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Abstract
Respiration is a key process in the cycling of particulate matter and, therefore, an important control mecha-

nism of carbon export to the ocean’s interior. Most of the fixed carbon is lost in the upper ocean, and only a
minor amount of organic material sustains life in the deep-sea. Conditions are particularly extreme in hadal tre-
nches, and yet they host active biological communities. The source of organic carbon that supports them and
the contribution of these communities to the ocean carbon cycle, however, remain uncertain. Here we report
on size-fractionated depth profiles of plankton respiration assessed from the activity of the electron transport
system in the Atacama Trench region, and provide estimates of the minimum carbon flux (FC) needed to sus-
tain the respiratory requirements from the ocean surface to hadal waters of the trench and shallower nearby
sites. Plankton < 100 μm contributed about 90% to total community respiration, whose magnitude was highly
correlated with surface productivity. Remineralization rates were highest in the euphotic zone and declined
sharply within intermediate oxygen-depleted waters, remaining fairly constant toward the bottom. Integrated
respiration in ultra-deep waters (> 1000 m) was comparable to that found in upper layers, with
1.3 � 0.4 mmol C m�2 d�1 being respired in the hadopelagic. The comparison between our FC models and esti-
mates of sinking particle flux revealed a carbon imbalance through the mesopelagic that was paradoxically
reduced at greater depths. We argue that large fast-sinking particles originated in the overlying surface ocean
may effectively sustain the respiratory carbon demands in this ultra-deep marine environment.

The deep ocean covers most of our planet, yet it is among
the least understood biomes on Earth. It is, in many ways, an
inhospitable environment where the absence of light, low
temperatures and high hydrostatic pressures restrict life to spe-
cialized biota. Conditions are particularly extreme in the
lower-abyssal and hadal waters of marine trenches, which rep-
resent the most remote and unexplored regions of the world
oceans (Jamieson 2018). Continuous technological advances

in the last decades have made these challenging ecosystems
more accessible, and there are now increasing evidence that
these are surprisingly complex and dynamic habitats with
diverse pelagic communities and active metabolic life
(e.g., Blankenship et al. 2006; Nunoura et al. 2015). Life that
requires energy for sustenance.

Autochthonous photosynthetic production is absent in the
deep ocean and dark carbon fixation through chemosynthesis
accounts for only a marginal proportion of the total carbon
supply in non-vent habitats (Tyler 2003). Life at depth thus
relies upon the input of organic material sinking down from
the sunlit surface ocean. Such dependency on surface pro-
cesses highlights the need to look at the upper water column
dynamics, which are characterized by intense feedback loops
between production and consumption, to better understand
the ecological functioning of the deep pelagic realm. Highly
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productive epipelagic waters usually result in substantial trans-
port of biogenic material from the illuminated layer to the
ocean interior (Buesseler 1998) and therefore, these are
expected to meet greater metabolic demands at depth than
more oligotrophic surface waters. Not surprisingly, hadal tre-
nches underlying productive regions, such as the Atacama
Trench, contain high faunal densities compared to trenches
with predictably lower inputs of particulate material
(Danovaro et al. 2002; Fujii et al. 2013; Leduc et al. 2016).

The amount of organic carbon reaching the deep-sea, how-
ever, is ultimately constrained by the efficiency of the biologi-
cal pump. Key to its effectiveness is the magnitude of carbon
fluxing out of the euphotic zone (Buesseler et al. 2020) and
the remineralization depth of the sinking material (Marsay
et al. 2015). Most of the fixed carbon is lost from the organic
pool via respiration as it falls through the water column, and
less than 2% of the carbon exported from the surface is esti-
mated to eventually deposit at the deep-sea sediment surface
(De La Rocha and Passow 2007). Despite the difficulties in rec-
onciling the carbon budget, with deep-ocean respiration typi-
cally exceeding the carbon supply (e.g., Baltar et al. 2009),
both carbon flux attenuation and community respiration
should, in theory, be balanced at steady-state conditions
(Giering et al. 2014). Given the reciprocal relationship
between the two processes, they could be then derived from
each other. Based on this premise, Suess (1980) predicted
remineralization rates from the first derivative of the decay of
organic matter below the euphotic zone. The same rationale
in reverse was applied by Packard et al. (2015) to model partic-
ulate organic carbon (POC) flux (FC) from respiratory CO2

production. Here, we use this latter approach to build FC

profiles throughout the entire water column at two sites in the
Atacama Trench and four nearby reference sites to evaluate
the respiratory carbon needs of a pelagic community in one of
the world’s deepest ecosystems.

The dark ocean is sensitive to ongoing climatic and anthro-
pogenic changes (Levin and Bris 2015), making it critical to
establish reliable baselines to explore system responses in the
deep-sea. Predicted changes in the primary production and
increased stratification will impact the organic carbon
exported to great depths, with direct implications for deep
ocean ecosystem processes such as respiration (Smith
et al. 2008). This research work aims to provide the first
insights into the minimum carbon supply required to sustain
the respiratory demands down to the hadopelagic zone of the
Atacama Trench and into the relative contribution of the two
main components of the plankton community
(i.e., plankton < 100 μm and mesozooplankton) to carbon
remineralization throughout this water column and shallower
adjacent sites. We further address possible imbalances in the
pelagic carbon cycle by a direct comparison between our respi-
ratory FC and alternative estimates of gravitational carbon flux
in the region.

Methods
Study site and sampling

Samples were collected during the austral summer 2018
(from 02 February to 21 March) off the northern Chilean coast
(Fig. 1A) onboard the Chilean RV Cabo de Hornos (LowpHox
II cruise) and the German RV Sonne (So261 cruise). Stations
were located at the continental shelf (Sites A1, T3, and T5), in

Fig 1. (A) Stations sampled during the LowpHox II and So261 cruises in the austral summer 2018. Star symbols stand for those stations where ultra-
deep biological samples were taken. Squares and stars indicate stations sampled for both zooplankton and plankton < 100 μm, whereas circles indicate
stations sampled only for plankton < 100 μm. (B) Temperature, salinity and oxygen depth-profiles in Sites A2 and A4 over the Atacama trench, both
depicting the typical profiles in the region with five water bodies well-differentiated throughout the water column (right color bar): subtropical water
(STW), subantarctic water (SAAW), equatorial subsurface water (ESSW), Antarctic intermediate water (AAIW), and the Pacific deep water (PDW). Note the
characteristic hypoxic core of the OMZ between 90 and 450 m.
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the transition zone over the Atacama Trench (Sites A4 and A2)
and farther offshore (Site A8). Hydrographic data above
6000 m were obtained at all stations by deployment of a Sea-
bird SBE-9 plus CTD equipped with an oxygen sensor and
mounted on a rosette sampler with 24 10-L Niskin bottles.
Water samples between 6000 and 7000 m were collected using
a custom-build autonomous “hadal rosette” equipped with
8 10-L Niskin bottles.

