)
1000 13.3 73.4+1.0 73.4 £ 0.7 (0-1000 m)7
2000 13.5 —
3000 7.6 233+£55
4000 7.5 —
5000 22.6 —
6000 6.6 140+ 2.3 152.8 + 25.5 (1000-6000 m)
7000 5.6 44 +1.1 9.2 + 2.4 (6000-7000 m)
8000 — 12.9 (7000-8000 m)*

Dashes (—) indicate no sampling.

*Estimated using the mean value of the 1000 m integrated number in hadal zone.
Integrated DCF of A6 was an underestimation because of the lack of data at 5 m.

same magnitude of change as that encountered in the epipe-
lagic layer. This trend was also seen in the other two size frac-
tions (Fig. 3; Supporting Information Table S2). A different
pattern was observed at A3: the microbial community respira-
tion proxy of > 3.0 and 0.8-3.0 um fractions decreases from
the abyssopelagic to the deepest sampling depth, but the
microbial community respiration proxy of 0.2-0.8 ym fraction

is similar to the values of the overlying water (Fig. 3;
Supporting Information Table S2). The higher variability of
the depth profiles in the hadopelagic water is also apparent
for the particle-associated microbial community respiration
proxy (Fig. 3; Supporting Information Table S2). The particle-
associated fractions either increase significantly with depth
(82%, 7500 m) in comparison with overlying water (53% =+
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Organic carbon cycling in trench waters

Microbial community respiration proxy (mmolm™d™")
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Fig. 3. The microbial community respiration proxy (mmol m~—3 d~") in particle-associated (PA, > 0.8 um, or sum of the 0.8-3.0 and > 3.0 ym fractions)
and free-living (0.2-0.8 um) fractions in the sampling sites of Atacama Trench. Bars of gray, orange, and dark blue represented the epipelagic, dark
ocean, and hadopelagic zone, respectively. The black dotted line indicated the proportion of particle-associated microbial community respiration proxy

at each site.

3.5%, 1000-6000 m) at A2, or decrease with depth as seen as
at A3. Enhanced variability is also reflected in the relatively
high standard deviation of microbial community respiration
proxy within each sample in the hadal depth, and consider-
able variation between respective sites. There is either a maxi-
mum peak of microbial community respiration proxy
(A4 and AS) or a minimum value (A6) in the hadopelagic
water between 6000m and the deepest sampling
depth (Fig. 3).

Normalized power functions from the surface to 6000 m
were fitted to the total microbial community respiration
proxy (Table 3). The patterns seen in these regression lines
closely follow those of POC with an attenuation coefficient
ranging from 0.16 (A6, p<0.01) to 0.25 (A7, p<0.01;

Table 3). Similarly, the microbial community respiration
proxy in the hadopelagic layer deviates from the extrapo-
lated regression lines reflecting higher variability among
sites in the hadopelagic waters (e.g., Fig. 3C vs. Fig. 3B,E).
Measurements exceeded the fitted curve at A2, A4, and AS
and are comparable at A6, while measurements at A3 are
lower than the optimized curve fit.

The microbial gene copy numbers

The mid-sized fraction of 0.7-2.7 ym shows the highest
microbial gene copy numbers among the three fractions at the
three targeted hadal sites (Supporting Information Table S3).
Vertically, the total values are generally higher in the epipe-
lagic layer than those between 1000 and 6000 m at each site
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Lietal. Organic carbon cycling in trench waters

Microbial gene abundance (copies mL™")
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Fig. 4. The log scale of microbial gene abundance on particle-associated (PA, > 0.7 um, or sum of 0.7-2.7 and > 2.7 um fractions) and free-living (0.3-
0.7 um) microbial community (copies mL™") based on 16s rRNA analysis at selected sites of (A) A2, (B) A4, and (C) A6 in the Atacama Trench. Bars of
light blue, orange, and dark blue represented epipelagic, dark ocean, and hadopelagic zone, respectively. The black dotted line indicated the % propor-
tion of the particle-associated gene abundance at each site.

Table 4. Summary of the gene copy numbers for particle-associated (PA) and free-living (FL) fractions, the proportion of PA fraction
(PA, %), and the parameters for their normalized power function at each site.

Site ID A2 A4 A6
Gene copy numbers (copies mL™")
Depth PA PA PA
Layer (m) PA FL (%) PA FL (%) PA FL (%)
Epipelagic 5 23x10° 1.7 x10* 93.1 1.9x10°  23x10* 89.0 3.0x 10 3.9x10° 88.4
(1.3x10% (3.4 x 10% (7.4) (3.0 x 10% (1.0 x 10%) 2.2) 29 x10% (43x10% (12.2)
Mesopelagic 1000 27x10° 1.5x10° 64.9 1.2 x 10? 8.9 x 10 57.9 1.6 x 102 7.2 %10 68.9
(1.9 x10% (5.1 x10) (5.9) (6.5) (5.0) (4.4) (1.1 x 10) (6.5) (7.2)
Bathypelagic 3000 2.6 x 102 2.9 x10? 46.9 1.0x 10> 4.0 x 102 20.8 1.3 x 102 43 %10 74.7
(5.6) (3.4) (1.3) 1.3x10) (1.0x10% (5.5 (1.5 x 10) (3.5) 11.7)
Abyssopelagic 6000 1.8 x 102 3.6 x10 83.4 82x10° 9.8 x10? 45.7 9.5x 10 9.9 x 10 49.0
(2.4 x 10) 1.7) (14.6) (1.7x10% (5.7x10)  (10.8) 8.7) 9.1) (6.4)
Hadopelagic 6500 7.4 x10 4.2 x 10? 15.0 — — — 2.1 x 102 52x10 80.4
4.1) (4.9 x 10) (1.8) (3.1 x 10) (7.2) (16.2)
7000 3.6 x 107 8.7 x 10 80.7 1.7 x 10* 1.6 x 10? 99.1 7.6 x 102 48 %10 94
(2.2 x 10) 7.0 (72)  (4x10% (1.1x10) (27.8) (8.6 x 10) (3.0) (14.9)
7500 8.0 x 10 4.2 x10 65.5 9.4 x 103 7.0 x 10 99.3 1.9%x10% 4.7 x102 28.1
(2.8) (3.6) 42 (51x10%) (1.2x10) (75.6) (1.9x10) (1.1x10)  (3.10)
8000 — — 1.0x10* 23 x103 81.7 —
(5.2 x10%) (2.3 x 10%) (6.4)
Mean* 1.7 x 10? 1.8 x 102 48.5 1.2x10* 8.4 x10% 93.6 3.8 x 102 1.9 x 102 66.8
(1.6 x10%) (2.0 x 10) (49) (42x10% (6.0x10) (31.8) (3.2x10% @) 9.9)
*Mean gene copy numbers of hadopelagic.
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Lietal.

(Fig. 4; Supporting Information Table S3). Variation patterns
in size-fractionated gene copy numbers between 1000 and
6000 m (Fig. 4) do not follow the patterns of the POC and
microbial community respiration proxy profiles.

The hadopelagic layer, again, shows enhanced variations at
all sites. There is either a maximum (e.g., 0.7-2.7 ym fraction
at A2) or minima (e.g., 0.3-0.7 um fraction at A4) in the
microbial gene abundance in comparison with the values in
the bathypelagic or abyssopelagic depth ranges (Supporting
Information Table S3).

Apart from a few exceptions, the gene copy numbers of the
particle-associated fraction are generally higher than the free-
living fraction. On average, the particle-associated fraction
amounts to 68% + 25% of the total gene copy numbers
(Fig. 4; Table 4).

Discussion

The hadopelagic realm has been largely unexplored, so that
very little is known about its carbon and energy flows.
Although this study spanned a limited time interval, the
resolved POC turnover in the deep pelagic realm cannot be
directly linked to its relatively uniform ancillary data of tem-
perature and salinity (Ferndndez-Urruzola et al. 2021) and
concurrent NPP (Supporting Information Fig. S1). The results
also provide surprising insights into the transport and variabil-
ity of organic carbon based on multiple hadal sites. They rein-
force the increasing realization that the biogeochemical and
microbial functions of the geologically unique hadopelagic
zone cannot be understood by simply extrapolating findings
from shallower deep ocean depths.