Once on deck, the Niskin bottles were drained, with a pre-
filtration through 100 μm nylon mesh, into well-rinsed car-
boys. Seawater (volume ranging from ~ 0.5 to 60 L depending
on the depth) from several discrete depths of the water col-
umn was gently filtered through Whatman GF/F filters for the
electron transport system (ETS) activity in plankton < 100 μm,
as explained below. Although this size fraction includes all
organisms within the 0.7–100 μm size range, it will be domi-
nated by bacteria and ciliate protozoa. Filters were immedi-
ately snap-frozen in liquid N until analyses. In parallel, similar
volumes of seawater at selected depths were filtered onto pre-
combusted (450�C, 24 h) GF/F filters for analysis of total
organic carbon.

Zooplankton samples were also collected in most stations
(Sites A2, A4, T3, and T5). Zooplankton from the uppermost
1000 m of the water column was gathered at five depth strata
by vertical hauls of a Multinet (Hydro-Bios) with 0.25 m2

openings and 333 μm mesh nets. A flowmeter mounted in the
net frame quantified the volume of water filtered at each haul.
The five depth strata sampled by the Multinet (0–30 m, 30–
90 m, 90–150 m, 150–400 m, 400–800 m) were set on the
basis of the different water bodies that occupy the water col-
umn (Fig. 1B). Zooplankton from depths between 1000 and
5000 m was sampled every 1000 m using a MOCNESS net sys-
tem (10 m2 mouth opening with 333 μm mesh aperture net-
ting), equipped with conductivity, pressure, oxygen and
temperature sensors, as well as with a flowmeter. Both
Multinet and MOCNESS net hauls were always performed
consecutively between dusk and dawn. Zooplankton samples
were gently subsampled with a Motoda splitter, and subsam-
ples stored at � 80�C after snap-freezing in liquid N for enzy-
matic analyses. Prior to preservation, the subsamples were
fractionated for the 333–500 μm, 500–1000 μm, 1000–
2000 μm, 2000–5000 μm size classes.

ETS activity as an index of respiration
Respiratory ETS activity was measured in all samples as a

proxy for respiration. The ETS activity in plankton < 100 μm
was assayed by measuring the reduction of the electron trans-
port acceptor INT into INT-formazan after Kenner and
Ahmed (1975). All ETS activities were corrected to in situ tem-
peratures using the Arrhenius equation following Packard
et al. (1975). The rate of formazan production was then stoi-
chiometrically related to oxygen consumption as explained in
Maldonado et al. (2012) and converted into actual respiration
(RO2) by applying a R/ETS factor of 0.58, which was

empirically determined in microplankton communities from
similar upwelling ecosystems (Arístegui and Montero 1995).
In oxygen deficient waters, NOx

� may replace O2 as the termi-
nal electron acceptor, so the calculations required an alterna-
tive redox stoichiometry (see Table S1).

A similar analytical procedure was performed to measure
the ETS activity in zooplankton samples, with some modifica-
tions according to Owens and King (1975). The specific R/ETS
ratio used to calculate zooplankton respiration (0.48) was pre-
viously obtained in a comparable mesozooplankton commu-
nity (Fern�andez-Urruzola et al. 2014).

Protein content was also analyzed in all homogenates as a
straightforward proxy for biomass. Analyses were done by trip-
licate following the modified Lowry-SDS method (Cadman
et al. 1979). Bovine serum albumin was used as a standard for
the calibration curves.

FC calculations from RO2 depth profiles
The RO2 assessed throughout the water column served to

generate vertical FC models down to the bottom following the
rationale described by Osma et al. (2014). Respiration data
were first recalculated into carbon units using a revised molar
Redfield ratio (C/O2) of 0.71 (Takahashi et al. 1985) and then,
fitted to a power function in the form of:

RCO2ð Þz ¼ RCO2ð Þm z=zmð Þ�b ð1Þ

where (RCO2)z is the respiration at a given depth, (RCO2)m is the

maximum respiration in the water column, zm is the depth where

(RCO2)m was measured and z is depth. The exponent b describes

the function’s curvature, thus being a key parameter in determining

the carbon flux attenuation. Assuming that respiration is the pri-

mary mechanism for carbon remineralization through the water

column, both RCO2 and FC can be mathematically related as a

continuous function of depth as follows:

ðz2
z1
RCO2 dz¼ FCz1 – FCz2 ð2Þ

In other words, the integrated respiration in an ocean layer
represents the difference between the carbon flux (FCz1) enter-
ing such layer at depth z1 and the carbon flux (FCz2) leaving
the layer at depth z2. This concept may be extrapolated to cal-
culate the FC required at any depth (FCz) below the euphotic
zone (ze), defined as the depth where the photosynthetic
available radiation (PAR) is 1% of its surface value, to meet the
heterotrophic carbon demands from that depth (z) to the sea-
floor (zs), as expressed in Eq. 3:

FCz ¼
ðzs
z

RCO2ð Þm z=zmð Þ�b dz

¼ RCO2ð Þm= �bþ1ð Þ zm�b� �� �
zs�bþ1 – z�bþ1� � ð3Þ
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Accordingly, the respiratory carbon needs for specific verti-
cal zones can be determined by simply setting the upper and
lower depth limits of the integral. This allowed us to estimate
the carbon losses occurring in the epipelagic (ze–150 m),
mesopelagic (150–1000 m), bathypelagic (1000–4000 m),
abyssopelagic (4000–6000 m) and hadopelagic (> 6000 m)
realms.

POC flux estimates
For comparison with the respiratory FC profiles, we

modeled the passive POC flux from various approaches:
(1) First, we fitted a Martin curve (Martin et al. 1987) to sedi-
mentation rates of POC measured by free-drifting sediment
traps at four different depths (65, 100, 200, and 300 m) both
in the coastal and oceanic areas at 23�S off Antofagasta (data
published in Gonz�alez et al. 1998). (2) We then used the
model of Lutz et al. (2002), which applies empirical estimates
of export fraction and flux attenuation with depth to mixed-
layer net primary productivity (NPP) values based on satellite
observations. (3) A third model, the GBC14 global export
model of Siegel et al. (2014), was also provided. This food-web
based method is based on satellite measurements of particu-
late backscatter, phytoplankton biomass, primary productiv-
ity, ze depth and mixed layer depth. Attenuation of export
flux with depth was based on a power-law function (Eq. 4)
where POC fluxz is the flux at depth z, POC flux100 is the
export flux (nominally at 100 m depth), and b is the attenua-
tion exponent. A range of b-values (0.36–1.33, �x¼0:78) were
considered to explore the effect of uncertainties in flux attenu-
ation on POC flux at depth. Two versions of the Lutz and
GBC14 models were calculated: one based on the Carbon-
based Production Model (CbPM) to estimate phytoplankton
biomass (Westberry et al. 2008), and another based on NPP
estimated from the Vertically Generalized Production Model
(VGPM) developed by Behrenfeld and Falkowski (1997), sou-
rced from Oregon State University “Ocean Productivity” pro-
ject (www.science.oregonstate.edu/ocean.productivity).

Detailed information about parametrization and the satellite-
based products used for the POC flux estimates can be found
in the Supplementary Information.

POCfluxz ¼POCflux100 z=100ð Þ�b ð4Þ

Statistical analyses
Nonlinear least squares curve fitting was performed using

GraphPad Prism (v8.4, GraphPad), which uses an adapted ver-
sion of the Marquardt nonlinear regression algorithm. The
goodness of fit was expressed as the 95% confident limits on
the parameter values. The best fit for both the RCO2 data and
the FC data was chosen according to the Akaike’s information
criterion (AICc). A propagation of errors was additionally per-
formed using a Monte Carlo approach to assess the uncer-
tainties on the final models. Either parametric or
nonparametric tests were applied to test significant differences
in the values and model parameters between zones, once the
normality and homoscedasticity of residuals were confirmed
through Kolmogorov–Smirnov and Levene’s tests,
respectively.

Results
Hydrography

There was a strong gradient in the oceanographic features
with depth in all stations, especially within the upper 1000 m.
Temperature decreased consistently across the water column,
with shallow thermoclines at ~ 30 m (Fig. 1B). Salinity
followed a different pattern, as it increased between ~ 25 and
70 m associated with the Equatorial Subsurface Waters
(ESSW), coinciding with the characteristically shallow oxygen
minimum zone (OMZ). These oxygen-deficient waters gener-
ally extended down to 500 m, with a hypoxic core (< 4.5 μM
O2) between ~ 90 and 450 m. Hydrographic and productive
conditions at the time of sampling are also described in

Table 1. Hydrographic characterization of those stations sampled for the study located on the continental slope (C.S.), the Atacama
Trench (A.T.) and the abyssal plain (A.P.) off northern Chile. SST and NPP stand for the sea surface temperature and net primary produc-
tion, respectively. NPP estimations are derived from remote sensing data and the VGPM. The oxygen minimum zone (OMZ) considers
seawater with a dissolved oxygen concentration below 9 μM. Measured particulate organic carbon (POC) concentrations at 5, 1000,
and 7000 m are also presented (n.d. stands for no-data).

Seafloor Sampling date ze OMZ* SST NPP POC5 m POC1000 m POC7000 m

Sta. Location (m) (2018) (m) (m) (�C) (mmol C m�2 d�1) (μM) (μM) (μM)

Site T3 C.S. 1090 05 Feb 21 26 21.1 259.5 19.0 n.d. –

Site T5 C.S. 2890 04 Feb 37 52 24.8 48.1 5.3 n.d. –

Site A1 C.S. 2560 05 Mar 29 82 20.2 157.8 5.9 1.0 –

Site A2 A.T. 7995 25 Mar 40 69 19.9 132.6 8.1 1.4 1.1

Site A4 A.T. 8085 14 Mar 27 94 22.4 62.7 5.5 1.2 1.0

Site A8 A.P. 4000 21 Mar 34 68 20.4 56.9 5.0 n.d. –

*Upper boundary depth of the OMZ.
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Table 1. In general, the coastal stations situated over the slope
(Sites T3 and A1) presented colder sea surface temperatures
and higher productivities. On the contrary, the offshore sta-
tion Site A8 was much less productive (56.9 mmol C m�2

d�1). These differences in the productivity were also reflected
in the POC concentration at surface, which was notably
higher at the shallower Site T3 (19.0 μM) compared to the
other stations. This had implications for the ze depth, which
decreases with increasing amounts of particles in the seawater.

Plankton biomass and respiration depth-profiles
Measured ETS-based respiration rates in plankton < 100 μm

(Fig. 2) showed a step decrease with depth in all stations.
Highest rates were always found above the OMZ, with maxi-
mum surface values ranging from 1246.3 μmol C m�3 d�1 at
Site T3 to 252.1 μmol C m�3 d�1 at the more oligotrophic Site
A8. The protein content in plankton < 100 μm followed simi-
lar trends to those of respiration. Particularly low biomass-
specific respiration rates were found at Site A8, where the
plankton < 100 μm biomass throughout the water column was
higher than in any other site. On the other hand, neither the
respiration rates nor the protein values measured in
the hadopelagic waters (averaging 13.5 � 9.0 μmol C m�3 d�1

and 4.1 � 0.7 mg protein m�3, respectively) differed signifi-
cantly from those values presented by the bathypelagic com-
munity (Student’s t-test, p-value > 0.05 in both cases).