POC availability in the Atacama Trench

It has been reported that sinking POC fluxes generally
decline following a power law with depth (Martin et al. 1987),
while non-sinking POC usually do not follow the normalized
power function (Baltar et al. 2010). Although the filtration
process and the well-fit depth profiles of POC concentration at
the three hadal sites prevent a clear distinction between sink-
ing vs. non-sinking POC, it is meaningful to compare the
attenuation coefficients of POC in this study to those of the
POC flux to indicate their degradation ability with depths.
The attenuation coefficients (0.35-0.38; Fig. 2A; Table 3)
found are similar to but lower than average global attenuation
coefficients for POC flux (0.64-0.86; Henson et al. 2012;
Gloege et al. 2017). Generally, the attenuation coefficients of
POC fluxes are relatively high in the oligotrophic ocean, as at
the central Pacific subtropical station ALOHA (Buesseler
et al. 2007), subtropical gyre sites in the Northwest Pacific
(Honda 2020) and North Atlantic (0.70-1.59, Berelson 2001),
and in the open Pacific Ocean (Martin et al. 1987; Supporting
Information Table S4). In contrast, relatively low POC attenua-
tion coefficients are generally associated with productive
waters, for example, the PERU station off Peru (0.32, Martin

Organic carbon cycling in trench waters

et al. 1987), in subtropical regions (0.3-0.5 with a minimum
of 0.24, Henson et al. 2012), and in the Australia-Indonesia
coastal province (0.42, Guidi et al. 2015). This is thought to be
linked to fast-sinking POC such as diatom aggregates and zoo-
plankton fecal pellets in the highly productive Chilean coast
(Jamieson et al. 2010) which may contribute importantly to
sinking/non-sinking POC and their fluxes (Gonzilez
et al. 2009; Eduardo Menschel and Gonzalez 2019; Fernandez-
Urruzola et al. 2021).

In fact, many surface ocean-originated fast-sinking biogenic
particles can reach the deep water and hadal sediments in rela-
tively fresh conditions (Danovaro et al. 2003; Glud
et al. 2021). For example, it has been found that there are sig-
nificant inputs of surface ocean-derived organic carbon with
younger radiocarbon ages to the sediments of the Atacama
Trench (Xu et al. 2021). In addition, it has been recently
reported that the degradation of hadal-pressure-exposed fast-
sinking POC could be partially or entirely inhibited (Stief
et al. 2021). This could protect the sinking-labile POC from
degradation. Extensive intermediate oxygen-depleted waters
in this region may also slow down POC remineralization and
facilitate efficient labile POC flux to the Atacama Trench
(Fernandez-Urruzola et al. 2021). More importantly, the
V-shaped trench mostly traps these complex sources of labile
organic carbon which can lead to highly elevated benthic
organic carbon remineralization along the trench axis in com-
parison with that in adjacent abyssal sediments.

Of the three sites with water column POC concentrations,
two sites (A2 and A4) show higher POC concentrations in the
hadopelagic waters than in their overlaying abyssopelagic
waters (Fig. 2A). The deep increases could be due to pulse
input of photosynthesized POC with time lags from higher
net primary production at the surface (Supporting Informa-
tion Fig. S1), but more importantly, this indicates extra
organic carbon inputs besides the sinking POC in the
hadopelagic environments. Lateral transport of sediment and
POC frequently occur in the eastern boundary regions with
coastal upwelling (Lovecchio et al. 2017). This will be further
enhanced by turbidity current, near-bottom gravity flow, and
seismically induced sediment instabilities. In a deep-sea tre-
nch, there will be topography facilitated material transport
along the steep trench sides into the hadal environments. For
instance, sediment trap samples collected at 8500-8800 m in
the Japan Trench showed more abundant POC than the sedi-
ment trap samples collected at shallower depths (Ishiwatari
et al. 2000). Therefore, hadopelagic waters can harbor an ele-
vated or highly variable abundance of POC in comparison
with their overlying water masses (e.g., A2 and A4, Fig. 2).