Similar depth-profiles were also generated for the zooplank-
ton community, which followed the same general pattern
with depth (Fig. 3). Nevertheless, the zooplankton biomass
and respiration values were about an order of magnitude lower
than those of plankton < 100 μm. Zooplankton biomass and
respiration peaked in all cases within the upper 30 m to then
decrease dramatically below 90 m, coinciding with the core of
the OMZ (Fig. 3). This RCO2 attenuation in the upper ocean
was more pronounced than the corresponding one in plank-
ton < 100 μm, as evidenced by the more negative b-values in
the zooplankton RCO2 power functions (Table S2). Again, the
RCO2 values measured in the upper layer were closely related
to the estimated NPP in the epipelagic, reaching their maxi-
mum at Site T3 (where 30.1 mg protein m�3 of zooplankton
respired 625.0 μmol C m�3 d�1). Overall, the largest size class
dominated the community biomass across the water column
but, given that protein-specific RCO2 was consistently higher
in the smaller organisms (Fig. 3C), the relative contribution to
total respiration was comparable between all sizes. The
biomass-specific RCO2 generally decreased with depth, from
community averaged values of > 0.5 μmol C mg protein�1 h�1

in the surface waters to < 0.2 μmol C mg protein�1 h�1 below
150 m. An exception was found within the 90–150 m depth
range (upper hypoxic layer), where the specific rates peaked in
all cases. The combination of low biomass and low protein-
specific RCO2 resulted in very low volumetric RCO2 at depth,
especially for the smallest size class.

FC and size-fractionated respiratory carbon demand
The vertical profiles of plankton respiration were used to

model the minimum carbon flux (FC) needed throughout the
whole water column to sustain the measured respiratory car-
bon demands. All calculations are detailed in Tables S1–S3.
The selection of the best explanatory FC models (Fig. 4A) was
based on the corrected Akaike’s information criterion (AICc,
see Table S4). The models were highly significant in all cases (-
Tables S3, S4). In general, the FC associated with the plankton
< 100 μm requirements followed a logarithmic decay with

Fig 2. Respiration (green circles, upper x-axis) and biomass in terms of
protein (white squares, lower x-axis) of the plankton community
(< 100 μm) at each station. The hypoxic core of the OMZ (< 4.5 μM O2),
where denitrification processes dominate (Ulloa et al. 2012), is delimited
in gray.
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depth, whereas the FC built on zooplankton respiration
decreased in a power law manner.

Modeled FC was positively correlated with surface NPP
(Spearman ρ = 0.94, p-value = 0.016, see Fig. 5A). The amount
of carbon fluxing out from the bottom of the euphotic zone
peaked at Site T3 (Fig. 4A), despite its water column was the
narrowest among all stations. In this site, 69.1 mmol C m�2

d�1 were necessary to satisfy the aforementioned large respira-
tion rates, which were fueled by the highly productive condi-
tions in the sunlit layer (Table 1). More attenuated FC were

found in the more oligotrophic regions, with FC surface values
ranging between 7.5 and 12.7 mmol C m�2 d�1 in Sites A8
and T5, respectively. According to our models, at least
1.6 mmol C m�2 d�1 (Site A2) and 1.0 mmol C m�2 d�1 (Site
A4) should enter into hadal waters over the trench to meet
the pelagic carbon demands in this ultra-deep environment
(Table 2). Most of the respiratory carbon needs were attribut-
able to the plankton community < 100 μm (Fig. 4B), with
mesozooplankton representing about the 10% of the plankton
carbon requirements. This percentage was reduced with

Fig 3. (A) Protein content and (B) respiration rates of each zooplankton size class across depth strata in those stations where plankton nets were
deployed. (C) Protein-specific respiration rates, with yellow bars standing for the mean specific rates and symbols representing the individual rates of the
corresponding size fractions. Note the changes in x-axis scales for Site T3.

Fig 4. (A) FC profiles at those stations located over the continental slope, Atacama trench and abyssal plain off the northern Chilean coast. All equations
and goodness of fits are given in Table S3. Light yellow represents the 95% profile likelihood confidence intervals. (B) Respiratory carbon demands of
plankton < 100 μm and mesozooplankton communities in the epipelagic (ze-150 m, top panel) and hadopelagic (6000 m-seabed, bottom panel) zones
from Sites A2 and A4. Note that no zooplankton carbon demands are considered in the FC profiles from Sites A1 and A8 (see Table S3).
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increasing the water depth. The relative importance of size to
total carbon demand at different depth layers is shown in
Fig. 6. The higher the slope of the regressions, the lower the
contribution of the large sizes to remineralization. On this
basis, there was a clear trend whereby the large sizes dimin-
ished their role as recyclers of organic carbon with increasing
depth. Conversely, the largest size class of zooplankton did
not fit this pattern, but they gained relative significance in
deeper layers instead. It should be noted that the smallest size-
class was likely dominated by organisms at the lower-end of
the size-range (i.e., prokaryotes) so there may be a potential
bias affecting the b-values (slopes); nevertheless, this possible
artifact would equally impact all regressions, so the pattern of
increasing the slope with increasing water depth will remain
unaltered.

From a biogeochemical perspective, most of the organic
carbon required below the euphotic zone (FCe) was respired

within the upper 1000 m of the water column (Fig. 5B). On
average, about 35% of the FCe was consumed in the epipelagic
zone, i.e., between 2.4 and 34.0 mmol C m�2 d�1 depending
on the site (Table 2), values that did not differ significantly
from those estimated for the mesopelagic (3.0–32.8 mmol C
m�2 d�1; Student’s t-test, p-value = 0.145). Nevertheless, as
much as ~ 20%–40% of the FCe (from 2.2 to 10.7 mmol C
m�2 d�1) occurred below the bathypelagic boundary, the
depth at which the effective carbon sequestration occurs. In
comparison, a lesser proportion of carbon was needed in the
abyssopelagic and hadopelagic zones (~ 12% and 5%, respec-
tively), still non-negligible figures considering the great
depths.