The current study also identifies microbial dark carbon fixa-
tion to be an important source of autochthonous organic car-
bon in the hadopelagic waters and above (Fig. 2B). On the one
hand, volume-specific dark carbon fixation rates in the Ata-
cama Trench are similar in magnitude to those in most other
open oceans (0.1-547.2 ug Cm > d~!), but they are one or
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two magnitudes lower than in coastal and other energy-rich
waters (e.g., 5.5-35mgCm *d~'; Supporting Information
Table S5). On the other hand, our results suggest that above
6000 m, the ratio of depth-integrated dark carbon fixation to
annual euphotic NPP is 30% =+ 12% (Table 2), which is signifi-
cantly higher than the globally estimated ratio of ca. 2%.
(Middelburg 2011) or as much as 25% in some specific deep-
sea settings (Follett et al. 2014; Guerrero-Feijoo et al. 2018).
The ratio is estimated to be 2.9% + 0.4% for hadopelagic
depths, also significantly higher than the traditional estimate
of ~ 1% NPP that could reach the seafloor through sedimenta-
tion (Sigman and Hain 2012). The ratio in this study may not
have a high enough error as we did not consider the potential
biases related to pore sizes, variabilities in NPP, and so on.
Nevertheless, the results underline the potential importance
of in situ chemosynthetic activity for the supply of newly
fixed carbon and the sustenance of hadal life.

Noting that the current study represents a snapshot in time
and that the dark carbon fixation rates measured under surface
pressure may differ from in situ values, our results can be used
to estimate dark carbon fixation rates with bias. For instance,
the filtration step during the dark carbon fixation experiment
excluded most free-living microorganisms such as the marine
ammonia-oxidizing archaea, a group of chemolithotrophs that
are widely distributed in hadal trenches (Nunoura et al. 2015,
2016). Therefore, our current assessment probably represented
a minimum estimate for dark carbon fixation. Meanwhile, the
pressure tolerance of the deep-sea microorganisms has yet to
be clearly quantified (Amano et al. 2022), so that the atmo-
spheric pressure used here could have a positive or negative
effect on the dark carbon fixation assay. In any case, our
experimental results presented the first evidence of the impor-
tance of in situ dark carbon fixation as a biogenic carbon
source that directly contributes to elevated POC concentra-
tions in the hadopelagic Atacama Trench (Fig. 2).

POC turnover in the pelagic realm: insight from microbial
community respiration proxy

In the epipelagic water, the microbial community respira-
tion proxy at 1000 m (Ryqp) correlates significantly with sur-
face NPP (R®> = 0.93, p =0.001, Fig. 5A), which indicates that
POC turnover is affected by the available POC introduced
from NPP. Meanwhile, the microbial community respiration
proxy is also significantly correlated with the microbial 16S
rRNA gene abundance in the Atacama Trench (Fig. 5B). There-
fore, the abundance of microbial communities is significant
when determining their microbial respiration proxy, hence
their ability to turnover POC.

In waters between 1000 and 6000 m, microbial community
respiration proxy is relatively uniform, and 1-3 orders of mag-
nitudes lower than those of the epipelagic water at each sam-
pling site (Fig. 3). This finding is in agreement with the widely
acknowledged conclusion that the maximum sinking POC
turnover usually occurs in the mesopelagic zone (Martin

Organic carbon cycling in trench waters
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Fig. 5. (A)The annual average NPP vs. microbial community respiration
proxy at 100 m depth (Ry00) derived from the normal power regression.
(B) Logarithmic scale of the particle-associated (> 0.8 um) and free-living
microbial community respiration proxy (0.2-0.8 ym; mmol m~3 d™")
vs. gene abundance (> 0.7 and 0.3-0.7 um, copies mL™") at sites A2, A4,
and A6 in the Atacama Trench. Dotted lines in light blue and black repre-
sent the linear fits of the epipelagic layer and all the data, respectively.

et al. 1987), but is usually uniform in the general dark ocean
such as in the water columns of the NE Pacific Ocean (Druffel
et al. 1998), the Arctic Ocean (Griffith et al. 2012), the Sulu
Sea (Ferrera et al. 2018), the Eastern Fram Strait (Engel
et al. 2019), and so on. The attenuation coefficients of the ver-
tical profiles of microbial community respiration proxy are sig-
nificantly lower (0.16-0.23) than the corresponding
coefficients of the vertical POC profiles (0.35-0.38, Table 3),
indicating high levels of microbial community respiration at
the corresponding depths. The microbial community respira-
tion proxy is decoupled from the microbial 16S rRNA gene
abundance below the epipelagic depth (R*> = 0.24, p < 0.001,
Fig. 5B), suggesting that the microbial community respiration
depends mainly on the availability of organic matter (i.e., its
quantity and quality as respiratory substrates) rather than on
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the microbial abundance in the seawater above the Atacama
Trench.