POC flux in the water column
Results for the Lutz and GBC14 POC flux models are shown

in Tables S5, S6, and summarized in Table 3. Despite the

Fig 5. (A) Relationship between the respiratory FC fluxing out from the euphotic zone (y-axis) and the surface NPP (x-axis). Light yellow represents the
95% profile likelihood confidence intervals. Both variables where highly correlated according to the linear regression FCe = 0.28 NPP – 3.3 (r2 = 0.969;
Spearman ρ = 0.94, p-value = 0.016). (B) The fate of carbon exported from the euphotic zone (FCe) at each station, expressed as percentages. The raw
values of the respiratory carbon demand at each zone used to calculate the fate of carbon are given in Table 2.

Table 2. Respiratory carbon demands of the plankton community integrated at each depth zone. Calculations come from the differ-
ence in the FC values between the upper and the lower depth limits of each realm.

Respiratory carbon demand (mmol C m�2 d�1)

Epipelagic Upper mesopelagic Lower mesopelagic Bathypelagic Abyssopelagic Hadopelagic
(ze–150 m) (150–500 m) (500–1000 m) (1000–4000 m) (4000–6000 m) (6000 m-bottom)

Site T3 34.0 20.8 12.0 2.3 – –

Site T5 4.1 3.5 2.0 3.1 – –

Site A1 15.1 11.0 6.4 8.6 – –

Site A2 7.3 6.7 3.8 7.7 2.3 1.6

Site A4 5.8 4.1 2.4 4.7 1.4 1.0

Site A8 2.4 1.9 1.1 2.2 – –
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differences in the models and uncertainties in the fitted
parameters, both provided similar values that were compara-
ble to those calculated from in situ sediment traps and derived
models (Table 3). However, the GBC14 model consistently
led to higher POC export flux estimates at the base of the
euphotic zone than the Lutz model (Fig. S1).

Discussion
Based on unique vertical profiles of plankton < 100 μm and

mesozooplankton respiration, we present one of the very few

assessments of hadopelagic carbon demands in a first attempt
to model the minimum carbon flux required throughout the
extraordinarily deep waters of the Atacama Trench region.
Our results indicate that the water column metabolism over
the trench is largely shaped by the surface productivity (Spear-
man ρ = 0.94, p-value = 0.016). Considering the estimated
sedimentation rates at different depths (Table 3), it may be
presumed that the rain of POC would suffice much of the
respiratory needs measured in the ultra-deep waters from
the eastern South Pacific. Paradoxically, a great imbalance in
the carbon budget was detected in the upper water column

Table 3. Comparison between the respiratory FC in the water column and the POC flux estimated through various approaches. POC
flux estimates based on Lutz and GBC14 models consider NPP values calculated from both VGPM and CbPM. Data for all individual sites
are available in Tables S5, S6. The standard deviations are given in parentheses when available. ze stands for the euphotic zone depth.
The depths for the abyssal plain are set according to the sediment traps (STs) deployed by Hebbeln et al. (2000). n.d. stands for no-
data. The minimum export flux required to meet the respiratory carbon demands below the ze (i.e., the theoretical e-ratios estimated
from FC) and the actual e-ratios calculated from 1-D POC flux models are also presented.

POC flux (mmol C m�2 d�1)

Continental slope ze 500 m 1000 m 2000 m e-ratio (%) Reference

Respiratory FC 41.0 (�28.2) 11.5 (�5.5) 5.9 (�3.9) 1.7 (�0.8) 26.3 (�0.3) This study

Modeled POC flux

GBC14 model (VGPM) 12.4 (�7.0) 3.8 (�2.2) 2.4 (�1.4) 1.5 (�0.9) 9.0 (�0.1) This study

GBC14 model (CbPM) 8.4 (�4.0) 2.6 (�1.2) 1.6 (�0.8) 1.0 (�0.5) 8.6 (�0.5) This study

Lutz model (VGPM) 7.6 (�4.9) 5.1 (�3.2) 3.4 (�2.1) 1.1 (�0.1) 5.3 (�0.5) This study

Lutz model (CbPM) 4.8 (�2.1) 3.3 (�1.4) 2.3 (�1.0) 1.1 (�0.5) 4.9 (�0.1) This study

Martin’s curve* 11.0 (�2.6) 4.8 (�1.1) 3.6 (�0.8) 2.7 (�0.6) 5.6 (�1.9) Gonz�alez et al. 1998

POC flux (mmol C m�2 d�1)

Atacama trench ze 500 m 1000 m 4000 m 6000 m e-ratio (%) Reference

Respiratory FC 24.4 (�7.1) 12.5 (�4.2) 9.3 (�3.1) 3.1 (�1.0) 1.3 (�0.4) 26.4 (�6.1) This study

Modeled POC flux

GBC14 model (VGPM) 7.2 (�0.2) 2.2 (�0.1) 1.4 (�0.0) 0.6 (�0.0) 0.5 (�0.0) 9.1 (�0.1) This study

GBC14 model (CbPM) 4.5 (�0.4) 1.4 (�0.1) 0.9 (�0.1) 0.4 (�0.0) 0.4 (�0.0) 7.6 (�0.1) This study

Lutz model (VGPM) 3.8 (�0.3) 2.6 (�0.2) 1.8 (�0.1) 0.4 (�0.0) 0.3 (�0.0) 4.8 (�0.3) This study

Lutz model (CbPM) 2.7 (�0.3) 1.9 (�0.3) 1.3 (�0.1) 0.3 (�0.0) 0.2 (�0.0) 4.7 (�0.1) This study

Martin’s curve† 7.7 (�1.2) 3.2 (�0.5) 2.3 (�0.4) 1.1 (�0.2) 0.9 (�0.1) 7.9 (�5.4) Gonz�alez et al. 1998

POC flux (mmol C m�2 d�1)

Abyssal plain ze 500 m 1000 m 2300 m 3700 m e-ratio (%) Reference

Respiratory FC 7.6 3.3 2.2 0.9 0.1 13.2 This study

Modeled POC flux

GBC14 model (VGPM) 6.1 1.9 1.2 0.7 0.5 8.9 This study

GBC14 model (CbPM) 3.8 1.2 0.7 0.4 0.3 7.3 This study

Lutz model (VGPM) 3.2 2.2 1.5 0.7 0.4 4.7 This study

Lutz model (CbPM) 2.3 1.6 1.2 0.5 0.3 4.5 This study

Martin’s curve‡ 4.5 (�0.3) 1.6 (�0.1) 0.9 (�0.1) 0.5 (�0.0) 0.3 (�0.0) 10.3 (�7.1) Gonz�alez et al. 1998

STs record n.d. n.d. n.d. 1.1 (�0.4) 0.7 (�0.3) n.d. Hebbeln et al. 2000

*Calculated from free-drifting STs deployed between 65 and 300 in the coastal region off Antofagasta: POC flux = 11.47 (z/65)�0.43.
†Calculated from free-drifting STs deployed between 65 and 300 in onshore and offshore waters off Antofagasta: POC flux = 9.58 (z/65)�0.53.
‡Calculated from free-drifting STs deployed between 65 and 300 in open ocean waters off Antofagasta: POC flux = 8.01 (z/65)�0.80.
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when comparing our respiratory FC and estimates of POC flux
as illustrated in Fig. 7.