In the hadopelagic Atacama Trench, the highly variable
vertical patterns of microbial community respiration proxy
among sites are linked with the variable sources of respiratory
organic substrates for microbial activities. The microbial com-
munity respiration proxy is also decoupled from the microbial
16S rRNA gene abundance (Fig. 5B). Although it is still unclear
whether there are unique (Liu et al. 2019) or uniform (Tian
et al. 2018) bacteria communities in the hadal zone, some het-
erotrophic deep sea-enriched bacteria in these studies indicate
that elevated microbial activity may occur in the hadal envi-
ronment. Particles containing labile organic carbon further
stimulated microbial activities in Atacama Trench (Fig. 3,
Fernandez-Urruzola et al. 2021). The predominant contribu-
tion of particle-associated microbial community respiration
proxy (69% + 12% [n = 54, 1000-6000 m] and 70% =+ 10%
[n = 36, > 6000 m]; Table 3) and particle-associated microbial
gene abundance compared to those of the free-living micro-
bial fractions (Figs. 3, 4; Supporting Information Table S3)
indicate locally enhanced microbial activities on POC, so that
marine organic particles are hotspots for microbial heterotro-
phy and inorganic nutrient regeneration. This in turn pro-
vides nutrients and energy substrates that promote dark
carbon fixation (Arnosti 2011; Herndl and Reinthaler 2013)
that contribute as much as 25% of organic carbon in the deep
ocean (Follett et al. 2014; Guerrero-Feijéo et al. 2018). Indeed,
chemolithoautotrophic microbes such as ammonia-oxidizing
archaea have been frequently detected in the Mariana Trench
(Nunoura et al. 2015, 2016; Tarn et al. 2016). Ammonia-
oxidizing archaea secrete organic compounds that may fuel
microbial heterotrophy in the ocean (Bayer et al. 2019). A
recent publication based on bacterial and eukaryotic intact
polar lipids showed the importance of bacterial in situ produc-
tion as a key source of labile organic matter in the Atacama
Trench surface sediments (Flores et al. 2022). Our current
study discovered that the increased dark carbon fixation activ-
ities in some of the hadopelagic waters of the Atacama Trench
(e.g., site A2 and possibly site A4, Fig. 2B) can potentially pro-
vide an important source of freshly made organic carbon that
contributes to alleviating the elevated carbon demand in these
extreme environments (Figs. 2, 4). Direct comparisons showed
that the dark carbon fixation (> 0.7 ym) is insignificantly cor-
related with the particle-associated microbial community res-
piration proxy (R*=0.91, p=0.17) and significantly
correlated with particle-associated microbial gene copy num-
bers significantly (R* = 0.92, p = 0.07) in the hadalpelagic Ata-
cama Trench, further supporting the idea that dark carbon
fixation is an important POC source that feeds microbial com-
munities and their respiration within the trench.

Summary
This study provides a first-step approach to explore the
supply and microbial turnover of POC in the hadopelagic

Organic carbon cycling in trench waters

Atacama Trench. Although previous studies have suggested a
potential linkage between surface dynamics and deep-sea eco-
system processes in the region, the results shown here demon-
strate that hadal settings exhibit high variability in the
distribution of POC and microbial community respiration
proxies, variations that presumably reflect complex and
intense deposition dynamics and mass flows in the trench
interior. In addition, the results suggest that enhanced chemo-
synthetic inputs may contribute significantly to pelagic pro-
ductivity in sustaining life at hadal depths.

The current study relies on incubation at atmospheric pres-
sure in order to assay deep-sea microbial activities. Future
investigations which employ microbial incubations that are
maintained or reestablished at in situ pressure conditions have
the potential to obtain better results about microbial in situ
activities in the hadopelagic extreme environments.

Data availability statement
The authors declare that all data and references supporting
the findings of this study are included within the paper.
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