Carbon losses from plankton community respiration
The Peru-Chile coastal current off northern Chile is charac-

terized by a weak seasonality, with wind-driven upwelling
events maintaining a high biological productivity all year
round (Strub et al. 1998). Such productive conditions, which
may be extended farther offshore via mesoscale processes, gen-
erate a permanent and well-developed OMZ in the region that
has strong biogeochemical implications, as the oxygen-
deficient waters constrain the plankton community to a nar-
row shallower oxygenated layer of intense remineralization
(Pantoja et al. 2004). This vertical zonation impacts the car-
bon flux attenuation and, ultimately, the efficiency of the bio-
logical pump as discussed below. In our study, all these
features resulted in high community respiration rates within
the upper 30 m (ranging between 19.7–37.1 mmol C m�2 d�1

in plankton < 100 μm and 2.3–18.8 mmol C m�2 d�1 in
mesozooplankton) that were comparable to those previously
reported for the surface mixed layer of the region (e.g., Eissler
and Quiñones 1999; Donoso and Escribano 2014). These
remineralization rates, which represent one of the greatest in
the world oceans, suffered a sharp decline by more than an
order of magnitude in and below the OMZ (Figs. 2, 3). This
was partially explained by the lower plankton biomass, but
attending to the depressed respiration rates after protein stan-
dardization, other factors should also play a role. Strikingly,
the biomass-specific zooplankton respiration peaked to
~ 0.5 μmol C mg protein�1 h�1 in the upper oxygen-depleted
zone (90–150 m, Fig. 3C). Increasing the mitochondrial den-
sity in the cells, and therefore their enzyme load, may help to
offset the effect of low oxygen (Childress and Seibel 1998),
enabling effective removal of the little oxygen available from
the seawater.

Nevertheless, the plankton metabolic response in the verti-
cal domain is regulated by a combination of factors. In addi-
tion to low-oxygen levels, organisms living in the deep ocean
are exposed to cold temperatures, food shortage and darkness,
which usually results in a reduction in locomotory abilities
(Childress 1995) and in larger body sizes (Timofeev 2001).
Among all, the temperature effect on the respiratory metabo-
lism is probably the best known and the most important. Like
any other chemical reaction, respiration is related to tempera-
ture through an Arrhenius relationship, with Q10 coefficient
values between 3.0 and 3.6 for the mesopelagic zone
(Mazuecos et al. 2015). Accordingly, the temperature may be
responsible for about 5-fold decrease in the plankton respira-
tion from the surface temperatures to the hadal ones. More-
over, the more limited access to an energy source (and of
poorer quality) will affect the intracellular pool of pyridine
nucleotides, the substrates that fuel respiration, negatively
(Osma et al. 2016). Altogether, these factors explain the low
community respiration rates that we observed at depth, which

remained fairly constant below the mesopelagic zone. This
minor variation in the deep waters further reveals that, even
though the extreme hydrostatic pressure poses a biochemical
challenge, it appears to have little effect on the community
respiration.

On average, the plankton community < 100 μm respired
13.2 (� 8.4) μmol C m�3 d�1 in the dark waters below
1000 m, which concurs with those rates previously found in
other bathypelagic realms (e.g., Baltar et al. 2009); conversely,
zooplankton respiration averaged 1.0 (� 0.4) μmol C m�3 d�1

between 1000 and 5158 m, an order of magnitude lower than
that of plankton < 100 μm, yet significantly higher than the
only available estimate for ultra-deep bathypelagic zooplank-
ton (Koppelmann et al. 2004). These authors measured zoo-
plankton respiration rates in the bathypelagic zone of the
oligotrophic eastern Mediterranean (0.01 μmol C m�3 d�1),
with extremely low biomass-specific respiration rates at
4250 m (0.003 μmol C mg protein�1 h�1). Their values are far
below the specific-rates measured in our study
(0.06 � 0.02 μmol C mg protein�1 h�1), which are closer to
those provided by Ikeda (2011) for bathy- and abyssopelagic
zooplankton in the similarly productive western subartic
Pacific (0.02 μmol C mg protein�1 h�1). This means that, aside
from temperature effects, the deep-sea metazoa in our region
may have a better metabolic fitness, probably due to an
increased accessibility to energy-rich sinking particles.

Fig 6. Log–log relationships between respiratory carbon demand (y-axis)
and size fraction (x-axis) in the epipelagic (log y = �1.63 log x + 3.8,
r2 = 0.937), mesopelagic (log y = �2.08 log x + 4.7, r2 = 0.936), bathy-
pelagic (log y = �2.26 log x + 4.4, r2 = 0.900), and abysso-hadopelagic
(log y = �2.75 log x + 5.1, r2 = 0.917) zones. The sizes considered in the
x-axis before logarithm transformation correspond to the mid-value of the
five aforementioned size-classes. The largest size class (square symbols) is
not considered in the linear regressions as it showed a different and more
variable pattern in the carbon requirements.
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The typically low volumetric rates in the deep ocean are,
nevertheless, largely compensated by the extent of this ecosys-
tem, making it a relevant component to consider in the
pelagic carbon attenuation. In fact, the respiratory carbon
demands integrated through the bathy-, abysso-, and
hadopelagic realms over the trench (9.3 � 3.1 mmol C m�2

d�1) were higher than those in the mesopelagic
(8.5 � 2.9 mmol C m�2 d�1) and epipelagic (6.6 � 1.1 mmol C
m�2 d�1) zones (Table 2). The contribution of each compo-
nent of the plankton community to the total carbon losses via
respiration (Fig. 4B) was consistent with the carbon flow bal-
ance given for the coastal waters off Chile (Thiel et al. 2007).

Fig 7. Conceptual scheme illustrating the relationship between the POC flux and the respiratory FC attenuation, including some of the processes that
may have a role in the carbon budget. The width of each flux symbol represents its magnitude. Wider yellow than red areas (i.e., higher FC than POC
flux) indicates an apparent carbon deficiency, while the opposite (wider dark red than yellow areas) means carbon surplus. Increased respiration near the
bottom (dotted yellow line) is presumably associated to processes occurring in the benthic boundary layer, such as resuspension and sediment move-
ment. The bar in the right side delimits the epipelagic (E), mesopelagic (M), bathypelagic (B), abyssopelagic (A), and hadopelagic (H) depth layers.
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Prokaryotes and protists are known to be the main
remineralizers in the ocean water columns, with respiratory
carbon demands that exceeded those of the larger zooplank-
ton by several fold in our study. The relevance of plankton
< 100 μm to the community metabolism increased with water
depth (Fig. 6), partially because of the vertical migration that
some zooplankters perform during nighttime to the surface
(Tutasi and Escribano 2020). However, the largest size class
showed a more variable pattern, gaining relative importance
in the deep ocean compared to the small mesozooplankton
(Fig. 6). The typical trend toward increased body size with
increased depth in marine metazoan would also imply an
increased ecological role of large organisms such as amphipods
at great depths (Timofeev 2001). Unfortunately, the net avoid-
ance capability of these fast swimmers together with the
patchiness in their distribution usually lead to the high vari-
ability that we found, and to considerable underestimation of
their biomass.

Respiratory flux and carbon budget in the deep ocean
Both the export flux and the depth at which the sinking

organic material is remineralized determine the ability of the
biological pump to sequester carbon in the ocean interior.
The ratio of particulate export to primary production at the
base of the euphotic zone, the so-called e-ratio, is commonly
used as a proxy for the export efficiency in marine ecosystems
(Buesseler and Boyd 2009). Here, according to the regression
slope given in Fig. 5A, at least 28% of what was produced in
the sunlit layer should, in an ideal steady-state scenario, flux
out of the euphotic zone to meet the heterotrophic carbon
demands below that depth. The theoretical e-ratio estimated
from the FC approach decreased toward the open ocean from
26% onshore to 13% in waters over the abyssal plain
(Table 3). Increased NPP usually leads to an enhanced transfer-
ence of organic carbon to deep waters, which in turn main-
tains an increased plankton biomass and metabolic activities
in the water column (Hern�andez-Le�on et al. 2020). Hence the
tight relationship between NPP and FC (Fig. 5A). The theoreti-
cal e-ratios were, however, somewhat at odds with the actual
e-ratios assessed from various POC flux models in our study
(4.7%–10.3%, Table 3) and with those previously calculated in
the region by sediment traps (averaging 7.9 � 5.4% according
to Gonz�alez et al. 1998). Given the conservative nature of our
FC modeling approach, there are two potential reasons for the
discrepancy between the theoretical and actual e-ratios: (1) all
1-D models of POC flux underestimated the e-ratios, and
(2) the respiratory plankton demands in the water column
may not be totally fulfilled by the rain of POC.

Relatively low e-ratios in these productive waters are
explained by the high remineralization in the surface mixed
layer above the OMZ. This was evidenced by the great curva-
tures of the respiratory power models (Table S2), particularly
in those of zooplankton, which resulted in a rapid and effec-
tive carbon flux attenuation within the upper water column.

Nevertheless, a significant amount of organic material was still
exported from the euphotic zone (up to 12.4 � 7.0 mmol C
m�2 d�1 in waters over the continental slope). Using 234Th to
derive e-ratios and transfer efficiencies, Black et al. (2018)
already observed a strong coastal biological pump in the east-
ern South Pacific, but one with a high POC attenuation in the
upper ocean. Here, the sinking POC was apparently not
enough to sustain the respiratory FC calculated at mesopelagic
and upper bathypelagic depths (Table 3), so other carbon
sources should come into play in these zones to balance the
carbon losses. It might also be that the POC flux may have
been underestimated to some extent by the 1-D modeling
approaches used here. These models have uncertainties associ-
ated with satellite data-based products and are highly sensitive
to the fitted parameters. Moreover, most of them are based on
conical traps that are prone to underestimate flux gradients
(Gardner 2000). This was the case of the Lutz et al. (2002)
model, which resulted in lower export fluxes than those calcu-
lated from the food-web based method of Siegel et al. (2014)
(Fig. S1). Nevertheless, despite their inherent uncertainties,
both Lutz and GBC14 models compared well with sedimenta-
tion rates measured by in situ sediment traps at mesopelagic
(Gonz�alez et al. 1998; Haskell et al. 2013) and bathypelagic
depths (Hebbeln et al. 2000). Here, we considered models built
on different sets of assumptions, various NPP estimates and
attenuation coefficients to provide reliable ranges of POC flux
(Table 3 and Supp. Tables S5, S6), and yet none was able to
meet the respiratory FC through the mesopelagic zone. This
discrepancy between FC and POC flux could also come from
an overestimation of actual respiration by the R/ETS ratios,
but given that we applied conservative values, it does not
seem to explain such an imbalance either. The factor that
relates both rates in plankton communities usually ranges
between 0.5 and the theoretical maximum value of 1.0
(Arístegui and Montero 1995; Hern�andez-Le�on and
G�omez 1996, among others). Our R/ETS ratios fall at the lower
end of this range and are lower than those previously applied
in the same marine area by Gonz�alez et al. (1998). Therefore,
our estimates most likely represent the minimum FC, which is
indeed supported by recent findings of Hern�andez-Le�on
et al. (2019) who observed significantly more attenuated respi-
ration rates in the mesopelagic when using a R/ETS ratio of
0.5 instead of other proxies such as the Q10 or any of Ikeda’s
equations (Ikeda 2014). Assuming denitrification processes in
the hypoxic core and applying a respiratory quotient lower
than the commonly used 0.97 (Steinberg and Landry 2017),
we further prevented overestimation of FC.

Apparent imbalances in the ocean carbon cycle have long
been a source of controversy, with only few attempts in the
literature being successful in closing the budget (Giering
et al. 2014). In most cases, deep-sea plankton respiration
exceeds the amount of carbon supplied by gravitational sink-
ing (e.g., Steinberg et al. 2008; Baltar et al. 2009), similar to
what we found down to the bathypelagic zone when
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comparing POC flux values to our FC models (Table 3). The
complex interplay between carbon sinks and sources within
the dimly lit waters of the mesopelagic zone are still not well
understood, but growing evidence points to a major role of
small suspended particles in sustaining the excess of respira-
tion throughout the twilight zone (Riley et al. 2012). Slow
sinking and suspended particles are known to be poorly quan-
tified by sediment traps (Gardner 2000) and consequently,
they are greatly underestimated by most biogeochemical
models. These small particles originate from the fragmenta-
tion of larger ones, a mechanical process primarily led by zoo-
plankton grazing (Mayor et al. 2014). The concentration of
suspended particles is therefore expected to be high in those
depths of intense zooplankton remineralization, namely in
the epipelagic and upper mesopelagic zones (Fig. 3B), from
where they can be either laterally advected by mesoscale fea-
tures or transported to bathypelagic depths by mixing pro-
cesses. It is precisely around the mesopelagic/bathypelagic
boundary where they seem to be crucial to balance the cycle
as illustrated in the conceptual scheme (Fig. 7). The long resi-
dence times in the water column of these small organic parti-
cles may help sustaining respiration over time, increasing
their likelihood to be remineralized before reaching the abyss.
Sources of carbon other than the gravitational settling flux
and the suspended particles originated from the disaggrega-
tion of the sinking material will additionally contribute a pro-
portion of the subsurface respiration by injecting organic
matter to depth (Boyd et al. 2019). For instance, vertically
migrating zooplankton may actively transport 5.9 mmol C
m�2 d�1 to the mesopelagic (Tutasi and Escribano 2020)
which, together with the downward mixing and diffusion of
dissolved organic carbon and the lateral inputs of POC
advected from the coast (Shen et al. 2020), will help to recon-
cile the unbalanced carbon cycle. Unfortunately, quantifying
the relative contribution of all these physical and biological
processes that make up the biological pump is outside the
scope of this research.

Strikingly, the carbon imbalance in the upper layers was
reduced or even reversed at a given depth between the bathy-
pelagic and abyssal realms (Table 3). Recent studies have dem-
onstrated that some, photosynthetically produced, fast
sinking particles can escape from remineralization in the twi-
light zone, and that these are critical to meet the carbon
requirements below the bathypelagic (Agustí et al. 2015;
Grabowski et al. 2019). Such is the case of diatom aggregates
and fecal pellets, which have indeed been found to be the
most prominent type of particles contributing to the vertical
flux in our region (Gonz�alez et al. 2009). These particles, with
sinking velocities over 300 m d�1, could reach ultra-deep
waters in a matter of weeks, as reflected by the synchronicity
of the flux patterns in two traps vertically-separated from one
another by 1400 m in these same lower bathypelagic waters
(Hebbeln et al. 2000). The steady-state assumption may thus
be valid in an ultra-deep ocean characterized by rapidly

sinking particles and low lateral advection, a condition that
would buffer the imbalance between respiratory carbon
demand and supply typically found in the non-steady state
upper ocean (Giering et al. 2017).

Implications for hadal biogeochemistry
The findings here, combined with results from complemen-

tary studies in the Atacama Trench, suggest a close link
between surface productivity and hadal ecosystem processes.
Despite the lack of respiratory data from other trenches to
compare with, there have been found higher prokaryotic
abundances in the hadopelagic zone of the Atacama Trench
than in hadal realms underlying less productive water col-
umns (Schauberger et al. 2021). Given that prokaryotes are an
important component of the plankton < 100 μm, and that
these were responsible for most of the respiratory carbon
demands measured here (Fig. 5), it seems reasonable to expect
a similar spatial pattern for the community respiration than
that observed in the cell abundances. The characteristically
low e-ratios estimated in the region may be compensated by
efficient transport mechanisms that would rapidly inject some
fresh photosynthetic material into the hadal realm. Although
limited, the amount of biogenic matter reaching the deep-sea
was enough to sustain respiration in the lower bathypelagic
waters of shallower nearby sites, yet it did not totally suffice
the carbon needs within the trench (Table 3). The difference
between carbon demand and supply in hadal waters was, in
any case, much lower than the one detected in upper layers,
and was indeed lower than the cumulative error associated
with each estimation. It must further be noted that the 1-D
vertical POC flux models such as those applied in this study
are prone to underestimate the sinking flux at great depths
because they do not consider the “source funnel” sensu Siegel
et al. (2008), which implies that the particulate material at
depth come from a larger surface area. The “source funnel”
closely depends both on the particle size and water depth and
therefore, in a marine environment dominated by fast sinking
particles, it will be particularly relevant in the deep waters
within the actual trench. This would explain why the sedi-
ment traps collected more POC at bathypelagic depths than
that predicted from any of the POC flux models (Table 3).
Moreover, additional carbon inputs coming from resuspension
and sediment movement along the trench slope, especially
within the benthic boundary layer, would also help to meet
some of the metabolic demands. The downslope sediment
transport into the trench basin is indeed a common feature to
all marine trenches, so it would hardly explain, by itself, eco-
logical differences among them. This study ultimately aims to
be a first-approximation to hadopelagic biogeochemistry
through a modeling approach, and so the relative contribu-
tion of each carbon source to the total POC pool in hadal
waters still remains unresolved. We encourage further research
to quantify and characterize the sinking particles reaching the
trench waters; the use of more direct and standardized
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approaches like sediment traps above and within the benthic
boundary layer of the trench would be key for future investi-
gations to test the hypothesis that fresh, energy-replete,
large sinking particles are effectively sustaining life in this
ultra-deep marine environment.
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